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IDreface 

Solar cells and solar cell arrays-photovoltaic 
converters of solar energy into electric energy­
are a reality. In a time period of two decades, 
solar cell arrays have grown in size from less than 
1 watt to hundreds of kilowatts of electrical 
output in terrestrial applications and to over 10 
kilowatts of output in space. New designs are 
on the drawing boards and in development lab­
oratories all over the world for terrestrial and 
space arrays having hundreds and thousands of 
kilowatts of electric power output. Solar cell 
efficiency has increased from just a feeble re­
sponse to sunlight to nearly 20%, surpassing the 
luminous efficiency of the incandescent light 
bulb on the way. Solar cell array costs are de­
creasing rapidly, making photovoltaic electric 
energy affordable and competitive today in re­
mo te areas. 

In the same two-decade time span, the solar 
cell array design effort has matured from a spir­
ited pioneering effort into a sophisticated, sys-

tematized, computer-aided process. While it 
has not been possible to adequately define or 
improve, or otherwise influence the creative 
design activity, all other aspects of the design 
process have been formalized and, for good rea­
son, subjected to documentation, control, and 
verification. 

As the 1970's draw to a elose, we find our­
selves engulfed by flurrying activities in photo­
voltaics. While we stand at the threshold of an 
unprecedented economical exploitation of this 
particular solar energy conversion technology, 
we should also realize that all the "easy" in­
ventions have perhaps been made already. 
From here on, the going can be expected to get 
tougher. It is hoped that this book will be he1p­
ful to those who are going to keep on working 
for the benefit to all of use who consume energy . 

Hans S. Rauschenbach 
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Purpose and Scope 
of this Handbook 

This handbook intends to diseminate as much ranging from the illustrative and introductory 
current and practical information relating to to the detailed technical. Most of the text 
photovoltaic energy conversion technology for should be understandable to advanced high 
earth and space applications as practical. The school students and senior technicians. Few 
emphasis is on the presentation of many differ- sections, if any, are expected to pose difficulties 
ent concepts and detailed techniques for several for college graduates or practicing engineers. 
reasons: The mathematical treatment has been held 

• To introduce non-technical persons to the 
subject 

• To aid students of the subject and younger 
workers in this field in mastering it 

• To help specialists already working in the field 
to get their jobs done more effectively 

• To inspire the creativity of advanced designers 

• To document those concepts, data, and infor­
mation that are of interest today but are not 
readily available in the open literature 

• To define the entire field of solar cell array 
design and its multidisciplinary nature. 

This handbook is written on several levels, 

simple. Differential and integral equations are 
used sparingly, but are included to permit com­
puter programming. Most mathematical prob­
lems can be handled with today's scientific 
pocket calculators. 

This handbook recounts some of the more 
important historical events that led to today's 
advanced solar cell array technology and in­
cludes sufficient re fe rene es for loeating more 
detailed accounts. Subjects that are treated else­
where and readily available, such as general 
structural design, heat transfer and thermody­
namics, civil engineering, and electrical wiring 
codes and practices, are not included here. 
Rather, only the special considerations for solar 
cell arrays are treated. 

LEGAL NOTICE 

This handbook attempts to document the knowl­
edge, data, and information which may be of 
current significance to solar cell array design. 
However, it is emphasized that there exists a 
large number of patents which relate to all as­
pects of solar cell array design, fabrication, and 

testing, including solar cells, other materials, 
processes, components, arrangements, and de­
signs. Some of these patents have been de­
scribed herein, but many more have not been 
referred to. The description in this handbook 
of any component, process, apparatus, material, 
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viii PURPOSE AND SCOPE OF THIS HANDBOOK 

design, composition, or any other feature of 
any article may fall within a claim of an existing 
patent. It is not the intent of any of the au­
thors, editors, and publishers of and contribu­
tors to this handbook-nor is it the intent of 
any of the sponsoring or performing organiza­
tions involved in the preparation of this or the 
original handbook-to induce anyone to infringe 
upon any existing patent. It is the responsibil­
ity of the prospective user of any of the infor­
mation, material, data, and descriptions herein 
to determine -whether such usage constitutes in- ' 
fringement or noninfrigement of any patent or 
otherwise legally protected or proprietary right. 

Specifically, neither the United States, the 
National Aeronautics and Space Administration, 
the California Institute of Technology, the Jet 
Propulsion Laboratory, nor the TRW Defense 
and Space Systems Group; nor any of the em­
ployees of these organizations; nor the pre-

parers, editors, approvers, or publishers of this 
or the earlier document; nor any other person: 

1. Makes any warranty or representation, ex­
pressed or implied, with respect to the 
accuracy, completeness, or usefulness of 
the information contained in this docu­
ment, or that the use of any information, 
apparatus, method, or process disclosed in 
this document may not infringe upon pri­
vately owned rights; 

2. Assumes any liabilities with respect to 
the use of, or for damages resulting from 
the use of, any information, apparatus, 
method, or process disclosed in this 
document; 

3. Sanctions, approves or recommends any 
designs, practices, selections, or proce­
dures contained in this document for a 
specific purpose, use, or project. 

SAFETY NOTICE 

Solar cell assemblies, modules, panels, or arrays 
are sources of electric power and may, under 
certain circumstances, constitute a potential 
hazard. Even under conditions of low ambient 
lighting, a sufficient number of solar cells con­
nected in series may produce voltages and cur­
rents that may cause electrocution. Appropriate 
safety procedures for handling and installing 
such assemblies must be used and followed (see 
also the entries under Safety in the Index). 

A larger array, when exposed to bright sun­
light and short-circuited with a conductor having 
'inadequate cross-section, may start a fire. 

Any solar cell assembly, even in low ambient 
light, when accidentally short-circuited, may 
cause a spark that is capable of igniting explo­
sive atmospheres, such as may be found in 
solvent cleaning operations. 
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1 
Array Systems 

ARRA Y CONCEPTS 

1-1. Arrays and Batteries 

An a"ay constitutes an orderly arrangement of 
elements in rows and columns. A solar cell may 
is an arrangement of solar ceIls, electrically con­
nected into circuits, that have the appearance 
of rows and columns. Solar cell arrays are also 
known as solar batteries and, colloquially, as 
solar a"ays. The term battery means a group of 
cells connected together to furnish electricity. 
Therefore, the use of either term would be cor­
reet to describe an array of solar cells. However, 
to distinguish clearly between solar cells of the 
photovoltaic type and other "battery" cells of 
the galvanic or electrochemical types, the term 
a"ay will be used throughout this book in con­
nection with solar cells and the term battery in 
connection with electrochemical cells. 

Solar cells produce electricity from sunlight 
directly without utilizing a chemical process, 
while electrochemical cells produce electricity 
without sunlight by chemical conversion of one 
substance into another. Examples of electro­
chemical batteries are the batteries used in flash­
lights, transistor radios, cameras, and auto­
mobiles. 

1-2. Arrays, Panels, Parts, and Components 

Except for the smallest of them, solar cell arrays 
are fabricated and installed in several pieces, 
known as solar cell subassemblies, modules, 
panels, subarrays, and others. To minimize the 

use of the same term for describing different 
items, the term solar cell panel, or simply panel, 
will be used to denote either a small array or a 
portion of a larger array that is a self-contained 
mechanical entity as far as fabrication, testing, 
and assembly is concerned, regardless of its 
electrical characteristics. 

A solar cell panel is comprised of the follow­
ing parts or components: solar ceIls, wiring, 
solar cell covers, solar cell support, and support 
structure. The solar cells are the "heart" of the 
array, converting solar energy in the form of 
sunlight into electricity. (For descriptions of 
how solar cells produce electricity, see the be­
ginning sections of Chapter 4.) The panel wiring 
collects the electricity from all the solar cells 
and routes it to the panel terminals. Transparent 
solar cell covers protect the solar cells from 
adverse environmental influences, while permit­
ting the sunlight to shine right through them. 
The solar cell support, typically a flat plate-like 
substrate, holds the solar cells mechanically in 
place. The support structure mounts the cell 
support (substrate or panel) to the ground, to 
a vehicle, or to a sun-tracking mechanism. 

1-3. Array Types 

Solar cell arrays may be classified into different 
types according to their intended use, construc­
tion, sun orientation, use of sunlight concentra­
tion, or application, as folIows: 

Te"estrial a"ays are designed to operate 
within the earth's atmosphere and withstand all 

3 
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weather related environmental influences. Space 
a"ays are designed to operate primarily outside 
of the earth's atmosphere and withstand the 
space environment. Non-concentrator a"ays, 
sometimes also called flat plate a"ays (even 
though they may actually be curved), simply 
utilize the sunlight as it falls naturally onto the 
solar cells. The solar cells may or may not be 
fully oriented toward the sun. Concentrator 
a"ays utilize some devices for increasing the 
sunlight intensity on the solar cells. Increasing 
the intensity, called solar or sunlight concentra­
tion, is done prirnarily by mirrors (reflectors) or 
lenses (refractors). Concentrator arrays can con­
vert more solar energy with a smaller number of 
solar cells than can non-concentrator arrays, 
but not without some penalties. Flat arrays are, 
as the name irnplies, flat plate-like structures 
having all solar cells face into the same direc­
tion. Used for terrestrial and space applications, 
they may be mounted in a fIXed, approximately 
sun-pointing direction, or may be attached to 
sun-tracking equipment. Curved a"ays utilize 
structural solar cell supports that are portions 
of cylindrical, conical, or spherical shells. The 
solar cells may point outward from their con­
vex sides or inward from their concave sides. 
Their application includes both terrestrial and 
space, sun-tracking and non-tracking concepts. 
Body-mounted a"ays, rigidly held to the inter­
nal structure of a vehicle, are contrasted by ar­
rays that are mounted on protruding structures 
such as on rigid or articulated frarnes, cantilevers, 
or booms. Fixed a"ays are rigidly held to a 
spacecraft or to a terrestrial structure. The angle 
between the solar cell surfaces and the sun varies 
continually. Oriented a"ays are being pointed 
into the direction of the sun to maximize the 
electrical power output from the arrays. Array 
orientation toward the sun, also known as sun­
[ollowing, sun-tracking, or steering, is done 
with orientation drive mechanisms, also known 
as sun-trackers or heliostats. Sun-tracking may 
be facilitated by continuous slewing of the 
array or by intermittent, stepwise movements. 
The equipment that performs the array orienta­
tion may utilize sun sensors in complex feed­
back circuits or simple clock drives that execute 
preprogrammed motions. For some specific ar­
ray designs and applications, the array may have 

to be oriented toward the sun very precisely, 
while for other designs and applications, only 
very approxirnate orientation, if any, may suf­
fice. One-axis oriented a"ays follow the sun by 
rotating about a single axis. Perfect sun-tracking 
cannot be achieved by this method, except for 
a few days out of the year. The axis about which 
the array rotates may make any convenient 
angle with the ground or spacecraft; likewise, 
the array may be inclined relative to this axis at 
any convenient angle. Two-axes oriented a"ays 
follow the sun by rotating about two different 
axes. Perfect sun-tracking is possible. The two 
axes may make any cop,venient angle with the 
ground, spacecraft, or array, and need not be 
orthagonal (perpendlcular) to each other. High­
vo/tage arrays produce nominal operating volt­
ages that are significantly greater than the 24 to 
30 volts of typical systems of the past and pres­
ent. While there are no agreed upon limits, some 
workers in the field classify arrays producing 
100 volts as high-voltage arrays, but others re­
serve this classification for arrays producing at 
least 1000 volts. Hardened a"ays, especially 
designed to withstand nuclear weapons or laser 
weapons attack, are used on some military 
equipment. 

Other array types, making up an almost end­
less list, include high-altitude balloon arrays 
(half terrestrial, half space); submersible arrays 
for under-water applications; ground-based 
extraterrestrial arrays for Lunar or Martian 
surface stations; lightweight arrays having ex­
ceptionally high power per unit weight (kilo­
watts/kg) performance; low-cost arrays having 
unusually low cost per power output ($/watt); 
hybrid systems, producing both electric and 
thermal (hot water, etc.) output; and many 
others. 

1-4. The Array as Part of the Power System 

In most practical applications, the solar cell 
array constitutes the power gene rating subsys­
tem within the framework of a power system, 
as illustrated in Fig. 1-1. 

The array orientation subsystem aids in maxi­
mizing the array output capability by orienting 
the solar cells toward the sun. The output from 
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Fig. 1-1. The array as part of a power generation system.' 

the solar cell circuits and solar cell panels is 
gathered by the power collection subsystem, 
and routed in part to the energy storage subsys­
tem and in part to the power conversion and 
regulation subsystem. The energy storage sub­
system provides electricity during periods when 
the array is not (or is only insufficiently) illumi­
nated. The power conversion and regulation 
subsystem smoothens the typically varying raw 
output power from the solar cells and provides 
a steady flow of controlled power, via the power 
distribution subsystem, to the loads. The house­
keeping loads are those needed by the power 
system for the array orientation drive motors, 
for powering status and monitoring circuits, for 
operating cooling equipment, and for perform­
ing other, similar duties. The user loads are those 
eIectricity consumers for which the entire power 
system was created in the first place. 

Not all power systems have the same block 
diagram as that shown in Fig. 1-1. Some have 
no orientation mechanism, some have no energy 
storage, some have no regulation, and some have 
no housekeeping requirements. Of those which 
have energy storage, some may have just enough 
to provide only for essential housekeeping 
needs, while others may be able to supply more 
than the user loads require. Some power sys­
tems are very simple, and others are very com­
plex, even requiring computer control for effi­
cient operation. Some power systems, for either 
space or terrestrial application, are designed to 
operate automatically for many years without 
attention; others may require frequent oper­
ator activity. Non-automatie power systems on 
unmanned spacecraft are operated from the 
ground by remote control via radio communica­
tion. 
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1-5. The Array as a System 

A solar cell array can also be thought of as a 
system that is made up of a number of subsys­
tems, as shown in Fig. 1-2. The optical subsys­
tem inc1udes sunlight concentrators (if used) 
and the solar cell or array coverglass. All solar 
cells and their wiring make up the electrical 
subsystem. The solar cell mechanical support 
constitutes the mechanical subsystem, and the 
structural supports and sun-tracking mechanisms 
are parts of the orientation and structural sub­
system. Array temperature transducers (remote 
control thermometers), orientation sensors, 
voltage and current transducers (remote control 
voltmeters and ammeters), and other status or 
performance monitoring devices are encom­
passed, with their circuits, by the status sensor 
subsystem. The thermal control subsystem is 
comprised of heat radiators, cooling fins, ther­
mal control coatings, and other items that re­
du ce the solar cell operating temperature as 
much as is practical. The environmental protec­
tion subsystem is represented by the solar cell 
packaging material that minimizes adverse en­
vironmental effects on the solar cells. 

1-6. Hybrid Systems 

A solar cell array hybrid system is one which is 
composed oe elements from different techno-

THERMAL 
CONTROL 

ENVIRONMENTAL 
PROTECTION 

Fig. 1-2. The subsystems of an array. 

logical fields. The following hybrid systems 
have been designed: 

• Photovoltaic/thermal energy conversion 
systems 

• Body mounted/deployable solar cell arrays 
(see Section 7-18) 

• Rigid/flexible deployable solar cell arrays 
(see Section 7-18). 

In photovoltaic/thermal hybrid systems, solar 
cells convert sunlight into electricity, utilizing 
the photovoltaic energy conversion process (see 
Section 4-2) while the cell's heat (thermal) 
energy is extracted by a thermal system. De­
pending upon their energy conversion efficiency 
and their operating conditions, solar cells con­
vert between approximately 5% and 20% of the 
incident solar energy into electricity. Most of 
the remainder of the incident solar energy is 
converted by the cells into heat. The thermal 
energy is typically carried away by a cooling 
fluid. The relatively low temperature (less than 
that of boiling water) of the fluid does not lend 
itself to driving rotating machinery, but is usable 
for water heating and for the heating and cool­
ing of buildings (see Sections 7-8 and 7-9). 

HISTORICAL DEVELOPMENTS 

1-7. History of Terrestrial Arrays 

The first practical solar cell was developed in 
1954 (see the historical review in Chapter 4). 
However, the relatively high cost and low effi­
ciency of these early cells, together with the 
consumer skepticism that is a typical re action 
to many new products, prevented their wide­
spread use. Ouring the mid-1950's, a number of 
remotely located low-power radio-telephone 
stations were operated with small solar cell 
arrays, and several experimental solar cell arrays 
were constructed. Overall success, however, was 
limited, because the protection of the solar cell 
circuits from adverse environmental effects was 
inadequate, and the application 's engineering 
approaches to solar cell powered systems were 
still in their in fan cy . Several novelty items ap­
peared on the market during this time, inc1ud­
ing "Solar Packs" to power transistor radios, 
and small arrays buHt into the frames of eye-



glasses to recharge batteries that powered inte­
grally attached hearing aids. 

The largest solar cell panel during these early 
years was assembled from 10640 silicon solar 
cells of 1 X 2 cm size and mounted above the 
roof of a 1912 Baker Electric automobile to 
recharge its batteries.1 The solar cell powered 
car toured the world and made international 
front page news, but failed to open a large ter­
restrial market. 

Solar cell array applications in Japan started 
in 1960. Between 1963 and 1973, 720 photo­
voltaic systems were installed with a cumulative 
array output of 13 kilowatts. One-half of the 
installed power was used for lighthouse equip­
ment (Fig. 1-3), the other half on land stations.2 

Economic analyses showed solar cell arrays 
with storage batteries and associated electronics 
for 4 to 8 watt loads to be of greater advantage 
than the installation of new power lines to the 
public utility system over distances of 1 km or 
greater. 

The evolution of terrestrial solar cell arrays 
in France started in 1961 with the fabrication 
of a system for a copper electrolysis experiment 
in Chile, producing 26.5 amperes at 3.3 volts at 
6% efficiency (Fig. 1_4).4 Solar cells were 19 
mm diameter n-on-p silicon cells having paint­
on silver contacts. An improved array design 
was developed in 1965, using 10% efficient cells 
of 30 mm diameter. Another improvement, 
using 40 mm diameter cells, was completed in 
1969. Various problems were encountered on 

Fig.I-3. EarIy Japanese installation. (Courtesy Sharp 
Corp.) 
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Fig.I-4. Chilean Installation of 1961. (Courtesy 
North American Philips) 

the earlier models, primarily solar cell contact 
problems and cracking of epoxy seals between 
the plate glass covers and aluminum box frames. 
The seal problems were solved by replacing the 
epoxy with a rubber seal. 

Photovoltaic installations in the V.S.S.R. date 
back to the late 1960's. Attractive especially 
for use in the remote, semi-arid southeastern 
areas of that country, a variety of systems, 
ranging in size from 1 to 500 watts output for 
powering irrigation pumps, water gates, com­
munications equipment, and light buoys on 
waterways, have been installed. Some installa­
tions utilize solar concentration of up to 1000 
times, aided by highly accurate tracking equip­
ment. Array configurations inc1ude fixed and 
sun-tracking flat plate arrays without and with 
low-concentration ratio mirrors, and long, nar­
row arrays contained in transparent, sealed glass 
and non-glass tubes. The tubes are dried out 
and fi1led with an inert gas before sealing. The 
solar cells are made from silicon, cadmium sul­
fide, and cadmium telluride. A typical tempera­
ture rise of 30°C between the solar cells and the 
ambient air temperature has been observed.5 

The growing awareness of limited world fossil 
fuel resources during the 1970's 1ed to the crea­
tion of the V.S. Department ofEnergy (formerly 
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the Energy Research and Development Agency). 
The Department has been funding at an increas­
ing rate basic and applied research to make 
large-scale solar energy utilization economically 
viable. In 1977, an experimental solar array 
system was completed that opera ted seasonally 
alternating irrigation pumps, grain drying fans, 
and other equipment. 7 The array consists of 2 
rows of 14 solar cell panels each, containing a 
total of 97,000 solar cells and producing a peak 
power output of 25 kilowatts (Fig. 1-5). The 
panels are tilted for optimal array performance. 
A 10 horsepower (7.5 kilowatt) dc irrigation 
pump motor operates directly from the 120 to 
140 volt dc array bus. An energy storage sub­
system, consisting of two parallel-connected 
strings of 19 series-connected 6 volt lead-acid 
batteries, having a capacity of approximately 
80 kilowatt-hours, is connected directly to the 
dc bus. 

In 1978, a 60 kilowatt peak output solar cell 
array started to accumulate military experience 
with such systems.8 Designed for the V.S. Air 
Force, the array of 190,000 solar cells,located 
in Southern California, is fIXed and tilted for 
optimum performance. Array dc output power 
is converted into ac, regulated and made avail­
able for supplying power into the public utility 
grid. 

Earlier Department of Defense (DoD) projects 
included solar cell arrays of 35 to 74 watt peak 

output for radio relay stations, alSO watt solar 
cell charger for rechargeable nickel-cadmium 
batteries, a 12 kilowatt array for a remote radar 
site at China Lake, California, a 10.8 kilowatt 
array water purification system at Fort Belvoir, 
Virginia, and a 2.4 kilowatt array for a tele­
phone communications system (Fig. 1-6). Each 
of the two arrays consists of 2,592 cells, each 
3 inches in diameter, and pro duces nominally 
56 volt output. 

1-8. History of Space Arrays 

The space age arrived on October 4,1957, when 
the V.S.S.R. launched into earth orbit Sputnik 
1, a 23 inch aluminum sphere weighing 1841b, 
returning density, temperature, cosmic ray, and 
meteoroid data for 21 days. This satellite and 
its successor, Sputnik 2, were powered by elec­
trochemical batteries only. The fnst solar cell 
array that successfully opera ted in space was 
launched on March 17, 1958, on board Van­
guard I, the second V.S. earth satellite. This 
solar cell array consisted of six solar cell panels 
distributed over and mounted to the outer 
surface of an approximately spherical space­
craft body. Each panel was made of 18 p-on-n 
solar cells of 2 X 0.5 cm size, having approxi­
mately 10% energy conversion efficiency at 
28°C. This solar array system provided less than 
I watt of power für more than 6 years. 

Fig.1-5. Installation at Nebraska. U.S.A. (Courtesy Massachusetts Institute ofTechnology. Lincoln Laboratory) 
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Fig. 1·6. Solar powered mobile communications station, deployed and stowed. (Courtesy o[ the U.S. Army 
Mobility Equipment Research and Deve/opment Command, Fort Be/voir, Virginia) 

Tables 1-1 and 1-2 show the total number of 
spacecraft successfully launched between 1957 
and 1977.9 Most of these spacecraft have used 
solar cell arrays as the primary power source. 

Since 1957, solar arrays have grown in size 
and complexity. The largest V.S. solar array 
f1<?wn was on Skylab 1, launched on May 14, 

1973, into near-earth orbit. Skylab carried two 
separate solar cell array systems: the Orbital 
Workshop (O.W.S.) array and the Apollo Tele­
scope Mount (A.T.M.) array (Fig. 1-7). The 
Orbital Workshop array design consisted of two 
deployable wings. Each wing carried 73,920 
n-on-p solar cells of 2 X 4 cm size, providing in 



10 1 I SOLAR CELL AR RA YS 

Table 1-1. U.S. Space Launches as of 
December 31,1977.9 

Year Successes* Failures Total 

1957 0 1 1 
1958 7 10 17 
1959 11 8 19 
1960 16 13 29 
1961 29 12 41 
1962 52 7 59 
1963 37 8 45 
1964 54 5 59 
1965 62 6 68 
1966 70 4 74 
1967 59 3 62 
1968 47 3 50 
1969 40 1 41 
1970 28 1 29 
1971 29 4 33 
1972 30 0 30 
1973 23 2 25 
1974 25 2 27 
1975 28 2 30 
1976 26 1 27 
1977 24 2 26 

*Payload(s) injeeted into orbit. Ineluded are Interna-
tional payloads if launehed by V.S. booster and elas-
sified as V.S. payloads. 

excess of 6 kilowatts of electric power in orbit. 
The O.W.S. array in flight actually consisted of 
one wing only; during launch, a meteoroid/ 
thermal shield tore loose from the O.W.S., rip­
ping away the second wing. 

The A.T.M array consisted of four deploy­
able wings, carrying a total of 123,120 solar 
cells of 2 X 2 cm and 41,040 cells of 2 X 6 cm 
size, and provided in excess of 10 kilowatts of 
electric power in orbit. 

Typical early satellites were approximately 
spherical (Fig. 1-8). At first, as for Vanguard I, 
relatively small solar cell assemblies were at­
tached to the satellite housing. Soon, however, . 
the entire usable exterior surface of satellite 
housings was being utilized for the mounting of 
solar cells to accommodate increasing power 
requirements. To extend the available solar cell 
array area, the satellites were fitted with so­
called solar cell paddles (Fig. 1-9). Explorer 6, 
launched in August of 1959, was the first space­
craft to use paddles. Of the four 51 cm2 pad­
dIes, one failed to extend fully and lock. The 

solar cells of the resultant three paddle array 
rapidly degraded in the Van Allen radiation belt 
and all transmission was lost in two months. 

This failure was followed by astring of suc­
cesses, and solar cell arrays become the preferred 
power supply. Then, on July 9, 1962, a high­
altitude nuclear explosion, "Starfish," released 
an estimated 1025 fission electrons that became 
trapped in the lower region of the Van Allen 
belt. The resultant damage to solar cell arrays, 
evident in Fig. 1-10, rapidly caused a number of 
spacecraft to cease transmission, degrading both 
the solar cells and the on-board electronics. 

Radiation damage became a subject of in­
tense interest, and changes were implemented 
to improve the radiation resistance of arrays. 
These changes included a switch from p-on-n 
to n-on-p solar cells, increased base resistivity, 
and more careful shielding of the cells by cover­
slides. As power requirements increased, detailed 
design criteria for the array were evolved. Ranger 
Block 11, Mariner 4, Nimbus 1 (I 964), and 
Pegasus (1965) were among the fust that were 
designed to accommodate thermal expansion 
differences between the solar cells and the sub­
strate. But new problems were encountered: On 
several spacecraft launched in 1967 and 1968, 
coverslides slightly sm aller than the solar cells 
were used for ease in construction and because 
of tolerances necessary in cell and coverslide 
size. Any adhesive that extruded around the 
coverslide was carefully cleaned away. As a 
result, on Intelsat 2-F4, the Applications Tech­
nology Satellite A.T.S.-l, and on the Gravity 
Gradient Test Satellite (G.G.T.S.), about 5% 
of the solar cell front area was bare or covered 
only by a thin contact bar, leading to an anom­
alous 10 to 30% array degradation in a very 
short time. The rapid degradation of those solar 
cell arrays was caused by low-energy protons of 
the outer region of the Van Allen belt entering 
the bare solar cell surface and damaging the 
junction (see Section 4-38 for a design solution). 

Satellite designs soon required more power­
ful solar cell arrays than could be provided by 
paddles. Oriented or semi-oriented solar cell 
panels (Fig. 1-11) provided one answer, while 
cylindrical and other body-mounted solar cell 
panels for larger diameter vehicles provided 
another (Fig. 1-12). 

The highest-power solar cell array designed in 
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Table 1-2. Spacecraft Orbited, Totals as of December 31, 1977.9 

(Reprinted with permission of TRW) 

Earth Lunar Solar 
Sponsor Orbit Missions P1anetary Orbit Totals 

Indonesia 2 2 
Australia* 2 2 
Canada* 8 8 
E.S.A. (E.S.R.O.)* 10 10 
France* 20 20 
Germany* 4 2 6 
Intelsat* 21 21 
Japan 12 12 
N.A.T.O.* 4 4 
People's Republic of China 7 7 
V.K.* 8 8 
V.S.** 774 36 13 4 827 
V.S.S.R·t 1151 33 27 1211 
Netherlands* 1 
Spain* 1 1 
Italy* 5 5 
India 1 1 --

Totals 2031 69 40 6 2146 

*Includes launches from the V.S. or by V.S. boosters, of satellites bullt by sponsors or bullt 
jointly under cooperation agreements with the V.S. 

**V.S. totals consist of exclusively V.S.-sponsored satellites, including unidentified satellites, 
but not including Atlas-Centaur, Saturn, or Titan III non-functional payloads. 

tV.S.S.R. totals include unidentified Russian spacecraft; do not include earth-parking plat­
forms used for injecting payload spacecraft into other orbits. Lunar spacecraft now in solar 
orbit are included in "Lunar Mission" column. Planetary spacecraft now in solar orbit are 
included in "Planetary" column. Spacecraft failing to reach any orbit are not included in this 
taUy. 
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the late 1970's for operation in geosynchronous 
orbit is that for the Tracking and Data Relay 
Satellite System (T.D.R.S.S.), illustrated in Fig. 
1-13. Both wings of the array carry 31062 solar 
cells of 11.4% efficiency at 28°C. If the array 

were to be tested in the laboratory, it would 
produce 3.9 kilowatts of power output. In orbit, 
its initial power output capability of 3.1 kilo­
watts is expected to diminish to 2.2 kilowatts 
after ten years. l1 

Fig.I-7. NASA's Skylab. 
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Fig.I-8. Early body-mounted arrays. 

1-9. The Future of Solar Cell Arrays electricity, nor should it be assumed that solar 
cells, because of their relatively high cost at 

All indications are that solar cell arrays will the present time, will not fmd increasingly 
have a bright future on earth as well as in space. widespread use. There are already many appli­
It can be expected that solar cells will not only cations in remote locations in the U.S. and else­
continue to be making contributions to provid- where in the world where solar cell power, even 
ing much needed energy, but also that their at its present high cost, is economically more 
contributions will increase importantly in the viable than a diesel-generator system or the con­
future in those areas in which solar cells offer struction of a connecting line to a distant utility 
unique advantages over other methodsofenergy power feeder. Many such remote sites are now 
generation. It should not be expected that solar being provisioned with solar cell arrays and 
cells will replace most other forms of generating associated energy storage and regulation equip-

Fig. 1-9. Paddle-wheel arrays. 
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Fig. 1-10. Degradation of solar cell output in orbit for 
transit 4B and TRAAC satellites. 

Fig.l·l1. Oriented arrays. 
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Fig.I-12. Body-mounted arrays on spinning satellites; 
antennas are despun. (Courtesy Comsat Corp.) 

ment to power radio transmitters, television re­
ceivers, irrigation pumps, and electrolytic cor­
rosion prevention equipment used to protect 
bridges and other metallic structures. 

The economic factors that operate in favor 
of an increasing use of solar cell power are in­
creasing fossil fuel prices and decreasing solar 
cell costs. Fossil fuel prices will rise because 
most readily accessible and practically usable 
deposits either have been or are being rapidly 
depleted, while less accessible or less usable 
deposits are simply more costly to exploit. 
Solar cell costs will drop because new processes, 
requiring less energy and manpower for raw 
material refining and cell fabrication, are being 
developed. 

The role of nuclear power in the future is not 
clear. However, it seems certain that safety con­
siderations will add increasingly growing cost 
penalties to nuclear energy production, both 
regarding nuclear power plant operations and 
the safe-guarding and disposing of the dangerous 
radioactive waste products. Furthermore, a de­
veloping world, still made up of many indus­
trially underdeveloped countries, will bid for a 
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Fig.l·13. TDRSS spacecraft (man shown to scale). (Courtesy ofTRW [ne.) 

greate:r; share of the world's energy supply than 
it has in the past. The use of solar energy, of 
which conversion into electricity by solar cells 
is only one aspect (see Section 4-2) is one of 
the most viable, long-range alternate approaches 
to the international energy shortage problem. 
The feasibility of huge power stations in space, 
placed into permanent orbits around the earth, 
is now being investigated. Electric power, gen­
erated by solar cells from sunlight, would be 
beamed down to earth by wireless transmission 
at about the turn of the century, providing mil­
lions of kilowatt-hours annually to the world's 
energy consumers. 

During the coming years, solar cells will con­
tinue to power unmanned and manned space­
craft as the most economical and safest sour ce 
of electric energy. Communication satellites are 
already relaying data, messages, and news across 
count ries and continents, reaching parts of the 
world that would otherwise be inaccessible. 
Direct-broadcast satellites will beam radio and 
television pro grams literally to the last man on 

earth. Landsat earth resources satellites will 
sweep over our globe, locating new mineral 
deposits, identifying crop and forest diseases, 
mapping water resources, and checking pollu­
tion patterns. Weather satellites will monitor 
oceanic environmental and meteorological data, 
effluxes from rivers, cloud formations, and de­
veloping centers of destructive storms. Naviga­
tion satellites will guide ships and aircraft safely 
along their routes. In the weightless environ­
ment of space laboratories, new materials and 
medical products may be manufactured that 
cannot be produced in the gravity field of the 
earth. And while large space telescopes will 
search the skies for a key to the knowledge of 
man's origin and destiny, military reconnais­
sance and defense communication satellites will 
keep watch on weapons satellites and foreign 
military operations. The international participa­
tion in space exploration is already growing, 
and the international competition for a greater 
share of space enterprises, already in full swing, 
can be expected to sharpen. 



The solar cell array technology required for 
future missions, both for space and earth appli­
cations, will be characterized by much lower 
cost and greater size than is possible today. Cost 
reductions are being sought primarily in the 
areas of solar cells and other components 
through utilization of lower-cost materials and 
fabrication processes. 

ARRAY APPLICATIONS 

1-10. Terrestrial Applications 

Solar cell arrays are suited for anyapplications 
that require electric power and energy. They 
are especially suited for remote applications 
where there is no direct tie-in to an electric 
utility feeder, or where the transportation of 
fuel to the generator site is impractical. In con­
junction with an electrochemical storage battery 
and suitable charge control electronics, solar 
cell power supplies can be designed to provide 
energy for night time operation as weIl as for 
operation during several weeks of intense cloud 
cover. Arrays for maintenance-free applications 
can be mounted in a fixed position without re­
quiring orientation mechanisms. 

Solar cell arrays, when prope~ly designed, are 
not subject to self-destruction due to electrical 
load conditions, minor array failures, orienta­
tion drive malfunctions, or other influences. 
Solar cells are quite rugged and resistant to elec­
trical and mechanical damage. The most severe 
environmental threats to solar cell arrays are 
long-term corrosion due to weather influences, 
direct lightning strikes, and vandalism (see 
Chapter 9 for details and other environmental 
considerations). 

Solar cell arrays can be designed for systems 
having any reasonable voltage level, ranging 
from less than 1 volt to many kilovolts of out­
put. No special precautions need be taken (ex­
cept for solar cell hot spot problems, as discussed 
in Sections 2-45 and 2-46) when interfacing 
with electronic equipment and batteries. Appli­
cations for terrestrial solar cell arrays include, 
but are not limited to, the following: 

• Television and radio receivers (mobile and 
stationary) 
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• Radio transmitters and transponders (mo­
bile and stationary) 

• Weather and earthquake monitoring sta-
tions 

• Irrigation and other pump motors 
• Refrigerators and fans 
• Electronic (galvanic) corrosion protection 

of metal structures (bridges, towers, etc.) 
• Electronic and optical beacons and warning 

devices 
• Rechargeable battery chargers for military 

devices and recreational vehicles and boats 
• Emergency, surveillance, and security sys­

tems 
• Hydrolysis (electrolysis of water, separating 

water into hydrogen and oxygen gas, and 
others) 

• Electrochernical processes. 

1-11. Space Applications 

Solar cells are especially suited for space appli­
cations because they consume no fuel, do not 
exhaust themselves, and do not emit exhaust 
products or radiation. Most satellites and space 
vehicles launched to date have utilized sQlar cell 
energy to operate the internal equipment as 
well as to power the communiation equipment. 

A new applications area presently being ex­
plored is electric propulsion, also known as 
solar-e1ectric propulsion. High-voltage electric 
energy from a solar cell array is utilized by an 
ion engine, or ion-drive, to ionize a substance 
(Le., to break apart its molecular or atomic 
arrangements) and to eject a stream of ionized 
particles. The acceleration and ejection of the 
particles causes a thrust (force) that propels the 
engine and the attached spacecraft in a manner 
similar to the working of a jet engine. 

1-12. Power From Space 

The largest solar cell array system proposed is 
apart of the Satellite Solar Power Station 
(S.S.P.S.) concept. Now actively being studied 
and developed by industry and government 
agencies, satellite solar power stations would be 
large platforms placed in stationary earth 
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orbits. Solar cells would convert solar energy 
into electricity for microwave transmission to 
earth. On the ground, the microwave energy 
would be rectified, converted, and fed into the 
existing utility power grid. There are several ad­
vantages to converting solar energy in space 
rather than on the ground: in space, approxi­
mately ten times as much energy can be con­
verted than on the most suitable terrestrial 
sites; there are no weather limitations; and 
there are almost no night time limitations. Rela­
tively short eclips~ periods (72 minutes maxi­
mum) during two seasons in the year amount to 
an average loss of about 1 % of energy during 
one year as compared to full illumination. 

One of the recent S.S.P.S. studies shows the 
solar array having an overall size of 19.2 km in 
length by 3.85 km in width, intercepting 82,200 
megawatts (megawatt = 106 watts) of solar 
energy. Six troughs, comprised of flat reflector 
walls and solar cell bankets at their bottoms, 
contain 30.6 km2 of'solar cells of the gallium 
arsenide (GaAlAsjGaAs) type. The solar cells 
operate at 12SoC, owing to 2-to-l geometrical 
concentration ratio, at which they are predicted 
to achieve an energy conversion efficiency of 
17.6% (20% efficiency at 28°C). Aluminum bus 
bars collect 218 amps at 4S.s kilovolts at end 
of life from the solar cell circuits. 8700 kilo­
watts of this power reaches the microwave 
transmitter. At the ground, the microwave 
energy is received and converted into dc, result­
ing in 5000 kilowatts of electricity that is fed 
into the public utility grid system. The overall 
system efficiency is 6.l %. The solar cells, the 
blankets, and the concentrators are estimated 
to weigh 5.0, 2.6, and 1.l million kg, respec­
tively, and have a design life of 30 years.12 

ARRAY SYSTEMS PERFORMANCE 

1-13. Array Ratings 

Solar cell arrays are designed to provide cer­
tain amounts of electricity under certain con­
straints. The amount of electricity required 
may be defined by any one or combination of 
the following performance criteria (for defini­
tions of the electrical parameters, see the be­
ginning sections of Chapter 2). 

Power Output. Also specified as current output 
at a certain voltage, it refers to the power (watts) 
aYailable at the power regulator or load circuit 
input terminals, and is specified either as peak 
power or average power produced during one 
day or one orbit. It is specified under certain 
conditions of illumination, solar cell tempera­
ture, degradation, and other factors. 

Energy Output. Being the time-integrated value 
of power, the energy (watt-hour) output indi­
cates the amount of energy produced by the 
array during one day or one orbit. Energy out­
put may be defmed under the same conditions 
as power output. 

Ampere-Hour Output. Arrays delivering elec­
tricity primarily into energy storage batteries 
are rated more conveniently in terms of the 
ampere-hour capacity . 

Efficiency. Also known more precisely as en­
ergy conversion efficiency, this parameter is 
usually given as apower efficiency by 

11 = Power output from array X 100%. 
P Power input from sun 

The array power output may be the peak or an 
average output. The true energy conversion ef­
ficiency is defmed by 

11e = Energy output from array X 100%. 
Energy input from sun 

Power is given in units of watts, and energy in 
units of watt-hours. Either of these parameters 
can be indicative of the highest efficiency at 
which a system could operate under ideal con­
ditions, or of the actual operating conditions. 

While power and energy output can readily 
be measured, the power or energy input from 
the sun into the solar celI array is not a uniquely 
defined quantity. Ambiguities arise from defm­
ing the array area. Some manufacturers or users 
of solar celI modules define the incoming energy 
as falling on the entire, gross array area,others 
on the overall module area, still others on the 
solar cell area, and a few even on the active area 
of the solar cell that is not covered by contacts 
and gridlines. 



Weight or Mass. The weight, or (technically 
more precise) mass, of an array, expressed in 
kg, indicates how much material is contained in 
a given array system. 

Cost. Usually broken down into acquisition 
and maintenance costs, these figures permit 
evaluation of the economics of a given system. 

Specific Power. Three specific power param­
eters are in use: power per unit array area (watts/ 
mZ), power per unitarraymassorweight(watts/ 
kg), and power per unit array cost (watts/$). 

Specific Energy. The parameters are, corres­
pondingly, watt-hours/mz, watt-hours/kg, and 
watt-hours/$ . 

Specific Mass or Weight. The parameters in use 
are: mass per unit area (kg/mZ), mass per unit 
power (kg/watt) or energy (kgfwatt-hour), and 
area per unit mass (mZ /kg). 

Specific Cost. The units in use are: cost per 
unit power ($/watt) or energy ($/watt-hour), 
cost per unit mass ($/kg), and cost per unit 
area ($/mZ). 

Illustrative Example No. 1-1 

Problem: Calculate all previously discussed 
power efficiencies for an array that is comprised 
of ten modules of Type I as defmed in Table 
7-2 of Section 7-3. The modules are mounted 
to an open frame as described in Section 7-4, 
having outside dimensions of 5.5 X 0.60 m, and 
therefore, an area Aa = 5.5 X 0.60 = 3.3 mZ • 

Assurne that the solar cells actually operate at 
65°C, and the solar intensity S is 1.0 kilowatts/ 
mZ and illuminates the solar cells perpendicu­
larly. Assurne further that at 65°C, the modules 
produce only 75% of their 25°C output. 

Solution: The solar energy (actually power) 
falling onto the entire array is Pa = SAa = 1.0 X 
3.3 = 3.3 kilowatts. The energy falling onto the 
ten modules isP m = SAm = 1.0 X 10 X 0.533 X 
0.581 = 3.10 kilowatts. The energy falling onto 
the solar cells, Ps, is found by using the fraction 
"Cell Area/Module Area" from Table 7-2: Ps = 
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0.53 X 3.10 = 1.64 kilowatts. Since about 5% 
of the cell area is covered by contacts, only 
95% of the 1.64 kilowatts illuminate the active 
cell area; hence, the power falling onto the active 
areas is Pi = 0.95 X 1.64 = 1.56 kilowatts. From 
Table 7-2, the module power output at 25°C 
cell temperature is 22 watts. For an array com­
prised of ten modules, the power output is 220 
watts or 0.22 kilowatts. The array efficiencies, 
using the same subscripts for Ti as were used for 
P above, are as follow: 

At 25°C At 65°C 

0.22 
11a = 3.30 x 100% = 6.7% x 0.75 = 5.0% 

0.22 
11m = 3.10 X 100% = 7.1% X 0.75 = 5.3% 

0.22 
11s = 1.64 X 100% = 13.4% X 0.75 = 10.1% 

0.22 
11,' = - X 100% = 14.1% X 0.75 = 10.6%. 

1.56 

In actual installations, these efficiencies may be 
further reduced by wiring losses, dust accumu­
lations, and other factors. 

Illustrative Example No. 1-2 

Problem: Assurne that a flat, oriented space ar­
ray is required to supply 1000 watts (1.0 kilo­
watt) of electric power during the sunlight 
period of the orbit. The eclipse duration is 10% 
of the orbit time, and the array life is 10 years. 
Also assurne that solar cells are available at a 
cost of $1.0/cinz ,having in-orbit efficiencies of 
10%, and weighing 0.1 g/cmz. Other solar cell 
array materials cost $5000/mz and weigh 400 
g/mz. The array structure and orientation drive 
weighs 20 kg and costs $5000/kg. All assembly 
and test costs amount to $10,000/mz . Deter­
mine the array system's general and specific 
performance, mass, size, and cost figures. 

Solution: From Section 9-3, the solar power in 
space is 1.35 kilowatts/mz. The solar cells con­
vert 10% of this power, or 0.10 X 1.35 = 0.135 
kilowatts/mz = 135 watts/mz. Since 1000 watts 
of output are required, we need 

1000 watts _ Z _ 2 

135 / Z -7.4m -74,000cm \I 
watts m 
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of solar cell area. At a cost of $1/cm2, the total 1-14. Terrestrial Flat-Plate Arrays 
cell cost is $74,000. At a cell weight of 0.1 
g/cm2, the total cell weight is 0.1 (g/cm2) X Operational photovoltaic power systems in the 
74,000 (cm2) = 7400 g = 7.4 kg. The other ma- field have shown performances that ranged from 
terial cost is 5000 ($/m2) X 7.4 (m2) = $37,000, exhilarating successes to dismal failures. Success 
and the weight is 400 (g/m2) X 7.4 (m2) = 2960 was typically achieved by over-designed systems 
g = 3.0 kg. The cost of the structure and orien- located in dry, desert-like areas, while failures 
tation drive is 5000 ($/kg) X 20 (kg) = $100,000. occured largely in marginally designed systems 
Assembly and test costs are 10,000 ($/m2) X that were subject to adverse environments. 
7.4 (m2) = $74,000. Marginal designs include systems that have in-

The amount of energy produced in 10 years, sufficient output voltage at their actualoperat­
with 10% eclipse time (or 90% illumination ing temperature, insufficient corrosion protec­
time) is tion, or both. In some cases, materials have 

deteriorated from ultraviolet sunlight, in others 
10 (years) X 365 (days/year) X 24 (hours/day) by corrosion due to the effects of humidity. 

X 0.90 (illumination time ratio) X 1000 (watts) However, even though the total terrestrial 
photovoltaic experience is still small, it has been 
clearly demonstrated-largely outside the U.S.­
that photovoltaic power generators can operate 
for many years-indeed, even for decades-in 
high-cloud and high-fog areas, in salty ocean air 

= 78,840,000 watt-hours 

= 78,840 kilowatt-hours 

= 78.84 megawatt-hours 

The cost for this energy, ignoring launch and environments, at low and high geographic lati­
development costs, is tudes, and at low and high elevations. Prerequi­

site for successful operation at any location is 
sound engineering, selection of the best materials 
available for the job, good fabrication process 
control, and appropriate consideration to ade­
quate design margins. 

285,000 ($) . 
78 840 (kil h) = $3.6/kilowatt-hour. 

, owatt- ours 

By comparison, U.S. domestic energy consump­
tion costs were about 3 to 64/kilowatt-hour 
during the late 1970's. Summarizing the above 
data, we can prepare the following specification 
sheet: 

Only a relatively small amount of reliable 
performance and degradation data for existing 
photovoltaic power systems is available. How-

Power output in sunlight 
Orbitallifetime (90% sun time) 
Array mass (weight) 

Solar cells 
Other materials 
Structure and orientation 

Array size 
Array cost 

7.4 kg 
3.0 kg 

20.0 kg 

Solar cells $ 74,000 
Other materials $ 37,000 
Structure and orientation $100,000 
Assembly and test $ 74,000 

1000 watts 
10 years 
30.4 kg 

7.4 m2 

$285,000 

Power per unit mass: 1000/30.4 = 32.9 watts/kg 
Power per unit area: 1000/7.4 = 1.3~watts/m2 
Cost per unit power: 285,000/1000 = 285 $/watt 
Energy per unit cost: 78,840,000/285,000 = 277 watt-hours/$ 
Energy cost: 285,000/78,840 = 3.61 $/kilowatt-hour 
Mass per unit area: 30.4/7.4 = 4.11 kg/m2 



ever, these data are typically not applicable to 
today's technology; therefore, they are not pre­
sented here. Data of general applicability are 
reflected throughout this handbook, where ap­
propriate (as in the fo11owing). 

Some of the experience gained in the V.S. 
since 1976 inc1udes the performance of a total 
of 16 photovoltaic systems that were instalied 
as part of the Department of Energy Photovol­
taic ProgramP These systems were used to 
power seven different load types. After a two 
year period, the status (as ofMay 1978) was as 
described below. (All systems use a shunt regu­
lator and are equipped with ampere-hour meters 
in the array and battery circuits.) 

System 1 (see Table 1-3) was located for four 
months at a remote site at Isle Royale National 
Park, Michigan, and operated a sma11 refrigera­
tor. Of the six 100 ampere-hour automotive 
batteries, one was broken by accidential drop­
ping and a second was found dry after four 
months. The array delivered only 59% of its 
rated output; however, the refrigerator con­
sumed only 76.5% of its predicted consumption 
(see Table 1-3), so that the system was able to 
perform its function. 

System 2 also powered a sma11, recreational 
vehic1e type of refrigerator, located in a remote 

Table 1-3. Performance of 16 U.S. 
Installations.13 

Actual Conditions 
Design Ratings (percentage of Rating) 

Ampere· 
System Watts Volts hours Power % Load % 

1 220 12 600 59 76.5 
2 220 12 600 81 48 
2 (modified) 330 12 600 78 48 
3 294 12 3000 84 58 
4 294 12 3000 85 64 
5 116 12 200 95 92 
6 111 24 60 N/A* N/A* 
7 74 24 60 88 N/A* 
8 74 24 60 N/A* N/A* 
9 148 24 1060 86 N/A* 

10 111 24 60 N/A* N/A* 
11 74 24 60 74 N/A* 
12 163 12 400 82 79 
13 163 12 400 82 79 
14 23 12 100 82 79 
15 23 12 100 82 79 
16 446 120 100 71 10 

*Percentages not available. 
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Indian vi11age in Arizona. Initially, the system 
consisted of a 220 watt array mounted about 
5 meters above ground, and six 100 ampere­
hour automotive batteries. A "defective refriger­
ator destroyed the initial set ofbatteries. During 
the winter months, two 20 watt, 12 volt dc 
fluorescent lights were insta11ed, requiring the 
array size to be increased to 330 watts during 
the warmer season. Extensive deep discharge 
cyc1es had caused shorted ce11s in two of the 
batteries, and a11 batteries were replaced. Addi­
tional problems encountered were an ampere­
hour meter that gave erroneous readings at low 
bus voltages, dust accumulation on the array 
(causing an estimated 10% power loss), and one 
defective module, showing growing encapsulant 
voids beneath the solar ce11s. 

Systems 3 and 4 are insta11ed on V.S. Forest 
Service lookout towers in the Lassen and Plumas 
National Forests in California. The batteries are 
of the lead-calcium type. The loads consists of 
a 3 ft 3 refrigerator, a water pump to supply 
household needs, fluorescent and incandescent 
lights, and radio and television equipment. No 
operational problems have occurred. 

System 5 is insta11ed on Interstate Highway 
10 between Tucson and Phoenix, Arizona, 
powering a changeable message sign. The elec­
tricalloads consist of a continuously operating 
transmitter/receiver, an occasiona11y operating 
motor that drives the message display, flashing 
strobe lights, and a bank of fluorescent lights 
which illuminate the sign. Problems encountered 
inc1uded a complete discharge of the electric 
vehide type batteries while the motor had stalled 
(due to jamming of the sign mechanism) and 
two other battery discharges caused by excessive 
sign use during long periods of c10udy weather. 

Systems 6 through 11 power remote auto­
matie meteorological observation systems 
(R.A.M.O.S.) located at Long Island, New 
York; Clines Corners, New Mexico; South 
Point, Hawaii; Point Retreat (Adrniralty Is­
land), Alaska; Halfway Rock, Maine; and Dry 
Tortugas, Florida. All systems use their original 
50 ampere-hour ge11ed electrolyte type batter­
ies, except the Point Retreat system, which is 
augmented with 1000 ampere-hours of lead­
calcium batteries. The South Point station is 
not operating for non-power system related 
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difficulties. The Clines Corner array suffered 1-15. Terrestrial Concentrator Arrays 
seven fractured cells, distributed over three 
modules, apparently from hailstones, without 
loss ofpower. On the Point Retreat array, three 
modules were damaged by vandals, requiring 
replacement. The complete installation at Half­
way Rock was swept into the sea by 12 meter 
high waves in 1978. After one year, the Long 
Island station array was found to exhibit opens 
in two of the three series strings, due to en­
capsulant delamination, cell contact corrosion, 
and shorting. Damage to other parts of this 
weather station from high seas or high wind was 
also observed. All operating stations have per­
formed well in a functional sense, even though 
exact ampere-hour data were not taken because 
of the remoteness of most stations. 

Long-term performance data from operational 
photovoltaic concentrator systems have not 
been reported. Preliminary experimental results 
are encouraging and indicate that potentially 
lower fabrication and installation costs com­
pared to those for fixed flat plat arrays may be 
achievable. However, the reliability character­
istics of the solar cells operating at higher tem­
peratures and the maintenance requirements 
for the sun-tracking mechanisms are totally 
unknown at this time and may adversely affect 
the long-term cost posture of concentrator 
arrays. A reasonable experimental data base 
for terrestrial concentrator arrays should be­
come available by about 1980. 

Systems 12 through 15 are installed to power 1-16. Space Flat Plate Arrays 
insect survey traps in East Central Texas. The 
traps are remotely located in fields, operate 
only at night, and are moved from season to 
season. Two systems use 40 watt ultraviolet 
lamps and two systems are of the electrically 
charged grid type. Problems encountered in­
cluded one open-circuit failure of a module, 
one ampere-hour meter failure, and discharged 
batteries of one system due to a shorted trap, 
caused by a nest built by wasps during day­
light hours. 

System 16 powers a 120 volt dc water cooler 
at an Interagency Visitor Center at Lone Pine, 
California, near the Mt. Whitney entrance por­
tal. The system is designed as an educational 
attraction. The solar cell array operation is 
adversely affected by deposits of dust and 
alkaline materials from nearby Owens Lake, 
and by short afternoon hours caused by the 
towering Sierra Nevada Mountains, but not 
sufficiently to cause problems. The battery is 
of the electric vehicle type. 

The primary lessons learned from these in­
stallations are that environmental protection of 
the modules is of paramount importance and 
that the system must be adequately sized (or 
oversized) relative to the anticipated load pro­
fIle. (For adescription of the modules discussed 
above, see Section 7-3. For sizing calculations, 
see Chapters 2 and 3.) 

The power output per unit area of oriented and 
semi-oriented flat plate arrays in space is deter­
mined primarily by the inherent solar cell 
efficiency and by the solar cell orbital operat­
ing temperature. The latter is related to the 
cell's heat absorption and the heat emission 
properties of the coverglass and the substrate. 

Factors which determine the array's power 
output per unit mass (weight) include, primar­
ily, the mass of the array's structural compo­
nents and, secondarily, the mass of the solar 
cells and coverglasses and the solar cell packing 
density. 

The power output per unit mass of a number 
of arrays are shown in Fig. 1-14 in relation to 
their sizes. This figure reflects published infor­
mation that is not necessarily self-consistent. 
This is because power, radiation fluence, mis­
sion duration, solar cell and cover type, tem­
perature, and natural frequency all have an 
effect on the specific weight and power density 
characteristics. The numbers reported in the 
literature reflect these effects, but usually they 
are not stated explicitly. Therefore, when mak­
ing comparisons between different designs, it 
should be realized that most arrays were de­
signed to meet some very specific mission 
requirements within some very specific design 
and, frequently, schedule and cost constraints. 
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Fig.I-14. Comparative space array end-of-life performance. 

Only a few arrays were designed to accom­
modate an entire dass of missions; but even 
these are usually modified considerably from 
one application to the next. (For further details 
on array designs, see Chapter 7.) 

diameter and length as the available launch 
vehides grew in size. 14, 15 Recently, telescoping 
cylindrical arrays that deploy in space have 
been developed. Typical array electrical and 
performance characteristics are shown in 
Table 1-4. 

1-17. Spinning Space Arrays 

Body-mounted solar cell arrays on spin-stabilized 
satellites, depicted in Fig. 1-12, have grown in 

The 10 ohm· cm silicon solar cells for In­
telsat I were of the electroless nickel contact 
type, solder dipped, and assembled into rigid 
five cell shingles. The cell AR coating was SiOx. 

fable 1-4. Spinning Array Characteristics and Synchronous Orbit Performance.14, 15 

SateUite F1ight 

Intelsat I (Early Bird) 
Intelsat II 

Intelsat III 

Intelsat IV 

Intelsat IV A 
T.A.C.S.A.T. 

Telesat 

F-3 
F-4 

F-2 
F-3 
F-4 
F-6 
F-7 

F-I 
F-2 
F-3 
F-4 
F-5 
F-6 
F-7 

F-I 
F-2 
F-3 

Western Union F-I 
F-2 

Launeh Date 
(months/year) 

5/75 
1/71 

12/71 
1/72 
6/72 
8/73 

11/74 

9/75 
2/69 

11/72 
4/73 
5/75 
4/74 

10/74 

Solar CeU 
Size (mm) 

10 x 20 
10 x 20 
20 x 20 

20 x 20 

20 X 20 

20 X 62 
20 X 20 

20 X 20 

20 X 20 

Main Array 

NS NP 

60 92 
60 180 
60 102 

67 160 

64 660 

64 220 
71 840 

72 270 

72 270 

Predicted Power 
Weight 

(kg) (watts) (years) 

72.9 

71.9 
83.6 

33.1 

23.1 

180 

400 

522 
750 

217 

217 

Power Degradation in Orbit 
After Number of Vears 

2 3 4 

0.85 0.79 
0.82 
0.81 

0.89 0.88 
0.90 0.89 
0.90 0.86 
0.91 
0.89 

0.94 0.90 0.88 0.87 

0.96 0.94 0.925 

0.94 0.925 0.91 

0.94 0.925 0.91 
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For Intelsat 11, the solar cell contacts were 
changed to solder dipped TiAg and the solar 
cell interconnectors became flexible. The cells 
for Flight 2 used corner dart contacts, but the 
cells for Flight 4 used bar contacts. Bar con­
tact cells were also used for the later Intelsat 
arrays. 

All solar ceH covers for the arrays shown in 
Table 1-4 were made from 0.30 nun thick fused 
silica (Corning Type 7940 glass) and carried 
both a magnesium fluoride anti-reflective coat­
ing and an ultraviolet reflective filter having a 
410 nm cut-on wavelength. 

1-18. Space Concentrator Arrays 

Concentrator arrays for space applications have 
been proposed many times but have never actu­
aHy been flown. The proposed concepts for 
space are similar to the terrestrial concepts 
except that they must be very light and either 
be folded and stowed for launch or fabricated 
and assembled in space. A number of proposed 
concentrator concepts are discussed in Sections 
7-23 and 7-24. 

1-19. Space Array Orbital Performance 

There is generally a considerable lapse of time 
between solar cell procurement for a given 
project and completion of orbital data analysis, 
typically ranging from three to seven years. 
Adding two years for the design and develop­
ment phase, the solar cell array designer can 
typically be expected to wait for from five to 
ten years (conceptual design to array end-of­
life) or more before he has fuH confirrnation 
of the adequacy (or inadequacy) of his design 
efforts. 

The orbital performance of solar cell arrays 
can be obtained from two sources: solar cell 
flight experiments (discussed in Chapter 4) and 
operational satellite array performance. The 
orbital performance of solar cells and their rate 
of degradation has been found to differ some­
what between different satellites in the same 
orbit and under the same environmental stress. 

Table 1-5. Pioneer Solar Orbits. 

Pioneer Pioneer Pioneer 
Parameter VI VII VIII 

Perigee (AU) 0.814 1.010 0.992 
Apogee (AU) 0.985 1.125 1.089 
Inclination (degrees) 0.1695 0.097 0.057 
Period (days) 311.3 402.9 387.5 

Pioneer VI, VII, and VIII.15 ,16 The array con­
sisted of 10,368 conventional n-on-p silicon 
solar cells of 1 ohm . cm base resistivity mounted 
on a cylindrical substrate of 94 cm diameter 
and 89 cm height. The cells, 1 X 2 cm in size, 
are covered by 0.15 nun thick microsheet 
covers with blue reflective coatings. The covers 
were attached to the cells after the overlapping 
type modules were assembled and were then 
mounted to the substrate. Sufficient excess 
adhesive provided protection of those active 
solar cell areas not shielded by coverglass. At 
1.0 AU,* the array operated at +5°C and pro­
duced 80 watts at its maximum power point; 
at 1.2 AU, it operated by - 21°C and produced 
60 watts. The array, spinning at 60 rpm, was 
oriented with its spin axis normal to the ecliptic 
plane. The three spacecraft are in solar orbits 
outside the earth's radiation belts; the orbital 
parameters are noted in Table 1-5. 

The solar cells were connected into 48 
strings, each of 54 cells in series by four cells in 
parallel. Each string was connected to the bus 
through an isolation diode with approximately 
1 volt forward drop. The nominal operating bus 
voltage of the spacecraft was 31 volts at 1.0 
AU. The power subsystem used a storage bat­
tery but no voltage regulators. 

The performance data was obtained from on­
board telemetry. Bus current, bus voltage, and 
array temperature were measured in succession. 
The telemetry resolution introduced resolution 
errors up to the following magnitudes: voltage, 
1.8%; voltage error due to temperature error, 
1.2%; current, 2.4%. 

*AU = astronomical unit. 
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Figure 1-15 shows the changes in output 
voltage of three different Pioneer solar arrays 
launched at different times. This figure indi­
cates that "free space" environments-within 
the accuracy and resolution of the data-had 
110 measurable effects on the voltage of the 
Pioneer VI array for 259 days, and on the 
Pioneer VII array for 15 days. After this time 
(September 2 through 4, 1966), a large solar 
flare, consisting predominantly of protons, 
was observed. The flare was characterized by a 
total integrated flux of 17.2 X 107 protons/cm2 

of >25 million electron volts (MeV) over a 
three day period, occurring in two peaks, one 
on September 3, 1966, and the other on 
September 4, 1966. 

In addition to this solar flare, two other 
major solar events, consisting mostly of elec­
trons, occurred in aperiod from August 28 
through September 10, 1966. 

Figure 1-15 shows significant voltage degra­
dation commencing immediately following the 
proton flare of September 2 to 4, both on the 
Pioneer VI and VII arrays. It is interesting to 
note that the flare apparently started a solar 
cell degradation process which continued for 
approxirnately 200 days after the event, then 
stopped, and about 450 days after the flare, 
converted into an improvement indicative of 
radiation damage annealing. 

Based on the foregoing, it rnay be concluded 
(with considerable caution) that a solar flare 
proton dose of 17.2 X 107 protons/cm2 of 
25 MeV energy may produce a voltage degrada­
tion as high as 4%. Figure 1-16 shows the 
array operating points for various orbit 
conditions. 

Initial Defense Satellite Communications Sys­
tem U.D.S.C.S.'. 17, 18 A study of the solar ar­
rays on 19 U.S. Air Force I.D.S.C.S. satellites 
in a drifting, near-synchronous orbit showed 
that the best and worst case degradations 
projected to five years, encompassing all cell 
and non-cell (i.e., coverslide system) losses, 
were 12.5% and 16.8% for short-circuit cur­
rent, and 1.7% and 5.5% for open-circuit 
voltage, respectively. 

The calculated cell degradations due to elec­
trons and flare protons penetrating the cover­
slide shield indicated that maximum damage 
regions appeared at electron energies near 0.7 
MeV and at proton energies near 3 MeV. The 
ratio of calculated electron to proton cell 
damage was about 5 to 2. 

Interpretation of these results and calcula­
tions within the limits of the statistical uncer­
tainties involved and a knowledge of ground 
cell irradiation data, led to the following con­
elusions: non-cell losses affecting [sc ranged 
from 6 to 12%, while cell losses were only 
about 6% (projected to 5 years). The basic 
Voc loss was about 2%, but an additional 0 
to 3% was observed and credited to low-energy 
proton damage. The best equivalent fluence for 
the 5 year projection was 1.2 X 1014 electrons' 
cm-2 ofO.8 MeVenergy. 

The solar cells were a 1 X 2 cm conventional 
n-on-p boron doped silicon cell of 1964 vintage 
with a base resistivity ranging between 7 and 
13 ohm' cm. All cells were shielded by 0.51 
mm thick fused silica covers applied with Dow 
Corning XR-6-3489 adhesive. The solar cells 
were assembled in overlapping (shingled) 
fashion and excessive cover adhesive was not 
removed from glassed cell assemblies, thus 
providing some low-energy proton protection. 

The I.D.S.C.S. satellite shape was a sym­
metrical polyhedron consisting of two octahe­
dral truncated pyrarnids joined by an octagonal 
cylindrical center section. The height of the 
satellite body was 79 cm, and the diameter of 
the cirele circumscribing the octagonal cylinder 
was 91 cm. 

The nominal orbits for the three launches, 
together with their launch dates, are given in 
Table 1-6. The individual satellite orbits dif­
fered slightly because each had a slightly differ­
ent initial velocity to ensure separation and 
eventual distribution around the earth. The 
satellites tumbled in orbit. 

Surprisingly large variations were observed 
in presumably identical satellite solar cell ar­
rays, both as to initial array outputs and to cell 
degradation rates on-orbit. Initial short-circuit 
currents and open-circuit voltages showed a 
near Gaussian distribution, spanning 10.1 % and 



ARRA Y SYSTEMS 25 

i .. -+-+--,.-+-I--+-::----+:-:-o+-'-I--'-=t .. ':;.:c' .• +-. -+-+-+-+-+--+--+-I--i--t-7-i-:+-i 
~:l . . 

! i I .... . I 
~~+-+-+-1--+-+-+-+-~~~~~-+~~~~r-r-t----~~~r-~ ! ... 

j ··jl ·- ... 
4 • 

r-r-~-t- .-;.-I-+--+---+-+-+--+--+---lf-... _- r- -·-1··- .. 
'.0 AU + 42 0 F 

-L -+-+--+-_+--+-+-+-1 -I--+--+-+--t--I-+ .. I ~b-..~:\c-t-+-+--+-+-+-t---i 

i . i -... L .. -t-~-T' -+--jJ--t--' T !, '--1' 

~ 
1\ , i. 

'-- ''':- -1-- ~t "12AU +-6
0 F I-+--+-+--+-r-· .-~~:- --! \ r\, 

2 1-+.---: _1-.-. Ti -_+_--_+-._-_i-,j_ -+r----:t:.!;-._-+-._-1r--t--. N+'O-M-INt-A:-~ '+S~-A-:1~EI-C-RA+! F-T-1~-OA-D-:-i --+ ::::::~-':::'b; ciD:+\-i~-HJ:'i~:--t-+--i 
I .., • :\ ~r-

~ i . ! -+-+-+-1-' !! J !J. ~I -_.:-.- -T ._._;-- 1 ._-- ---i 1 . .J 1 

---1--- : i : i- I !..! 1\ 
.- f--- -1'- '-+-1 -+--+1-. +-+-+--I,f-'-t--+-+--+--+--+-+- I ~ 11 j 

f--I--+--+.--4- .......... +-+-i' -+-....,.I--+-+-+_~ !-t-''''''' ..,.-!-+-+---r--+--+--+--++,1 .r . ...,...'--t-1t-1t-· -iI I : '... I ~ , 
0 0 L --"-_L--..L...-'S'---'--....L.-'---"-, 0---''--..L...-'--,.LS---'-''-'---'---2O'---'---'--"--,,'2 S-'--...L.......l--30-"'--'--'---""-":3S 

Table 1-6. 

Orbital 
Parameter 

Number of 
satellites 

Apogee 
(km) 

Perigee (km) 
Eccentricity 
Inclination 

(degrees) 
Per iod 

(minutes) 

ARRAY (VI 

Fig. 1·16. Pioneer array output characteristics. 

1.8%, respectively. This spread was attributed 

I.D.S.C.S. Satellite Earth Orbits. to the random solar cell panel selection used in 
the satellite construction and, in part, to telem­
etry sensor variations. When all initial param­
eters were normalized to unity, subsequent 
degradation levels over five years were again 
observed to span 5.0% for I sc , and 4.0% for Vac' 

Figure 1-17 presents the best and worst case 
cell short-circuit current degradation curves, 
extrapolated to five years, for the first two 
launches (l5 satellites). All cell and non-cell 
losses were included. Figure 1-18 presents 
similar open-circuit voltage curves and includes 

First Launch Second Launch Third Launch 
June 16,1966 Jan. 18, 1967 July 1,1967 

8 4 

34458 33947 33758 
33716 33634 33690 

0.0092 0.0039 0.00086 

0.042 0.41 6.998 

1350 1335 1332 

a curve which corresponds to the calculated 
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Fig.I-17. lOses array short-circuit current degradation. 

Voc degradation, based on the updated radia­
tion environment and best available darnage 
coefficient data. This curve is observed to 
present an average path between the mea-

sured extremes. Figure 1-19 presents the 
calculated [sc degradation of the cells alone, 
due to radiation. Comparing this curve with 
the two extreme curves of Fig. 1-17, the best 

0.95 t------------..--+-----------:---I------------f------.---.---..--+-...=.t:::...--l-.d--+-.L...J 

-t BEST-AND-WORST CAse eNDPOINTS FOR FIRST TWO LAUNCHeS 115 SATElLITES I 

--- • 1ST LAUNCH 

• 2ND LAUNCH 

- CALCULATED FAOM ENVIRONMENT 

0·900L-------------~----~--------~------------~--------------~~--~~--~~ 
~ TIME ON Of.l8IT !YEAAS) 

Fig. 1-18. lOses array open-circuit voltage degradation. 



ARRAY SYSTEMS 27 

1.0 ~---;---,~--.------.--,-------.----,--------,--,------.-------.------.----,------.---,-,---~- -----r---,-~--._,,_,....,__, 

I i-l I--j- i 
.-~ --- r --'---,-- ---+-

, ,I 
. -- r----

I 

0.95 ....... --f-'lr--~----"--+-~-,-----+-+---+-----+-=-....... =--- -+-+------+---I 

'SC hi 

'SC 101 

0.85 

o 

i 
,---1---1--'---;-- J 
I , 

---1---_ 

I' '" ~ 

t T' ME ON ORB'T IYEARSI 

1-- ~-

Fig.I-19. IDSCS array non-cell and short circuit current degradation. 

and worst case estimations of non-cell (Le., 
coverslide ) losses projected to five years is 
presented. 

munication satellites that have been operating 
successfully in geosynchronous orbit, are shown 
in Table 1-4. The degradation data should be 
viewed with regard to solar cycle-related solar 
proton events, as described in Section 9-46. 
However, significant differences in degradation 
rates still exist and cannot be explained satis-

Spinning Arrays in Synchronous Orbit.2o ,21,22 

The characteristics of a number of cylindrical 
arrays, body-rnounted to spin-stabilized corn-

Table '-7. Typical Solar Cell Array Degradation in Orbit.2o 

(Reprinted with permission of the IEEE) 

Type of Degradation 

1 MeV fluence (electrons' cm -2)* 

Solar cell degradation (%) 
Non-celllosses (%) 

Totallosses (%) 

Time in Synchronous 
Equatorial Orbit 

1 year 7 years 

4.3 X 1013 3.0 X 1014 

3 15 
4 to 10 4 to 10 
7 to 13 19 to 25 

*Note: Calculated values for infinite back shielding thickness. 

Time in 1000 km 
Circular Polar Orbit 

1 year 

2 X 1014 

8 
4 to 10 

12 to 18 

7 years 

1.0 X 1015 

20 
4 to 10 

24 to 30 
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factorily. The best estimate of array degrada­
tion, based on a large number of spinning as 
well as flat plate arrays and solar cell ground 
and orbital experiments, is summarized in 
Table 1-7. 

All of the Intelsat I and 11 arrays degraded 
at a slightly greater rate than was expected 
from penetrating charged partic1e radiation 
considerations. Low energy proton degradation 
was presumed for Intelsat I and Intelsat 11 F-3 
and F-4, in addition to a possible solar cell 
contact deterioration on F-4 due to humidity 
effects on the solderless Ti-Ag contacts andfor 
thermal stresses on the cell interconnectors 
(silver mesh), arising from an epoxy cell to 
substrate adhesive. On F-4, a damage reversal 
was noted that is similar to that observed in 
laboratory low-energy proton testing. No 
anomalous degradations were observed on the 
Intelsat III and later solar cell arrays. 

The damage-equivalent 1 Me V fluence due to 
geomagnetically trapped radiation environment 
alone, for the 0.30 mm thick conventional 
n-on-p silicon solar cells, protected by 0.30 mm 
thick fused silica covers, was determined to be 
2.1 X 1013 electronsfcm2fyear. 14 The large 
solar flare proton event of August 4, 1972 was 
estimated to be equivalent to a 1 MeV dose of 
4.7 X 1013 electrons/cm2 • The effect of this 
flare on the Intelsat N F -2 array performance is 
illustrated in Fig. 1-20. 

The optical transmission degradation of the 
covers and the cover adhesive was assessed to be 
in the order of 2% and was estimated to occur 
during the first two months in orbit. This 

l2 1.0 oc:---r---r----r--r---r---r---, 
w 
>-
w 
~ 
~ 0.95,.-----=: 

« .. 
...I 

Li! 0.90 
u 
Cl 

~ AUGUST 1972 
::; 085 !---+-- SOLAR PROTON 

~ FLARE 
a: 
o 

~ ----+ 

z 080 O'----10--20--3-0--40--5-0-~60.,-----::'70 

MONTHS IN SYNCHRONOUS ORBIT 

Fig. 1-20. NormaIized performance of Intelsat IV F-2 
solar cell array. (Reprinted with permission from the 
Institute of Chemical Engineers)23 

degradation is contrasted by laboratory ultra­
violet radiation testing, which showed a 4% 
degradation. 14 
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2 
Array Analysis 

ANAL YTICAL CONCEPTS 

2-1. The Role of Analysis 

The process of breaking something complex 
down into simpler elements and subjecting them 
to scrutiny is called analysis. In engineering, 
systems are broken down into subsystems, and 
subsystems into components. Everything is 
broken down until it becomes simple enough to 
be understood and to be converted into mathe­
matical expressions that describe its properties, 
behavior, or function. The process of describing 
something physical by mathematical formulas is 
called analytical or mathematical modeling. The 
"model" represents something real and physical 
in abstract, mathematical terms. 

The great advantage of having analytical mod­
els of a design and its elements is two-fold: 1) by 
studying the models, it is possible to figure out 
how to change, improve, and optimize the 
design, and 2) the performance and behavior 
of a design under a great variety of operational 
and environmental conditions can be predicted 
analytically long before the design is actually 
constructed and taken into service. 

2-2. Atoms and Electrons 

All matter is composed of atoms, also known as 
elements. An atom is the smallest particle of an 
element. Atoms, in turn, are composed of sub­
atomic particles of which protons, neutrons, 
and electrons are the most important. An atom 
can be visualized as consisting of a small nucleus, 
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made up of protons and neutrons, that is sur­
rounded by orbiting electrons. The nucleus is 
made up of the same number of protons as 
there are electrons in the atom. This is because 
each proton carries a unit positive charge and 
each electron a unit negative charge, and both 
charges must be equal in magnitude (Le., they 
must neutralize each other) by the principle of 
charge neutrality. The positive and negative 
charges in the atoms attract one another and 
hold the atom together. There are over 90 natu­
rally occurring and over 10 man-made elements, 
and each one has a different number of elec­
trons, protons, and neutrons. 

Most of the mass (weight) of an element, or 
atom, is concentrated in its nucleus. A proton 
and a neutron each have a mass of 1.67 X 10-27 

kg, while an electron has a mass of only 9.11 X 
10-31 kg. Therefore, a proton is 1840 times as 
heavy as an electron. 

In an atomic, or nuclear, process or reaction, 
atoms are broken up and thereby changed from 
one configuration into another. This change 
manifests itself as a transformation of one sub­
stance (element) into another. 

The electrons that are part of an atom can be 
found in certain well-defmed regions surround­
ing the nucleus; these regions are known as elec­
tron shens. Each shell can hold only a certain 
maximum number of electrons. The number of 
electrons in the various shens, and their relation­
ship to the number required to completely fill 
the shens, determines the chemical activity of 
the element. The electrons in the outermost, 



incompletely filled shells are also known as the 
valence electrons. Atoms having completely 
mIed shells, such as helium, neon, or xenon, are 
chemically very stable. All other elements are 
chemically unstable, or reactive, in different 
ways, so that they combine with others to form 
chemically stable compounds (molecules), such 
as water (hydrogen oxide), rust (iron oxide), or 
sand (silicon oxide, a raw material used for 
making silicon solar cells). Electrons also play 
roles in the processes of generating, conducting, 
and consuming eIe ctricity , and in defining the 
magnetic properties of materials. 

2-3. Electric Charge 

The experience of being electrically charged 
during periods of extremely low humidity is at 
time fascinating, but at other times annoying. 
Electric charging may result from walking across 
certain carpets while wearing certain foot gear. 
The subsequent electrical discharge to another 
person or metallic object can indeed be a shock­
ing experience. Lightning flashes, like miniature 
thunderstorms, can be provoked by vigorous 
combing and brushing of hair. Inflated toy bal­
lons, rubbed slightly, may cling tenaciously to 
walls and elothes. These phenomena are tech­
nically called charging by friction. During the 
elose surface contact of two dissimilar surfaces, 
such as a hard rubber rod being rubbed by a 
catskin, electrons are transferred from one 
material to the other. The material that gains 
electrons (the rubber) is said to have become 
negatively charged, while the material that has 
lost electrons (the catskin) has become positively 
charged. Charging by friction due to strong air 
currents in the atmosphere during weather 
changes leads to charging ofthe elouds, followed 
by violent electric discharges from eloud to 
eloud or from elouds to the earth. Less spec­
tacular, but not necessarily negligible, electric 
charging phenomena can occur on larger, non­
conductive surfaces of terrestrial and space 
solar cell arrays. 

The quantity of electric, or electronic, charge 
that one electron carries is 1.6 X 10-19 coulomb. 
This is the smallest quantity of charge that can 
exist. This charge is negative for electrons and 
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positive for protons. Neutrons carry no charge; 
they are electrically neutral. 

2-4. Conductors 

A crystalline atomic structure and an abundance 
of freely moving valence electrons make most 
metals good conductors of electricity and heat. 
The different atoms are located in precise and 
symmetrical arrangements, forming an orderly 
lattice structure. The atomic nuelei with their 
inner, mIed electron shells are visualized as 
being immobile, except that they may vibrate 
about their center positions, while the outer 
valence electrons are "free" to move about 
throughout the lattice similar to an electron 
"gas." Ordinarily, the electron gas is uniformly 
distributed throughout the conductor, because 
at any time and at any place in the material, the 
positive and negative charges must exactly 
equal one another, Le., there must be charge 
neutrality. 

Electrical conduction in a conductor arises 
from the application of an electric or magnetic 
force field when the electric circuit is completed. 
Thermal conduction arises from the application 
of a source of heat. Electrical or thermal con­
duction will take place only if there is energy 
transport from a higher to a lower potential. 

The measure of a material's ability to con­
duct electricity is its conductance. Some mate­
rials are better conductors than others; Le., 
they possess a higher conductance, even though 
they may be of the same physical size. Also, 
thicker conductors have a higher conductance 
than do thinner conductors made from the 
same material. Let I denote the length of a con­
ductor , w the width, and t the thickness, as il­
lustrated in Fig. 2-1a. The conductance of this 

a. BAR b. CIRCULAR 

Fig.2-1. Conductor shapes. 
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piece of conductor, denoted by the letter G, is 
given by 

G = awt/l 

where the Greek letter a (sigma) stands for the 
material's specific conductance, also known as 
conductivity. The units of conductance and 
conductivity are "per ohm" and "per ohm· 
meter ," also written "ohm -1" and "ohm -1 • 

meter -1" or "Q -1" and "Q -1 . m -1 ," respec­

tively. For a conductor having an arbitrarily 
shaped cross-section denoted by A, wt is re­
placed by A. For round conductors, as shown 
in Fig. 2-1 b, the cross-sectional area is A = 
,2rr = d 2rr/4, so that the conductance be comes 

G = ad 2rr/41. 

2-5. I nsulators 

Insulators, also known as dielectrics, do not 
conduct electricity under ordinary .circum­
stances (see Section 2-6 for ionic current). Un­
like metals, insulators have only few, if any, 
valence electrons available for the conduction 
of electricity. 

The measures of an insulator's quality are its 
dielectric constant and its breakdown voltage. 
The dielectric constant, a dimensionless quan­
tity, indicates how effective a material is relative 
to air when it is used in the construction of a 
parallel-plate capacitor. The breakdown voltage, 
also known as dielectric strength, indicates how 
much voltage a material, having given thickness, 
can withstand. Dielectric strength is usually 
given in units of kilovolts/mm or kilovolts/mll 
(1 mll = 0.001 inch = 0.025 mm). 

2-6. Current 

The flow of electric charges constitutes an elec­
tric current. For example, the movement of 
electrons through a conductor is a current. 
Electric current is analogous to a current of 
water: the electrons correspond to the water 
molecules (H20), and the quantity, or magni­
tude, of the current is in a direct relationship to 
the number of electrons, or water molecules, 
respectively, passing by a given point in a given 

time interval (the magnitude of the current 
does not depend upon how fast the particles are 
moving). 

Electric current is measured in units of ampere 
or amps, denoted by the letter A. A current of 
1.00 A is equivalent to the flow of 1.24 X 1020 

electrons/second past a given point on a con­
ductor. For comparison, water flow can be 
measured in units of cm31second. A water flow 
of 1 cm3 /second corresponds to the passage of 
0.334 X 1020 water molecules/second. 

In a conductor, electric current is always as­
sociated with the flow of electrons. In vacuum, 
current may result from the flow of electrons, 
protons, or ions. In dielectric materials and in 
conductive liquids, current is essentially carried 
by ions. In semiconductors, current is carried 
both by electrons and by holes (see Section 
2-27). 

The molecules of a substance may be spUt 
apart into ions by a chemical or electrical pro­
cess called ionization. One of the two ions of 
each molecule is positively charged and the 
other is negatively charged by the same amount 
of charge. For example, a molecule of table salt 
is made up of one atom of sodium and one atom 
of chlorine. When dissolved in water, the mole­
cules "dissociate" themselves into negatively 
charged chlorine ions and positively charged 
sodium ions that are free to move in response 
to an electric field applied to the solution (Le., 
when an electric current is passed through the 
solution). The positive ions move in the direc­
tion of the electric field (see Section 2-7) while 
the negative ions move in the opposite direction. 
In the process of moving, chemical changes take 
place that depend upon the ions and the solu­
tion substance. Typically, gas atoms or mole­
cules are liberated in the process, and the elec­
trodes (Le., the current lead -ins into the solution) 
are being chemically attacked (corroded). In 
the above example, the chlorine ion moves 
toward the anode (the positive electrode) and, 
upon its arrival, gives up an electron (Le., con­
tributes to current flow) and thereby becomes a 
chlorine atom. The sodium ion moves toward 
the cathode and, upon its arrival, picks up an 
electron (Le., contributes to current flow) and 
becomes a sodium atom. 



2-7. Electric Field 

Sources of electricity, and conductors connected 
to them, are surrounded by electric fields, re­
gardless of whether there is current flowing or 
not. When electric current flows in a circuit, 
magnetic fields are also present. Electric fields 
exert forces on electric charges. For illustra­
tion, consider the space between the two plane­
parallel conductive plates in Fig. 2-2. A voltage 
source connected to the plates sets up an electric 
field, denoted by E, between the plates. The 
value of the field is 

E= V/d 

where d is the distance between the plates and 
V is the voltage. Now let a proton, labeledPand 
carrying a positive charge q, be placed into the 
space between the plates. Immediately, the 
proton will experience a force F which will ac­
celerate it in the direction of the E-field from 
the positively charged plate toward the nega­
tively charged plate. An electron in the same 
space will experience a force of the same mag­
nitude as the proton, but this force will act in 
the opposite direction because the electron car­
ries a negative charge (Le., -q). The force acting 
on any charged partic1e in an electric field is 
given by 

F=qE 

or, in vector notation, 

F=qE. 

The charge q is measured in coulombs, the elec­
tric field E in volts/rn or newtons/coulomb, and 
the force F in newtons. 

V 

r-------illlll-'-+----, 

e 

F-G- v 

E -
v-G)-F 

p 

+ 

Fig. 2-2. Proton and electron in electric field. 
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Illustrative Example No. 2-1 

Problem: For illustration, consider the upper 
plate in Fig. 2-2 to represent a solar cell (in 
cross-sectional view) and the bottom plate a 
solar array substrate. Let us assurne that the solar 
cell is only partially bonded to the metallic sub­
strate (not shown in the figure) so that we are 
actually looking at the air gap between the cell 
and the substrate. Let us assurne further that 
the voltage difference between the cell and the 
substrate is 100 volts and that the gap width is 
1 mm. What is the electric field strength in the 
gap? What is the force on an electron that sits 
loosely on the surface of the substrate? How 
long does it take for the electron to fly to the 
solar cell? 

Solution: The electric field strength is 

E = V/d = 100/0.001 = 100,000 volts/rn 

= 105 volts/rn. 

The force on the electron, having a charge of 
-1.6 X 10-19 coulombs, is 

F=qE = -1.6 X 10-19 X 105 

= -1.6 X 10-14 newtons 

and is constant anywhere between the plates. 
The electron accelerates under the influence of 
the constant force. From physics, we know that 
a mass of "m" kg accelerates by "a" meters/ 
second/second (rn/s2 ) under the influence of a 
force of F newtons according to Newton's law: 

F=ma. 

Rearranging terms, 

F 1.6 X 10-14 

a = - = = 1.8 X 1016 m/s2 • 
m 9.1 X 10-31 

After having traveled the distance d = 1 mm = 
1 X 10-3 m, its velocity v is 

v = ";2ad = ";2 X 1.8 X 10-3 = 5.9 X 106 m/s. 

The time t is 

v 5.9 X 106 

t = -;; = 1.8 X 1016 = 3.3 X 10 -10 seconds 

= 0.33 nanoseconds. 
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2-8. Potential and Voltage 

The force that is able to push electrons through 
a conductor or a current through a circuit is 
known alternately as electromotive force (ab­
breviated EMF), electric potential, or voltage. 
In any source of electricity, voltage is always 
present and ready to push an electric current 
through a circuit as soon as that circuit is com­
pleted. Voltage is analogous to water pressure 
(also known as "head") in a water supply line, 
always ready to push a stream of water mole­
cules through the pipe as soon as a faucet is 
opened. The presence of voltage in electrical 
circuitry is popularily referred to as the "wires 
being hot." 

Voltage, or potential, is always measured 
between two points in a circuit. If the two 
points are labeled a and b, respectively, the 
voltage measured between these two points is 
denoted by Vab • In this notation, it is under­
stood that the positive voltmeter probe is con­
nected to point a (presented by the fIrst sub­
script) and the negative probe to point b. When 
voltages are measured relative to ("against") a 
common bus or ground, the subscripts are 
dropped. In electronic equipment, the "ground" 
may be connected to either the negative or to 
the positive power supply volta ge terminal. 

Voltage can be generated by a number of dif­
ferent processes: chemically, electromagnet­
ically, and quantum mechanically. Chemical 
voltage generators inc1ude all types of battery 
cells, whether they are rechargeable or not, 
such as flashlight and automobile batteries. 
Generators of the rotating machinery type, 
such as those used in steam and hydroelectric 
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power generation stations, and automobiles 
("dynamos" and "alternators") produce voltage 
electromagnetically. Quantum mechanical gen­
erators inc1ude solar cells, solar electric devices, 
and others (see Section 2-26 through 2-30). 

Different materials develop electrical activity 
with respect to each other when in immediate 
contact or when immersed together in an elec­
trically conductive medium. This phenomenon 
leads to electrolytic corrosion (see Chapter 9). 

2.9. Electrical Circuits 

Electrical circuits are designed to handle energy 
or information: their generation, their conver­
sion from one form into another, their trans­
mission from the source to the user, and fmally, 
their utilization. One of the key features of an 
electrical circuit is that is must be a c10sed loop 
for it to function. This is illustrated in Fig. 2-3; 
the light bulb and switch are connected to the 
battery, and all points of the circuit are "hot." 
However, there is no current flow (current i = 
0) as long as the switch remains open. With the 
switch open, the electric potentials, or voltages, 
measured at points a and b relative to point c, 
are identical, namely +3 volts. Similady , the 
voltages at points c, d, e, and/, measured against 
point a, are identical and equal to - 3 volts. In­
asmuch as the voltages at d and e are the same, 
the voltage drop V R across the light bulb (R) 
is zero. 

With the switch closed, current i will flow 
out of the positive battery terminal, through 
the switch, through light bulb, and into the 
negative battery terminal: the circuit loop is 

i SWITCH 

'I-+-~------~~~f-----------+~e 
-=- 3 VOLTS 

co-----------------------~d 

b. SCHEMATIC DIAGRAM 

Fig. 2-3. Simple electric circuit. 



completed. The same current i also flows inter­
nally in the battery, the battery's electromotive 
force being an "electric current pump." While 
the switch is c1osed, points a, b, [, and e are at 
the same voltage relative to points c and d. 
Hence, the voltage across the light bulb is VR = 
3 volts. 

2-10. Sources and Generators 

Solar cells, batteries, alternators, generators, 
and dynamos are all sources of electricity. 
Strictly speaking, they are all energy converters, 
"making" electricity out of solar, chemical, or 
mechanical energy. Different sources, or gener­
ators, of electricity exhibit different behavior 
under different loading conditions. Some sources 
show relatively little voltage output variation 
when different size electrical loads are con­
nected, while other sources show relatively little 
current output variation. In circuit analysis, 
these two types of sources are idealized, the 
former as a voltage source and the latter as a 
current source. These sources are also known as 
constant voltage generators and constant cur­
rent generators, respectively. In their idealized 
form, voltage sources are capable of supplying 
or absorbing infinite current, power, and energy, 
all at a constant voltage value. Current sources 
are capable of supplying or absorbing infmite 
voltage, power, and energy, all at a constant 
current value. 

To more c10sely represent physical sources, 
voltage sources are always used in connection 
with aseries resistance and current sources with 
a shunt resistance, as illustrated in Fig. 2-4. 
This figure also shows how one source can be 
changed into another. 

Examples of voltage sources are electrochem­
ical batteries such as those used for flashlights, 

(a) (b) 

Fig.2-4. Equivalent sourees. Sources (a) and (b) are 
equivalent sources if Zo = Z and Vo = Zlo. 
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transistor radios, and automobiles. Solar cells 
are current sources. 

Power (and energy) is "taken in" by an ideal 
source when either the voltage or the current is 
opposite in algebraic sign to the condition when 
the source "puts out" power. When a source 
"takes in" power, one portion of it is dissipated 
(converted into heat) in the resistance associ­
ated with that source, and the other portion is 
"absorbed" by the ideal source. The amount of 
power that is absorbed is equal to the product 
of the voltage across the current through the 
source. To find out where this power goes, one 
must write and solve an energy balance equa­
tion, utilizing the principle of conservation of 
energy (see Section 2-46). 

2-11. Current Flow Convention 

Consider the circuit containing an electrochem­
ical battery shown in Fig. 2-5. By long-estab­
lished convention, the current flow is from the 
positive battery terminal through the external 
circuit to the negative battery terminal, and 
then inside the battery from the negative to the 
positive battery terminal. Current always flows 
from a higher (more positive) potential to a 
lower (more negative) potential. A voltmeter 
connected to the battery with its positive lead 
attached to the positive battery terminal will 
provide a positive ("right") reading. An am-

+ 

BATTERY 

Fig.2-5. Simple battery circuit. 
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meter connected into the circuit with its posi­
tive terminal to the positive battery terminal 
will also provide a positive ("right") reading 
(the positive terminal of an ammeter is always 
connected to the higher voltage point). 

The flow of electrons is exactly opposite to 
that of the conventional current. For instance, 
the current flows "into" the anode (or plate) of 
a vacuum tube and comes "out" the cathode 
(ftlament), but the electrons are ernitted by 
(come out of) the cathode and propagate to the 
anode. 

A semiconductor diode is forward biased 
when the conventional current flows through it 
in the direction of the arrow of the printed-on 
diode symbol. This happens when the positive 
side of a voltage source is connected to the 
diode p-Iayer and the negative side to the n­
layer. Hence, the diode symbol arrow points 
from p to n or from the anode to the cathode 
(Fig.2-6). 

The diode symbol printed on a zener diode is 
in the same direction and has the same physical 
meaning as that on the ordinary (rectifier) diode 
except that in use, zener diodes are reverse 
biased (Le., the positive voltage is connected to 
the n-Iayer). 

A non-illuminated solar cell is forward biased 
like a diode, by connecting the positive termi­
nal of a bias supply to the cell p-contact. An 
illuminated solar cell develops a forward out-

+.--....;. ...... 

Fig.2-6. Forward-biased p-n junction device. 
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Fig.2-7. Solar cellI-V curve presentations. 

put; Le., its p-contact is the positive voltage ter­
minal. When the negative terminal of an over­
powering external bias supply is connected to a 
cell p-contact, the cell becomes reverse biased 
regardless of the illumination level. 

Solar cell and array 1-V (current-voltage) 
characteristics are typically shown in the first 
quadrant of the voltage-current (abscissa-onli­
nate) coordinate system (Fig. 2-7b). This pres­
entation is consistent with the theoretical solar 
cell model in which current is a function of 
voltage. It is equally consistent with electrical 
measurement techniques where positive voltage, 
current, and power output are obtained from 
the cell working into a resistive (positive con­
ductance) load. Some presentations of the 1-V 
curve in the fourth quadrant of the same co­
ordinate system lead to negative current, posi­
tive voltage-and hence, confusingly, to negative 
power output from the cell into a negative con­
ductance load. 

2-12. Resistance and Resistors 

Any conductor of electricity resists the flow of 
electrons; hence the name resistance. Different 
materials conduct electricity more or less read­
Uy; Le., they exhibit different values of resis­
tance, even if they are formed into the same 
physical size. Also, thinner conductors have 
greater resistance than do thicker conductors 
made from the same material. Let I denote the 
length of a conductor, w its width, and t its 
thickness, as illustrated in Fig. 2-la. The resis­
tance of this piece of conductor, denoted by 



the letter R, is given by 

R = pl/wt 

where the Greek letter p (rho) stands for the 
material's specific resistance, also known as 
resistivity. The units of resistance and resistivity 
are ohm and ohm . meter, also written n and 
n . m, respectively. For a wire having a arbitrar­
ily shaped cross-section denotedA, wt is replaced 
by A. For round wires, as illustrated in Fig. 
2-1 b, the cross-sectional area is given by 

A = r21T = d 21T/4 

and the foregoing equation becomes 

R = 4pl/d 21T. 

Circuit components designed to possess a given 
resistance value are called resistors. Resistors 
are identified according to their resistance value 
(ohms) and their maximum safe power handling 
capability (watts). In circuit analysis, resistors 
are assumed to behave ideally; that is, they can 
dissipate infinite amounts of energy without 
burning up and they always keep their assigned 
value. Physical resistors, however, change their 
value of resistance with temperature and are 
otherwise sensitive to a variety of influences. 
Physical conductors behave like physical resis­
tors, even though in circuit analysis they are 
assumed to possess zero resistance and infinite 
current-carrying capability. (The effects of con­
necting resistors in parallel and in series are dis­
cussed in Seetion 2-22.) 

A comparison of resistance with conductance 
G (see Section 2-4) reveals that one is the in­
verse of the other: 

R = I/G and G = I/R 

p=l/a and a=l/p. 

The resistivity p is also known as the bulk resis­
tivity of a material. For very thin sheets of con­
ductive material for which the thickness t can­
not be readily ascertained, the concept of sheet 
resistivity, denoted by Ps, is useful. For illustra­
tion, consider the conductive fllm in Fig. 2-8. 
The sheet resistance is given by 

R s = pJ/w 

and the sheet resistivity by 

Ps = wRs/I. 
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CONTACTS 

Fig.2-8. Sheet resistance of a thin conductor. 

The sheet resistivity Ps, measured in units of 
ohms or "ohms/square," is related to the bulk 
resistivity p through the fllm thickness t: 

p = Pst. 

Illustrative Example No. 2-2 

Problem: A thin conductive paint layer is used 
on a dielectric solar panel facesheet to conduct 
solar substorm related electric charges to space­
craft ground (see Section 3-40). A sm all sampie 
was painted at the same time that the actual 
solar cell panel was painted. The small sampie 
was 5 cm in width and 10 cm in length. Contacts 
were applied to either end, as shown in Fig. 2-8, 
and the resistance measured was 1000 ohms. 
The actual solar panel was 100 cm in width and 
2 m in length. Contacts were applied along the 
edges of the 2 m dimension. What resistance 
reading do we expect on the actual panel? 

Solution: For the small sampIe, 

Ps = wR/1 = 5 X 1000/10 = 500 ohms/square. 

For the actual panel, we note that wand 1 are 
now interchanged, and that wand I must be in 
the same units: 

R = Psl/w = 500 X 1.0/2.0 = 250 ohms. 

We expect to read 250 ohms. 

2-13. Ohm's Law 

The current I in a circuit is related to the volt­
age V that drives the circuit and its resistance R 
by Ohm's law: 

1= V/R. 
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Conversely, if the current and the resistance are Illustrative Example No. 2·4 
known, the voltage can be found from 

V=IR. 

If I and V are known, we can find 

R = V/I. 

Ohm's law always holds for any circuit under 
any condition, even though its mathematical 
expression may become quite complex at higher 
frequencies such as those used in radio com· 
munication. 

2-14. Power 

Power is the product of voltage and current. No 
power is drawn from a battery when the switch 
is open and current does not flow. Plenty of 
current, but not enough power, is drawn by the 
starter motor from an automobile battery whose 
voltage is low: it cannot crank the engine over. 
Power, requiring both voltage and current, is 
measured in watts, denoted by the letter W. 

Illustrative Example No. 2-3 

A solar cell array producing an output of 120 
volts and 10 A produces apower of 120 X 10 = 
1200 W. This is approximate1y the same amount 
of power a steam iron consumes. One horse­
power is equivalent to exact1y 746 W. Hence, 
the array power output is equivalent to 1200/ 
746 = 1.61 horsepower. 

The load resistance for this array can be cal­
culated from Ohm's law: 

R = V/I = 120/10 = 12 ohms. 

The power P dissipated in R can be calculated 
in different ways: 

P= VI=I2R = V 2/R. 

For example, I 2R = 102 X 12 = 1200 Wand 
V2/R = 1202 /12 = 1200 W. 

2-15. Energy 

Energy is the product of power and time. Energy, 
or work, is measured in units of watt-hours 
(Wh), kilowatt-ho urs (kWh),joules (J), or British 
Thermal Units (BTU). One kWh equals 1000 
Wh or 3.6 X 106 J or 3412 BrD. 

If the array described in Illustrative Example 
No. 2-3 were to produce 1200 W for 8 hours, it 
would produce an energy of 1200 X 8 = 9600 
Wh or 9.6 kWh or 9.6 X 3.6 X 106 = 35 X 106 

J or 9.6 X 3412 = 32,800 BTU. A typical, mod­
est horne air conditioner swallows up 32,800 
BTU in about one hour. Therefore, if a solar 
cell array were to drive such an air conditioner , 
it would have to be eight times as large as the 
one described above. 

2-16. Capacitance and Capacitors 

Capacitors are electrical circuit components 
that have the capability of accumulating and 
storing electric charge. The amount of charge 
q (in coulombs) that can be stored in a capacitor 
depends upon its physical size and the material 
of which it is made, and is related to the capac­
itor's capacitance C (in farad) and the voltage V 
(in volts, abbreviated V) across the capacitor's 
terminals by 

q=CV. 

The capacitance of a parallel plate capacitor is 
given by 

C=KeA/d 

where K is the dielectric constant of the insulator 
between the two plates, the permittivity (a con­
stant) is e = 8.85 X 10-12 coulomb 2 /newton . 
m2 , A is the area of either plate in m2 , and d is 
the distance between the plates in m. The elec­
tric field strength (see Section 2-7) between the 
plates, away from the edges, is 

E= V/d=q/KeA. 

Capacitors resist a change of the voltage across 
them. A change in voltage across the capacitor, 
denoted by dV/dt (in units of volts per seconds) 
occurs when charges flow into the capacitor 
at a rate of i A(A = amps); Le., i coulombs/ 
second: 

dV 
;=C­dt . 

This equation indicates that the voltage across 
the capacitor increases as long as current feeds 
into it. Also, for a given value of current, larger 



capacitors, having a greater value of C, charge 
more slowly than smaller capacitors. The energy 
W stored in a capacitor is given by 

W = CV2/2 = q V/2 = q2/2C 

where the units of Ware joules (watt· seconds), 
those of V are V (volts), q is in coulombs, and 
C is in farads (abbreviated F). The effects of 
connecting capacitors in parallel and series are 
discussed in Section 2-22. 

Illustrative Example No. 2-5 

Problem: Assume that a certain solar cell array 
has a capacitance of 100,000 pF = 1 X 10-7 F, 
and that a nearby lightning bolt feeds a current 
of 100 A for 1 second into the positive array 
bus. Calculate the rate of rise of the bus volta ge 
and determine if there is a problem. 

Solution: Assume the lightning bolt is a con­
stant current source. From the above, 

dV _ .!:.... _ 100 _ 5_ 
dt - C - 10-7 - 10 - 100,000 V/second. 

Hence, in 1 second, the voltage has risen by 
100,000 V, which is indeed a problem, poten­
tially destroying solar cells and cables. Note 
that a current of 100 A due to lightning assumes 
that the main bolt, carrying many thousands of 
amps, has been shunted by a lightning arrester. 

2-17. Magnetism 

Magnetic fields emanate from permanent mag­
nets as weil as from current-carrying conduc­
tors, exerting forces on magnetic materials and 
on moving electric charges. Let acharge q (cou­
lombs) move with velocity v (m/second) in a 
magnetic field having a flux density (field 
strength) B (weber/m2 ). The force on the 
charge (in newtons) is: 

F=qvB sin <p. 

The angle <p is measured between the direction 
of v and the direction of the flux B. In vector 
notation, 

F =qvX B. 
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" / 

d---"/ 
Fig.2-9. Attraction force between two parallel CUI­

rent-carrying conductors. 

whether the current is in the same or in the op­
posite direction. The force F (in newtons) per 
unit conductor length I (in meters) is given by 

where the currents /1 and /2 are measured in 
amps (A) and the separation between the con­
ductors is d, measured in meters (m); see Fig. 
2-9. This equation holds strictly only for in­
finitely long wires and in the absence of mag­
netic materials such as iron. 

The magnetic properties of a material are 
related to the orbital motions of the electrons 
spinning about the atomic nudeL If the elec­
trons possess certain spin moments, the material 
exhibits a certain magnetic property. In solar 
cell array engineering, we differentiate between 
magnetically hard, magnetically soft, and non­
magnetic materials. 

Copper , aluminum, and stainless steel are 
non-magnetic. Construction (or carbon) steel, 
most low-expansion alloys containing iron and 
nickel, and materials used for transformer cores, 
are magnetically soft. Magnetically soft materials 
exhibit strong magnetism only while they are 
being magnetized, but lose almost all of their 
magnetism after the excitation stops. Magnet­
ically hard materials remain strongly magnetic 
after having been magnetized. 

Magnetic fields penetrate non-magnetic ma­
terials, but are shielded by magnetically soft 
materials. 

Illustrative Example No. 2-6 

Parallel conductors through which currents Problem: To minimize magnetic moments, the 
flow attract or repe1 each other, depending upon positive and negative flat conductor bus bars on 
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aspace roll-out solar cell array are attached to 
the front and back sides of a 0.050 mm thick 
Kapton substrate blanket. The bus strips are 10 
cm wide, are lined up over each other, and carry 
100 A. Calculate the stress in the adhesive that 
holds the bus strips to the blanket. 

Solution: The currents /1 and /2 are equal in 
magnitude, so that /1 = /2 = 100 A. The dis­
tance between the 10 cm (0.1 m) wide strips is 
0.05 mm (5 X 10-5 m). Substituting these values 
into the above equation, the force per unit 
length is 

F/l = 2 X 10-7 X 1002/5 X 10-5 

i --E + -- IF i 15 DECREA51NG 

+ E IF i 15 INCREA51NG 

Fig.2-1O_ Polarity of self-induced EMF. 

The effects of solar cell array wiring inductance 
are of interest to the power control electronics 
designer, but usually play no role in array d~­
sign. (The effects of inductors connected m 
parallel and in series are discussed in Section 
2-22.) 

= 40 newtons/rn. 2-19. AC and OC Current 

From Section 10-7, stress a is force per unit 
area: 

a = 40 newtons/rn = 400 newtons/m2 
0.1 m 

= 0.06 psi. 

Since the currents flow in opposite directions, 
the force in the adhesive is in tension, trying to 
rip the bus strips away from the blanket. This 
force, however, is negligibly small. 

2-18. Inductance and Inductors 

Inductors are electrical circuit components that 
consist essentially of coils of wire. The induc­
tor's property of interest is its inductance, de­
noted by the letter Land measured in units of 
henry. Any coil, or even a piece of straight 
wire, has a self-inductance that resists the change 
of current in a circuit. A change in current, de­
noted by di/dt, in units of A/second (amperes 
per second), results in an EMF, or voltage E 
developing across the inductor of magnitude 

E = -Ldildt. 

The minus sign relates the direction of the cur­
rent with the polarity of E as depicted in Fig. 
2-10, showing that E opposes the change in cur­
rent. The energy W (in joules or watt-seconds) 
stored in an inductor's magnetic field is related 
to the current / (in A) flowing through it by 

W =LI2/2. 

The electrical output from a solar cell array is 
direct current, denoted by dc. Likewise, elec­
trochemical batteries produce dc current; that 
is, the current is one direction only. By contrast, 
the public utility delivers alternating current, 
abbreviated ac, to operate our appliances and 
lighting equipment. Alternating current reverses 
its direction continually, at a rate of 60 tirnes a 
second in the utilities, and millions of times a 
second when in the form of a television signal 
that enters a receiver from an antenna. 

The advantage of ac over dc current is that it 
can readily be transformed from one voltage 
level to another. To utilize the power from a 
solar array for most applications, the array out­
put must be changed from dc to ac current by 
a process known as conversion. Dc-to-dc or 
dc-to-ac converters are considerably more ex­
pensive than ac transformers, for the same 
power ratings. 

2-20. Impedance 

The term impedance indicates that a circuit 
analysis is concerned not only with dc (direct 
current), but also with ac (sinusoidally alternat­
ing current). The concept ofirnpedance expands 
that of resistance, and includes the effects of 
capacitors and inductors on the current in a 
circuit in the analysis. The units of irnpedance, 
denoted Z, are also ohms, but there is a "real" 
and an "imaginary" part. The irnaginary part is 
identified by j. The real part is identical to the 



resistance value, while the imaginary part is 
cal1ed reactance, denoted X. The inverse of 
impedance is admittance, Y, which consists of 
the real conductance, G, and the imaginary sus­
ceptance, B. These are written as 

Z=R +jX 

Y= G+jB 

(ohm) 

(ohm-I). 

The physical significance of impedance is that 
in a circuit containing reactive components 
(capacitors and/or inductors), and connected to 
a source of alternating current (ac), the voltage 
typically observed across a circuit element varies 
differently than the current, both of them 
being time-wise out o[phase. 

The amount by which they are out of phase 
is known as the phase angle, denoted by the 
Greek letter cf> (phi, pronounced as "fee"). The 
phase angle is given by 

X R 
tan cf> = - and cos cf> = -

R IZI 

where tan (tangent) and cos (cosine) are trigo­
nometric functions that are tabulated in many 
texts, and are now preprogrammed into many 
medium-priced pocket calculators. The nota­
tion IZI indicates the magnitude of Z, given by 

IZI = .JR2 + X 2 

and also measured in ohms. The power P dissi­
pated in a resistor that is connected with a ca­
pacitor and/or inductor across an ac current 
source is 

P = IV cos cf> = IVR/IZI. 

The term "cos cf>" is also known as the power 
[actor, abbreviated "p.f." For a purely resistive 
circuit, p.f. = cos 0° = 1. For a purely reactive 
cireuit, p.f. = eos 90° = O. 

The reactance X depends upon the frequency 
[ and the type of circuit. For an induetive 
circuit, 

For a capacitive circuit, 

1 
X =---

c 21r[C' 
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For a circuit having both inductanee and capae­
itance, 

X = XL + Xc = 21rf'L __ 1_ 
21r[C' 

The output impedance of an eleetrie circuit is 
also its internal impedance. (The impedance of 
solar cells and arrays is treated in Section 2-35.) 

Illustrative Example No. 2-7 

Problem: A certain 120 V, 60 hertz ac motor is 
to be operated by day from a solar cell array 
and by night from the 120 V publie utility. A 
dc-to-ac eonverter is available that changes the 
array power dc output into 120 V, 60 hertz ae, 
with 90% efficieney independent of load phase 
angle. While running, the motor has a dc resis­
tanee of 300 ohms and an inductance of 0.3 
henry. How mueh power output must the array 
provide? 

Solution: The reaetance of the motor is 

X=XL = 21r[L = 2 X 1r X 60 X 0.3 = 113 ohms. 

The motor impedance is 

Z = 300 + j113 ohms. 

The magnitude of the impedance is 

IZI = .JR2 + X 2 = .J3002 + 1132 = 320 ohms. 

The motor current is 

1= V/IZI = 120/320 = 0.375 A. 
The power drawn by the motor is 

PM = I 2R = 0.3752 X 300 = 42.2 W. 

The power could also be ealeulated using the 
phase angle: 

PM = IVR/IZI = 0.375 X 120 X 300/320 

=42.2 W. 

Since only 90% of the array power reaches the 
motor, the array power output must be 

PA = PM /0.90 = 42.2/0.90 = 46.9 W. 

CIRCUIT ANALYSIS 

2-21. Circuit Modeling 

Circuit analysis is coneerned with the maero­
scopic behavior of electrical circuits and deviees 
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at their terminals and is based on the principle 
of conservation of energy and the validity of all 
physical and chemical laws. Real circuits and 
devices are modeled by aselection of, or combi­
nation of, the two active elements (sources) and 
the three passive elements shown in Table 2-1. 
All conductors are ideal (Le., without resistance 
or impedance). The five circuit elements in Table 
2-1 are abstractions which have no physical 
meaning in terms of their 1-V characteristics as 
given in this table. Similarly, real components 
are never "pure" elements and are never linear 
over all ranges of voltages and current. Because 
of the non-linear behavior of real compoments, 
it is usually necessary to develop different cir­
cuit models to describe the actual hardware as 
truthfully as possible for the specific case to be 
analyzed. Specific models of the same physical 
circuit that may be considered are dc (direct 
current), low frequency, high frequency, small 
signal, and large signal analyses. 

2-22. Circuit Simplifications 

Before any circuit is analyzed mathematically, 
it is expedient to simplify the circuit as much as 
possible. Table 2-2 defmes the relationships that 
hold for combining passive and active circuit 
elements in parallel and in series. In circuit anal­
ysis, current sources cannot be directly con­
nected in series, and voltage sour ces cannot be 
directIy connected in parallel, unless the sources 
so connected have identical output character­
istics. 

Complex ladder networks may be simplified 
by step-by-step combinations of series and 
parallel elements. Sometimes circuits may be 
simplified by looking for equipotential junc­
tions and connecting them with conductors. 
Table 2-3 lists voltage and current dividers help­
ful for circuit simplification. Networks may 
often be simplified by using one of the three 
theorems below (the theorems are stated here 
for dc circuit analysis; however, they can be 
expanded for ac analysis). 

Thevenin's Theorem. Any network that is con­
nected to a terminal pair a-b and is comprised 
of active and passive elements can be replaced 
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Table 2-2. Combination of Elements. 

* 

* 

* 

* 

. 
Equations apply also for M -: O. 

by a voltage source V in series with a resistance 
R. The voltage V is the open-circuit voltage of 
the network (Le., no external elements are con­
nected to the terminal pair a-b.). The resistance 
R is measured across the terminal pair a-b with 
all internal voltage sources shorted and all cur­
rent sources opened. 

Norton's Theorem. Any network that is con­
nected to a terminal pair a-b and is comprised 
of active and passive elements can be replaced 
by a current source I in parallel with a resistance 
R. The current is the short-circuit current of 
the network. The resistance R is measured across 
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Table 2·3. Voltage and Current Dividers. the terminal pair a·b with all internal voltage 
sources shorted and all current sources opened. 

I --+ 

v 

v 

Vac 

I 
I 
I 
I 
I 
I 
V-
I 

t, 

Equivalent Sources. Any voltage source Vo in 
series with a resistance Ro is equivalent to a 
current source 11 , in parallel with a resistance 
R 1 ifR 1 =Ro and Vo =R 1/ 1 • 

NOTE: A voltage source must always be con· 
nected to aseries element and a current source 
to a parallel element if infmite currents and 
voltages are to be prevented. It should also be 
noted that solar cell circuits are non·linear and, 
therefore, more difficult to analyze than linear 
circuits. For this reason, the above three theo· 
rems must be applied with great caution. 

+ 

b 

a. EQUIVALENT CIRCUIT 

I{ 

b. VOLTAGEfTlME HISTORY 

-------IL 

C. CURRENTfTlME HISTORY 

Fig.2·11. Response of simplified array and De·motor circuit. 



2-23. Circuit Responses 

A circuit can be analyzed for steady state oper­
ating performance or for transient effects. Most 
solar cell array analysis is concerned with steady 
state performance. Array electrical systems 
analysis, however, is also concerned with steady 
state ac and transient performance. For exam­
pIe, consider the circuit of Fig. 2-11a. The array 
current generator JA provides all load current. 
The voltage source V[ in series with R[ and an 
ideal diode D[ represent the internal solar cell 
junctions which limit the array's open-circuit 
voltage. The diode D[ prevents current flow 
from V[ into the load. All elements carrying 
subscript W represent the wiring. The motor 
winding resistance, inductance, and capacitance 
is labelled RM , LM and CM , respectively. The 
voltage source V M represents the back-EMF of 
the motor. V M is zero when the dc motor arma­
ture does not turn, and increases with increasing 
armature speed of rotation. At a given rotating 
speed, V M decreases when the work done by 
the motor (Le., its load) increases, causing an 
increase in the current drawn by the motor. 
Let the switch initially be open, so that at the 
array terminals a-b the sour ce circuit's open­
circuit voltage, Voc , develops. Consequently, 
the current i is zero. Now let the switch be 
c10sed at time ts ' It will be observed (Fig. 2-11b 
and c) that both voltage and current will swing 
up and down for a while, a phenomenon known 
as ringing, before they reach their final, steady 
state values of VL and h, respectively. A simi­
lar transient response will be elicited when an 
additional electricalload is connected, or when 
a load is disconnected, or when an additional 
source circuit is connected or disconnected. 

Now let the dc sources in the above example 
be replaced by ac sources. Again, there will be 
transient and steady state responses, but they 
will be different from the dc cases cited because 
the alternating currents and voltages continually 
change both magnitude and direction. In the 
steady state, currents and voltages have settled 
to constant effective values. The voltage and 
current waveforms typically do not exactly 
coincide, time-wise, but are slightly out of 
phase (see Section 2-20). 

Of some interest to the solar cell array de-
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signer and analyst are circuit responses to step 
functions. Such network responses are ca1culated 
using differential equations, giving solutions as 
shown in Fig. 2-12. 

2-24. Circuit Equations 

Electrical circuits, or networks, are usually made 
up of a large number of individual electrical 
components. For illustration, consider the por­
tion of a network depicted in Fig. 2-13. The 
three components labeled 1, 2, and 3 form two 
branches and a closed loop. The points at which 
the components are connected together, labeled 
a, b, and c, are called nodes. 

Any network may be analyzed by writing 
either node equations or loop equations for the 
circuit under consideration and solving those 
for the desired quantity. These network equa­
tions are based on Kirchhoff's laws, which are 
as follow: 

Kirchhoffs current law states that the alge­
braic sum of all currents leaving or entering 
any junction (node) at any time is zero. His 
voltage law states that the algebraic sum of 
all branch voltages around any c10sed loop at 
any time is zero. 

Example of Analysis by Loop Equations 

Consider the circuit of Fig. 2-14. It has four 
branches and three nodes. As a first step, we 
arbitrarily assign branch currents and node volt­
ages to the circuit. Their direction and polarity 
will always come out right; Le., when a value 
.comes out positive, it is as initially assumed. If 
it comes out negative, it is opposite to that ini­
tially assumed. Also, we assign the (also arbi­
trary) artificia1loop currents ia and ib • We now 
apply Kirchhoff's voltage law and write the 
loop equations: 

- Vo + i1R 1 + izR z = 0 

-izRz + i3R 3 + i4 R 4 = O. 

We can reduce the number of unknowns from 
three to two, by noting that ia = i1 and i3 = 
i4 = ib , and make the equations solvable: 

- Vo + iaR 1 + (ia - ib)R z = 0 

-(ia - ib)R z + ibR 3 + ibR 4 = O. 
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Fig.2·13. A loop with two branches and three no des. 

Example of Analysis by Node Equations 

Using Kirchhoff's current law, we see in Fig. 
2-14 that at nodes a, b, and c 

-il +i2 +i3 =0 

-i3 + i4 = 0 

+i1 - i2 - i4 = O. 

We also note that VI = Vo - V2 and V3 = V2 -

V4 , so that 

VI V2 V3 
--+-+-=0 

R l R2 R3 

V3 V4 -- + - =0. 
R 3 R4 

This pair of equations can be written as 

-(Vo - V2 )Gl + V2 G2 + (V2 - V4 )G3 = 0 

-(V2 - V4 )G3 + V4 G4 = 0, 

which can again be solved. Sirnultaneous equa­
tions in several unknowns are usually solved by 
the method of substitution, by determinants, or 
by modern, high-levellanguage computer codes. 

If the foregoing circuit had contained capa ci­
tances and/or inductances, the analysis would 

_i1 a +v3 _i3 b 

R1 +v2 R3 +v4 

Vo 
~ 

R2 ! i2 

~ 
R4 ! i4 

c 

Fig.2-14. Two-Ioop circuit with current directions 
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have been similar, except that the 1-V relation­
ship of Table 2-1 would have been used. For 
convenience, the operational forms p == d/dt 
and l/p == f~ dt are frequently used. 

2-25. Operating Points 

Operating points, also known as quiescent 
points, are formed by the intersections oftheI-V 
(current-voltage) characteristics of two or more 
elements connected in series or parallel. Typi­
cally, the operating point is determined by a dc 
analysis, and further interest exists to examine 
the circuit's small signal ac response. 

For a resistively loaded solar cell, the operat­
ing point is defmed by the intersection of the 
load line and the cell's 1-V curve (Fig. 2-7). For 
arrays loaded by a combination of resistive and 
constant-power loads, two intersections exist 
and the power system operation may be un­
stable, flipping back and forth between the two 
operating points, Ql and Q2 in Fig. 2-15. The 
combination of loads is obtained by summing 
the load's current at constant voltages, as il­
lustra ted in Fig. 2-16. 

In the simple power system of Fig. 2-17, the 
three components-array, battery, and load-are 
all connected in parallel, so that V is common 
to all of them. First it is necessary to assign a 
direction to the positive current flow. Either 
charging or discharging may be associated with 
"positive" current flow; it depends only on the 

and voltage polarities arbitrarily assigned. Fig.2-15. Two possible operating points, Ql and Q2' 
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Fig. 2-17. Simple power system. 
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viewpoint. For convenience, let us (arbitrarily) 
defme "positive" current as coming out of the 
positive battery terminal. Since by Kirchhoff's 
law, h = IA + IB , the bus voltage V must ad­
just itself. There is only one solution for this 
case and if it has been found, all branch cur­
rents and voltages are known. The graphical 
solution of a simple power subsystem problem 
is illustrated in Fig. 2-18. In the case of the 
battery being charged (left graph of Fig. 2-18), 
the available array current, IA , is greater than 
the load current, h, and the magnitude of the 
battery charging currents is II BI = I A - h. In 
the case of the battery being discharged (right 
graph of Fig. 2-18), the available array current, 
I A, is less than the required load c\lrrent, h, 
requiring a current from the battery of magni­
tude II BI = h - I A • 

SEMICONDUCTORS AND SOLAR 
CELL MODELS 

2-26. Quantum Mechanics 

Solar cells operate on quantum mechanical 
principles. Quantum mechanics is a field of 

BAITERY OISCHARGING, \ > JA 

OPERATING 
-VOLTAGE 
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t 
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Fig.2-18. Solar cell array, storage battery, and load connected in parallel (condition 'E-/ = 0 must be satisfied in 
all cases). 



physical science that deals on the atomic level, 
among other things, with the emission (giving 
off) and absorption of radiant energy. Radiant 
energy, such as heat and light, is carried along 
(Le., transmitted) by waves. Each type of radi­
ant energy, also known as electromagnetic radi­
ation, has a different wavelength A (lambda, a 
Greek letter) given by 

e 
A=-

f 

where e is the speed of light (e = 300,000,000 
m/second = 3 X 108 m/second) and f is the 
frequency of the radiation in units of hertz, 
meaning cydes/second. One cyde is one com­
plete vibration, or amplitude variation, of the 
wave. For example, visible light has wavelengths 
around one-half of one-billionth of a meter 
(0.5 X 10-9 m) and frequencies of around 
600,000 gigahertz (6 X 1017 hertz). Other forms 
of radiant energy indude infrared and ultraviolet 
radiation, X-rays, television waves, microwaves, 
and laser beams. 

Electromagnetic radiation is comprised of al­
ternating electric and magnetic fields, and is 
characterized by the intensities of the electric 
field E and the magnetic field H, the spatial re­
lationship between E and H, and the frequency 
(Le., the wavelength) of the alternating fields 
(both E and H vibrate at an identical frequency 
f). The instantaneous energy contained in, or 
transported by, the electromagnetic field is 
given by the product of the E and H fields, 
known as the Poynting vector S: 

S=EH. 

In vector notation, this equation is written as 

s= EX H. 

In general, E and H are perpendicular to each 
other and perpendicular to the direction of S. 
The Poynting vector (after J. H. Poynting) points 
in the direction of the rays into which the elec­
tromagnetic radiation, 6r the wave, travels. In 
vacuum, the waves propagate with the speed of 
light, e. In penetrable substances, the speed of 
propagation, S, is reduced by the ratio of the 
index of refraction, n (see Section 5-1): 

S = ein. 
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The time-average energy transported by the 
wave is given by the average Poynting vector: 

Sav =EH/2 

where E and H represent the maximum instan­
taneous amplitudes, as before. 

Even though radiated electromagnetic energy 
appears to be leaving a source in a continuous, 
uniform flow, the radiant energy actually 
departs from the source in small increments, 
known as quanta, or photons. One quantum 
(photon) is the smallest, indivisible amoun t of 
energy that can be emitted from any source 
in the form of electromagnetic radiation. 
The amount of energy E in a photon is related 
to the wavelength A of the radiation, and there­
fore also to the frequency f, by 

eh 
E = hf=""i: 

where h is Planck's constant (h = 6.63 X 10-34 

joule-seconds). Light, or any other form of elec­
tromagentic radiation, falling upon a surface, is 
similarly a situation of individual energy quanta, 
or photons, impinging upon that surface. Some 
of these photons penetrate just a minute dis­
tance into the surface be fore they are adsorbed, 
while others are reflected from the surface, 
bouncing back like a billards ball from the side 
rails of a pool table. 

A photon is absorbed in a material by its col­
lision with an atom of that material. The colli­
sion leads to an annihilation of the photon, and 
the photon energy E is imparted to the atom, 
according to the principle of the conservation 
of energy that applies in atomic as weil as in 
dassical physics. In metals and in most other 
materials, the energy received by the atom 
causes it to vibrate, which, in turn, causes other, 
adjacent atoms to vibrate. The atomicvibrations 
manifest themselves as the temperature of the 
material. An increase in the magnitude of the 
vibrations, caused by photon absorption, is 
correspondingly an increase in the material's 
temperature. 

Photons mayaiso ionize materials (destroy 
organic molecules), cause electrons to leave 
metal surfaces (electron emission), and, in semi­
conductors, create "carriers" that participate in 
the solar ceil's energy conversion process dis­
cussed later in this chapter. 
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Another property of electromagnetic, as weIl 
as corpuscular, radiation is momentum, denoted 
by the Greek letter J1 (mu) arid given by 

J1 =mv 

where m is the mass of the partide (corpuscule) 
and v is its veloeity. In the case of electromag­
netic radiation, m is the mass of the photon and 
v becomes c, the speed of light. When impinging 
upon a surface, the radiation is either absorbed 
or reflected. In aperfeet absorption process, 
the entire momentum J1 is imparted to the ab­
sorber, according to the prineiple of conserva­
tion of momentum. In a perfect reflection pro­
cess, the ineident mass is recoiled at the same 
veloeity as it came in, so that the total change 
in momentum of the partide is 2J1. This same 
quantity of 2J1 is imparted to the reflector. The 
force on a surface arising from the exchange of 
moment um is also known as radiation pressure 
(see Section 9-5). 

2-27. Semiconductor Materials 

Semiconductors are a dass of crystalline mate­
rials that are neither conductors nor insulators. 
At room temperature, their resistivity lies in the 
range between approximately 10-3 and 109 

ohm . cm, which is between that of metals (less 
than 10-4 ohm' cm) and insulators (greater 
than 109 ohm' cm). Praetical values of semi­
conductor resistivities for solar cell applications 
range from 10-3 to 102 ohm . cm. 

Semiconductor materials come in two types: 
p-type and n-type. For example, consider sili­
con, the most widely used semiconductor mate­
rial for fabricating solar cells today. Silicon is 
made by refining silicon compounds to a high 
degree so that essentially all impurities are re­
moved. The refined silicon is then molten, and 
a single crystal of silicon is made by carefully 
withdrawing an ingot of solidifying silicon from 
the melt. This process is called the Czochralski . 
method of growing artificial crystals. As the 
molten silicon freezes, the atoms arrange them­
selves into a well-ordered structure, known as 
the crystallattice. 

To make the silicon useful for the construc­
tion of solar cells (or transistors or other de­
vices), the silicon is made either p-type or n-type 

by the controlled addition of desirable impurities 
to the silicon melt, a process known as doping. 
Silicon of the n-type is created by the addition 
of a Group V element from the periodic chart 
of elements, such as phosphorous, to the melt. 
Phosphorus has five electrons in its outer shell, 
while silicon, a group IV element, has only four 
electrons. In the crystal growing process, an 
occasional phosphorus atom takes the place of 
a silicon atom and therefore donates one extra 
electron to the lattice. Group V elements are 
therefore also called donor or n-type impurities. 

To produce p-type silicon, p-type impurities 
from Group III, such as boron, are added to the 
melt. The boron atom, having only three elec­
trons in its outer shell, has a "shortage" of one 
electron compared with the silicon atom it re­
places. Tliis absence of an electron is called a 
hole and carries a positive charge. Consequently, 
p-type impurities are acceptor impurities. 

Electrons and holes are free to move about in 
a piece of semiconductor. An electron can "fall" 
into a hole, a process known as recombination, 
but a new hole would exist where the electron 
was located originally. Under the influence of 
an electric field, the electrons move into one 
direction and the holes into the opposite 
direction. 

2-28. Semiconductor Junctions 

Physical semiconductor devices are made either 
from p-type or from n-type base material into 
which one or more impurities of the opposite 
polarity are introduced to form p-n layers. The 
interface between layers having opposite polarity 
is called the p-n junction. For an illustration 
of the design of a modern n-on-p solar cell, 
consider the piece of semiconductor material 
containing a p-n junction as depicted schemat­
ically in Fig. 2-19. For a silicon solar cell, both 
the p-side and the n-side consisted originally of 
so-called intrinsic silicon. During the silicon 
crystal growing process, the p-material was 
created by adding a relatively small quantity of 
a Group III element to the melt (see Section 
2-27). The n-side was created during the junction 
formation or diffusion process. During this 
process, slices of p-type silicon material (solar 
cell wafers) were exposed at elevated tempera-
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Fig.2·19. Schematic illustration of current generation by solar cello Solar cell is shown in cross-section, but not 
to scale. Case I: Photons A and B generate electron-hole pairs at a and b. Electron c and hole c', created by a 
previous photon, are drifting toward cell contacts. Electrons d, e, fand g move in external circuit, demonstrating 
flow of electric current. Case II: Hole from photon A has crossed junction and drifts toward + contact. Electron 
from photon B also has crossed junction and drifts toward negative contact. Electron c has moved from semicon­
ductor to metal conductor. Electron g has entered semiconductor and recombined with previous hole c'. 

tures to an environment containing a Group V 
element. The n-type impurities diffused into 
the surface, substituted themseIves into the sili­
con lattice, and, because of their higher concen­
tration, overdoped the already present p-type 
impurity. The changeover from p-type to n -type 
material occurs in the less than 1 pm thick 
transition region or transition zone. The p-n 
junction, an idealized electrical concept which 
does not directly represent the physical change 
from p-type to n-type material, actually is 10-
cated somewhere in the volume enclosing the 
transition region. 

Application of metallic contacts to the semi­
conductor layers completes the fabrication of 
the solar cello When non-illuminated, the solar 
cell will conduct an electric current that is sup­
plied by an eternal source only in one direction, 
but not in the other. Hence, a solar cell, like 
any semiconductor p-n junction, acts like a 
"check valve." This directional property of 
p-n junctions is utilized, far example, by recti­
fier diodes. 

2-29. Solar Cell Operation 

Let the solar cell described in Section 2-28 be 
illuminated with sunlight. Photons having dif-

ferent energy will be absorbed at a different 
depth from the front surface, as depicted sche­
matically in Fig. 2-19. An externaiload (a resis­
tor, for example) is shown connected to the 
cell's contacts. The actual proportions of all 
items in this figure are heavily distorted for the 
purposes of illustration. In the upper part of 
the figure, both photons, labeled A and B, have 
just knocked electrons from their respective 
semiconductor atoms. Photon A has a higher 
energy (shorter wavelength) than photon B. 
The departed electrons have left two electrical 
vacancies, known as holes, at the collision sites. 
Thus, it is said that the photons have created 
electron-hole pairs. The electrons and holes are 
now able to move through the semiconductor 
material under the influences of electric fields 
in the material set up by the electrical effects 
of the p-n junction. The electrons are attracted 
into the n-Iayer and the holes into the p-Iayer. 
Hence, the solar celllayer structure acts like a 
pump, "pumping" electrons into the n-contact, 
through the external circuit, and back into the 
solar cell p-contact. At the interface between 
the metallic p-contact and the semiconductor 
p-Iayer, the electrons "fall into the holes"; that 
is, electrons and holes recombine. This process 
renders them electrically neutral, until another 
photon separates electrons and holes again. 
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2-30. Solar Cell Equation 

Theoretical models of the solar cell are derived 
from solid-state physics theory. Such deriva­
tions are lengthy and result in models which are 
espeeially useful for the solar cell researcher. 
However, most solar cell array workers are 
more interested in "how a solar cell works'" 
therefore, only the essential elements of th: 
derivation of a solar cell mathematical model 
and the assoeiated semiconductor terminology 
are highlighted below. 

The starting point for the derivation of the 
basic solar cell equation is the p-n junction dis­
cussed in Section 2-28 and depicted in Fig. 
2-20a. At temperatures above OOK, thermal 
agitation of the atomic lattice structure gener­
ates mobile (Le., "free") electrons and holes in 
both the p-type and n-type material. These free 
electrons and holes move through the material 
in random fashion. Due to the effects of doping 
with impurities, the concentration of free holes 
in the p-material, Pp, is much greater than the 
concentration in the n-material, Pn, and the 
concentration of free electrons in the n-material, 
nn, is much greater than in the p-material, np 
(Fig. 2-20). Consequently, the holes in the p­
material and the electrons in the n-material are 
called "majority carriers" and the holes in the 
n-material and the electrons in the p-material 
are called "minority carriers." The operation of 
p-n junction diodes and solar cells depends 
upon the behavior of the minority carriers; 
hence, such devices are "minority carrier 
devices." 

Because there is an excess of "carriers" (i.e., 
holes or electrons) on either side of the transi­
tion region (Fig. 2-20b), there exists a hole 
density gradient, dp/dx, across the transition 
region, which tends to cause holes to "diffuse" 
from the p-region into the n-region. Similarly, 
an electron density gradient, dn/dx, tends to 
diffuse electrons from the n-material into the 
p-region. The "diffusion currents" (actually 
current densities) Jp and Jn , for holes and elec­
trons, respectively, are of the magnitude 

dp dn 
J = -eD - and J = eD 

p Pdx n ndx 

where e is the electronic charge, and Dp and Dn 
are the diffusion constants (material properties) 
for holes, p, and electrons, n, respectively. (The 
minus sign indicates flow to the left in Fig. 
2-20). 

The actual concentration of holes in the n­
material, as weIl as the concentration of elec­
trons in the p-material, decreases with increasing 
distance from the transition region, as shown in 
Fig. 2-20c, due to a "recombination" process 
consisting of "electrons falling into holes." The 
time period between the instant of "injection" 
of a carrier into a type of material where it is 
a minority carrier, and the instant it recombines 
with a majority carrier, is called the "minority 
carrier lifetime"; the distance it travels between 
injection and recombination is called its "diffu­
sion length." Lifetime, T, and diffusion length, 
L, are related by 

L p = ..jDpTp and Ln = ..jDnTn 

where Dp and Dn are the diffusion constants 
for the holes and electrons, respectively. 

In solar ceIls, the important process is to "in­
ject" minority carriers by utilizing the energy 
of ineident photons (sunlight) to "create" elec­
tron-hole pairs" and to "coIlect" the minority 
carriers. The number of ineident photons per 
unit area and time (Le., the light intensity) is 
referred to as the "injection level." 

As a result of the diffusion currents across 
the transition region, the high concentration of 
free electrons coming from the n-region provides 
great opportunity for recombination with holes 
assoeiated with the acceptor atoms in the p­
material. Conversely, the holes coming from 
the p-material recombine with electrons in the 
n-material. As a consequence of this recombina­
tion process in the transition space, the donor 
and acceptor ions are depleted of free electrons 
and holes. Hence, the transition region is also 
called the space charge region or the depletion 
region (Fig. 2-20d). The electric charges of the 
immobile ions in the depletion region provide 
an electrostatic potential which opposes the 
diffusion currents. This electrostatic potential, 
Vo, called the potential barrier, causes holes to 
drift from the n-material to the p-material and 
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Fig. 2-20. Schematic diagrams of the properties of solar cell p-n junctions. 
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electrons to drift in the opposite direction (Fig. 
2-20f). This is to be expected, because a piece 
of matter in equilibrium with its environment 
must have charge neutrality. The drift current 
(in opposite direction to the diffusion current) 
for electrons (n) and holes (p), respectively, is 

Jn = nellnVo and Jp = pellpVo 

where Il is the mobility of electrons and holes, 
respectively. The mobilities are material con­
stants and are related to the diffusion constants 
by the Einstein equation 

Dp Dn kT 
-=-=-
IIp Iln e 

where k is Boltzmann's gas constant, T is the 
absolute temperature, and e is the electronic 
charge. 

The dynarnic equilibrium of diffusion and 
drift of holes and electrons at any time, t, and 
at any distance, x, from the hypothetical p-n 
junction must satisfy the principle of conserva­
tion of charge (Fig. 2-20g). This principle is 
expressed by the equation of conservation of 
charge or the continuity equation as follows for 
holes in the n-region (a similar equation can be 
written for electrons in the p-material): 

oPn Pn - PnO 02Pn o(Pn Vo) 
-a-t-=- Tp +Dpax2 -Ilp ax 

This equation states that the increase in minority 
carrier hole concentration in the n-material due 
to all processes at a distance x with time t (the 
left-hand term of the equation) equals the ex­
ternally injected hole concentration (due to 
bias or exposure to light) in addition to the 
thermal equilibrium concentration, PnO, (the 
first term on the right-hand side) plus the con­
tributions from the diffusion and drift currents 
(the second and third terms on the right-hand 
side, respectively). 

The solution of the continuity equation (non­
illuminated case) requires two boundary condi­
tions. One boundary condition is that the in­
jected hole concentration decreases away from 
the junction, Le., Pn (x) ~ 0 as x ~ 00. For the 
other boundary condition, it can be shown that 
the hole concentration Pn (0) at the junction 
(Le., at x = 0) depends upon the thermal equi-

librium (minority carrier) hole concentration 
PnO and the externally applied voltage, V, by 
the relationship 

eV 
Pn(O) = Pno exp kT . 

This equation and a similar one for electrons 
are the key equations in rectifier theory. Using 
both of the above boundary conditions in the 
solution of the continuity equation and apply­
ing the fact that the total, conventional current 
through the device must be constant at any dis­
tance x, the diode equation (dc case) results: 

J =Jo (exp ;; - 1) 
where the saturation current density is given by 

eDpPno eDnnpo 
Jo = + . 

L p Ln 

It can be shown that the temperature depen­
dence of the saturation current is 

Jo(T)=eAo(N~lp + ::2J T 3 exp (-;~) 
where Na and Nd are the acceptor and donor 
concentration, respectively, and Vg and A o are 
material constants. 

For the case of an illuminated p-n junction 
(Le., a solar cell) , solution of the continuity 
equation leads to an additional term in the diode 
equation which represents the "light-injected" 
minority carrier concentrations (Le., holes in 
the n-material and electrons in the p-material). 
These light-generated minority carriers, or these 
carrier productions by the solar cell, give rise to 
the light-generated current, h (or current den­
sity, h), which is available for flowing in an 
external electric circuit. The complete cell 
equation is then as follows (per unit area): 

J=h-Jo(exp~~ -1). 
For this theoretically derived equation, an 
equivalent idealized electrical circuit may be 
synthesized, as shown in Fig. 2-21. The current 
source produces a current of magnitude h 
equal to the "injection level" (Le., light inten-
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Fig. 2·21. Ideal solar cell model. 

sity), ~hi1e the cell 1-V (or J- V) curve shape is 
defined by 1) the value of hand 2) the current 
J D flowing internally across the cell's ideal 
semiconductor junction at a particular cell ab­
solute temperature, T, and terminal voltage, V. 

In the continuity equation, the quantity 
Pn(O) (Le., Pn(x) for x = 0), represents the con­
centration of holes in the n-material due to 
either an external forward bias or minority car­
rier holes injected into the solar cell n-material 
by incident photons. As soon as an external for­
ward bias is applied or photons are incident, 
causing, in turn, the p-n junction to become 
forward biased, the internal electric field (Fig. 
2-20d) causes holes to drift from the p-side to 
the n-side. While crossing the junction, the hole 
drift current oecomes an injected hole current 
in the n-material. Similarly, the electron drift 
current in the n-material becomes an injected 
electron current in the p-material. At any dis­
tance x the sum of the hole and electron CUT­

rents equals the total current density, J (Fig. 
2-20h). 

As the holes approach the junction (J pp in 
Fig. 2-20h), some of them recombine with the 
injected electrons (Jnp ) , thereby lowering the 
total current density ,J. Solar cell manufacturers, 
in an attempt to maximize the cell output, J, 
expend significant amounts of effort to reduce 
such recombination. Long diffusion length, L, 
and long lifetime, T, aid in reducing recombina­
tion losses. On the other hand, charged-particle 
irradiation pro duces crystal defects which re­
duce the effective diffusion length and lifetime. 
Effective diffusion length in unirradiated cells 
is also reduced when the cell base width (cell 
thickness) is made equal to or smaller than the 
mean diffusion length. This is a actually the 
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case for modern silicon cel1s thinner than ap­
proximately 350 Jlm and explains the reduction 
in short-circuit current output when cell thick· 
ness is reduced. 

2-31. Solar Cell OC Model 

The basic solar cell equation derived from solid­
state physics theory (shown in Section 2-30) 
does not represent the actual solar cell 1-V char­
acteristics with sufficient accuracy to be useful 
for engineering analysis. Observations of the 
solar cell terminal characteristics under a variety 
of test conditions have led to the inclusion of 
three additional parameters-A, Rs , and R SH-

in the solar cell equation (illustrated in Fig. 
2-22) as given below. 

1 = h - 10 {exp [e(v + l.Rs)] - I} -~ 
AkT RSH 

(2-1) 

The symbols are defmed as folIows: 

A = an arbitrary curve-fitting constant be­
tween 1 and 5 

P-LAyER Rs --
rDt + + 

IL RSH V 

N-LAYER 
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I mp --- -------
I 
I 
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I 
I 

V 
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Fig.2-22. Equivalent circuit (top) and 1-V curve (bot­
tom) of solar cello 
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RS = cell's series resistance 
RSH = shunt resistance 

1 = cell's output current 
h = light generated current 
10 = diode saturation current 
e = electronic charge 
V = cell's terminal voltage 
k = Boltzmann's constant 
T= absolute temperature. 

This solar cell model has been widely used 
for solar cell and array analysis; however, it still 
exhibits some minor but occasionally objection­
able deviations from actual solar cell character­
istics. One of thereasons for such deviations is 
the difficulty in accurately measuring the cell 
series resistance (see Section 8-21). Therefore, 
more detailed cell models have been developed, 
as discussed below. No single model exists at 
this time which accurately represents all cur­
rently available solar cells over all ranges of 
temperature, illumination intensity, and radia­
tion damage. 

The term "(V + IRs)" in the above Eq. 2-1 is 
sometimes shown as "(V - IRs)." This term 
represents the diode voltage V D inside the solar 
cello The magnitude of this diode voltage is 
greater than the cell terminal voltage V when 
power is delivered by the cell to an external 
load. If the flow of positive current for the cell 
model is defmed (arbitrarily) as in Fig. 2-22, 
then VD = (V +/Rs). On the other hand, ifthe 
positive current flow would be defmed opposite 
to that shown in Fig. 2-22, the sign would re­
verse so that V D = (V - IRs) would become the 
correct form (see also Seetion 2-11 for conven­
tions). 

2-32. Distributed Parameter Solar Cell Model 

In most solar cells, the p-n junction, series resis­
tance, and other cell parameters are distributed 
over a relatively large area, leading to voltage 
gradients and varying current densities through­
out the device. As a fIrst step of improvement, 
a second order lumped parameter model was 
developed (Fig. 2-23).1 Earlier p-on-n cells, as 
weIl as modern n-on-p cells, were found to ex­
hibit two distinctly different, dominant p-n 
junction characteristics which are related to 

minority carrier diffusion and recombination 
effects.2 

Many more fully distributed parameter solar 
cell models were developed, using transmission 
line theory3 and other approaches, primarily 
intended for solar cell contact and grid-line 
optimization work.4 

None of the distributed parameter models 
lend themselves in a practical way to solar cell 
or array performance analysis because essen­
tially all of the solar cell parameters vary with 
any one or any combination of temperature, 
illumination intensity, and radiation damage, 
and the parameters 10 ,A, and Rs are very diffi­
cult to measure over all ranges of interest. 

2-33. Analytical Models for Computer Work 

Analytical expressions of the solar cell 1-V 
curve shape generally are derived from the solar 
cell model described in Seetion 2-31. The equa­
tion is altered such that the computer can de­
rive its own curve-fitting constlmts from the 
experimental solar cell test data input. Three 
typical models are discussed below. 

Model 1. The solar cell model given in Eq. 2-1 
is rewritten as follows: s 

I=h - 10 {exp [ko(V+Rsl)] -l} - V/RSH 

(2-2) 

where 

1 = current through the load 
h = photovoltaic current across the junc­

tion 
Rs = series resistance 

RSH = shunt resistance 
ko = e fAkT = coefficient of the exponential 

k = Boltzmann's constant 
T= absolute temperature, °K 
e = electronic charge, 1.6 X 10-19 cou­

lombs 
A = a curve fItting constant 
10 = reverse saturation current of the ideal 

diode characteristic. 

Next, Eq. 2-2 is solved for V: 

V= RSH(h - 1 - 10 {exp [ko(V + Rs/)) -I}) 

(2-3) 
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Fig. 2-23. Distributed solar cell model and simplification to second-order lumped parameter model; illustrated 
for p-on-n cells. (Reprinted with permission ofthe Pergamon Press)! 

Now the following parameters are defined, 

v 
v=-­

Voc 

. 1 
1= -

I sc 

. 10 
10 =­

I sc 

and substituted into Eq. 2-3, with Voc'!sc and 
RSH as defined in Section 2-31. This gives the 
set of equations below. 

Since i = 0 when v = 1, and v = 0 when i = 1, 
the following two equations result: 

1 = rp [iL + io - io exp (a)] 

Hence, only three parameters need be indepen­
dently chosen. For reasons of convenience, rs , 

rp , and a were chosen as independent, with iL 

and i o determined by 

i - p r -1[ 1 ] 
o - ----;:;- exp (a) - exp (ars) 

iL = 1 + io [exp (ars) - 1] . 

Consequently, only three points on the normal­
ized 1-V characteristic curve are sufficient to 
determine the three parameters, rs , r p' and a. 
From these three parameters and measured 
values of Isc and Voe , one can derive a complete 
mathematical model based on Eq. 2-2. These 
five parameters are temperature dependent and 
must be determined from empirical data. 

Model 2. Starting with Eq. 2-1, the VIRsH term 
is neglected and Eq. 2-1 is redefined through 
a change in variables.6 Let K! Voc = AkTie, 
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I=Ise -IscK2 [exp(:~~::) - 1] (2-4) 

With reference to Fig. 2-22 and Eq. 2-4, an ex­
pression for cell output power P can be written. 

P=IV= VIsc {I -K 2 [exp (::~es) - I]} 
(2-5) 

Evaluating Eq. 2-7 at the maximum power point, 
substituting the result into Eq. 2-6, and divid­
ing by I sc ' we get Eq. 2-8. 

( Vmp+lmpRS) VmpKz 
0= K z + 1 - K z exp - -----

K1Voc K 1 

.~ 1 ] (2-8) 

( Vmp -ImpRS) RSKzIsc 
Voc exp + ----

K1Voc Kl 

Now, under open-circuit conditions when 1= 0 
and V= Voe , Eq. 2-4 can be solved for K 1 : 

By substituting Eq. 2-9 into Eq. 2-8, noting 
that exp (A In B) = BA, we get Eq. 2-10. 

(2-10) 

However, by substituting Eq. 2-9 into Eq. 2-4, 
we fmd Eqs. 2-11 and 2-12. 

{
ln [ 1 + K2 - (Impflsc)] } _ 

Voe K2 Vmp 

Rs= ______ m-=[(~I!_K=2)_+_I~] ______ __ 
I mp 

(2-11) 

m(~+ 1 _ I mp ) 
V mp + ImpRs = K 2 K 2Isc 

m(;2 + 1) 
(2-12) 

Substituting Eq. 2-12 into Eq. 2-10 results in an 
equation for K 2 as a function of Isc ' Imp , and 
Voe : 

(2-13) 

Equation 2-13 cannot be solved in closed form 
for K 2 but a numerical solution can be obtained 
in a conventional manner. Equation 2-13 has 
more than one root and eare must be taken to 
seleet the proper K 2 value, whieh usually eor­
responds to the smallest absolute value of Rs . 
Equations 2-9 and 2-11 defme Rs and K 1 as 
funetions of K 2. The fmal model is formed by 
substituting the numerical values of K 1, K 2 , 

and Rs from Eqs. 2-9, 2-11, and 2-13, respee-



tively, into Eq. 2-4, which defmes the cell I-V 
curve. The required inputs to fully define the 
model are the four common cellparameters,/sc, 
Imp , Vmp , and Voc . The translation of these 
quantities with temperature, illumination inten­
sity, and radiation dose follows the same pro­
cedures discussed in Section 2-48. 

The model represented by Eq. 2-4 is valid 
only for the forward operating region of the 
solar cello An avalanche breakdoWn occurs for 
reverse bias potentials. This region of the solar 
cell 1-V characteristic is not controlled by the 
cell manufacturers, and, typically, a considerable 
variation will be found in the breakdown volt-
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Equation 2-15 results in a considerable error 
at light intensities above two solar constants. 
Empirical investigation revealed that a better 
agreement between the calculated and actual 
characteristics can be obtained at higher in­
tensities with the equation below. 

Expressing the constants again in terms of 
the three characteristic cell points results in 
Eq.2-19. 

I=Isc{l- C3 [exp(C4Vm)-I]} (2-19) 

age. Equation 2-14 is a general model for both The constants are defined in Eqs. 2-20, 2-21, 
operating regions. For a tpyical cell, Vb = 30 V 2-22, and 2-23. 
andB = 15. 

(2-14) 

The avalanche breakdown effect is of impor­
tance in high voltage array design. 

The accuracy of this model in the forward 
bias operating region over an environmental 
range from 10° to 90°C and for radiation doses 
between 0 and 1015 1 MeVelectrons/cm2 is 
better than 2%. 

Model 3. The solar cell 1-V curve is also based 
on Eq. 2-1 and is represented by the equation 
below. 7 

(2-15) 

where 

(2-16) 

and 

C2 = [(VmplVoc) - l][ln (I - ImplIsc)rl 

(2-17) 

(2-21) 

Cs = In ([Isc{l + C3 ) - Imp1 /(C3Isc )} 

(2-22) 

(2-23) 

The constant C3 could not be expressed in 
terms of the three characteristic points, but 
through trial and error it was found that a 
value of 0.01175 for C3 will produce the least 
errors over the range of illumination and tem­
perature considered. With this value substituted 
for C3 , the other constants are reduced as 
shown below. 

m = [In (es /4.46)] I [In (VmplVoc)] (2-24) 

(2-25) 

Cs = In [(1.01175 Isc - Imp )/0.01175 Isc1 

C6 = 4.46 

2.34. Nonanalytical Computer Models 

(2-26) 

(2-27) 

An analytical expression of the solar cell 1-V 
curve is not required for computer work. Dis­
crete sets of 1-V data points representing the 
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otherwise smooth 1-V curve may be stored in 
the computer memory. These sets of points 
may be translated point-by-point to operating 
conditions different from those for which test 
data exists. 

2-35. Selecting the Proper Model 

Any solar cell model used for computerized 
array analyses must meet the following criteria: 

I. It must, with sufficient accuracy, simulate 
I-V curves over the range of interest of 
temperature, illumination level, and envi­
ronmental degradation; and 

2. It must pennit, with sufficient accuracy, 
the manipulation of the 1-V curves, as re­
quired, for predicting the array perfor­
mance under certain specified array 
operating conditions. 

Both the "range of interest" and the numer­
cal defmition of "sufficient accuracy" are 
mission and program peculiar. A "sufficiently 
accurate" analysis, in general, is one in which 
the probable error of the analysis is equal to or 
less than the design margin. For power output 
predictions, the accuracy of the analysis should 
be highest at the maximum power point, but 
may be lower at the I sc and Voc "ends" of the 
I-V curve. However, for the sizing of power 
regulating electronic equipment, knowledge of 
I sc or Voc may be required more accurately 
than knowledge of P mp. If one solar cell model 
cannot (with sufficient accuracy) predict the 
entire 1-V curve, separate computer runs may 
have to be made using slightly different input 
values to achieve the desired results. 

The accuracy of any computerized array 
analysis is typically highest for those operating 
conditions for which direct solar cell test data 
are input into the computer. For these direct 
input conditions, an accuracy of better than 
±O.I% should be expected. For extrapolations 
toward the extremes of the range of interest, 
with an absence of test data, the accuracies 
tend to deteriorate to ±I % or, in extreme 
cases, to ±IO%. Inasmuch as the actually occur­
ring inaccuracies are highly computer-program 
and case dependent, the array analyst should 
attempt to ascertain the most likely accuracy 
of his analysis. 

2.36. Solar Cell AC Model 

The solution of the continuity equation which 
resulted in the dc diode equation, as shown in 
Section 2-31, is actually complex for the gen­
eral case and contains both a dc and an ac 
part. 8 The ac part is of the form 

J= (Gp + jSp) v exp (jwt) 

where (Gp + jSp) = Ap, the complex admittance 
for holes diffusing into the n-Iayer. The real 
part, Gp , is the conductance; the imaginary 
part, jSp, is the susceptance; v is the magnitude 
of the sinusoidal signal at the cell terminal 
superimposed on the dc terminal voltage V; 
exp (jwt) = (cos wt + j sin wt); and w = 21f[ 
where [is the frequency. 

The numerical value of Ap at low frequencies 
indicates a conductance paralleled by a ca­
pacitance. At higher frequencies, both the 
conductance the susceptance increase, ap­
proximately one-half an order of magnitude 
for each order of magnitude increase in 
frequency. 

Such solar cell behavior has been verified 
experimentally, even though the numerical 
results turned out quite different. Also, at 
higher frequencies, inductive components not 
predicted theoretically come into play. 

The theoretical ac model of semiconductor 
junctions described above has been applied to 
alloyed junctions 9 and to diffused p-n junc­
tion, silicon photodiodes. 10 For small ac signals 
(compared to the dc bias voltage of the junc­
tion), these references have shown that the 
ac output voltage component, vac , that is super­
imposed on the dc output voltage, Vdc , is 

qM(1- r)QAF(o:, w) exp (jwt) 
v = ac 

where 

q = electronic charge 
M = degree of modulation of the input 

light level 
w = angular frequency of modulation 

of the input light level (w = 21(1) 
r = front surface reflectivity 

Q = steady-state illumination level (pho­
tons per cm2 per second) 

A = illuminated surface area 
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Fig.2-24. Solar cell small-signal AC model. 
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labia 2-4. Approximate low-Frequency ac 
Parameters for Conventional 2 X 2 
cm Silicon Solar Cells (One Solar 
Constant AMO Intensity, 2SoC 
Cell lemperature). 

Vdc 
(mV) 

Rac 
(il) 

RSH 
(kil) 

CT 
(j.lF) 

F(et, w) = function independent of time 550 
350 

0.2-2 
1-10 

0.1-0.5 
0.1-0.5 

5-50 
5-50 

2 
0.2 

0.06 
0.06 Yac = internal admittance of the junction 

YL = admittance of the load. 

For the frequency range of interest, Yac is a 
parallel combination of Rac and Cac such that where 

and 

R ac = (kT/qJoA) exp (-q V dc/kT) k = Boltzmann's constant 
T = absolute temperature 

§: 
.... 
u 
Z 
< 
0 .... ... 
~ 

Jo = reverse saturation current density 
s = surface recombination velocity 

lifr-------------------------, 

102 

101 
0.45 V 

0.50 V 

O.SS v 

ILLUMINATION: ONE SOLAR CONSTANT 
AMO 

CELL TEMPERATURE: 28·C 

CELL SIZE: 20 x 20 x 0.25 MM 

BASE RESISTIVITY: 7-100. CM 

AR COATING: SiOx 

FREQUENCY (Hz) 

Fig.2-25. Solar cell impedance. ll 
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and 

with 

Dn = minority carrier diffusion constant in 
the p-region of a p-on-n junction 

Wo = cutoff frequency of the junction. 

Experimental investigations have shown that 
for photodiodes operated in the photovoltaic 
mode, the transition capacitance, Cr , (mea­
sured under conditions of zero illumination 
and zero reverse bias) and the shunt resistance, 
RSH, must be included in addition to Rac and 
Cac• For solar cells, the series resistance Rs 
must also be included. The small-signal ac 
equivalent circuit including all terms is shown 
in Fig. 2-24. 

The capacitance, Cac , is also known as the 
diffusion capacitance, CD. The values for CD, 
Cr , and Rac vary with the incident light level, 
the cell temperature, the cell operating voltage, 
and the solar cell material constant and pro­
cessing parameters. For conventional n-on-p, 
2 X 2 cm, 0.25 mm thick silicon solar cells 
(defmed in Section 4-11) of 10 ohm cm base 

CI 
w e 

resistivity produced during 1967 through 1969, 
the parameters discussed above were found ll• 12 

to have the approxirnate values shown in 
Table 2-4. The values in this table are for 
frequencies up to approximately 5000 hertz. 
Above this frequency, minority carrier storage 
effects cause the value of CD to diminish with 
increasing frequency until CD = 0 and Cr is the 
only capacitance remaining at the higher fre­
quencies. The value of Cr depends upon VDC 

as folIows: 

where K is a constant for a given solar cello The 
experimentally determined impedance and 
phase angle values for the solar cells discussed 
above are shown in Figs. 2-25 and 2-26. The 
impedance, Z, and the phase angle, cp, are given 
by 

Z= v/i 

and 

cos cp =Z/RD 

FREQUENCY (Hz) 

Fig. 2-26. Phase angles for impedances of Fig. 2-25. 
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respectively, and the capacitances are related by 103 ,...;;::,--------, __ ,-_--, __ ,-_--,-_---, 

CD + CT = sin ~/(27rfZ) 

where v and i are the cell small-signal ac voltage 
and current, respectively, the other symbols are 
as previously defined, and the incremental 
diode dc resistance, RD , is defined as 

R D = I dV/dI I 

at any point of the photovoltaic output portion 
of a photodiode or solar cell under steady­
state illumination. RD is related to Rac as 
follows (see Fig. 2-24): 

Rac 'RSH 
RD = +Rs· 

R ac + R sc 

The variation of RD as a function of the cell 
bias voltage, Vdc , for the cell 1-V curve illus­
trated in Fig. 2-27 is given in Fig. 2-28. Near 
short-circuit current Rac becomes very large 
and RSH dominates the cell impedance. Near 
open-circuit voltage, Rac becomes small and Rs 
exerts a large infIuence on the impedance. 

The Nimbus B solar cell array is one example 
on which the impedance was measured on an 
entire array.13 The array consisted of two 
parallel-connected panels having a total of 98 
cells in series and 112 cells in parallel. The cells 
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Fig.2-27. Average solar cellI-V curve (ll-cellsarnple, 
conventional 20 X 20 X 0.2 rnrn, n-on-p, 10 n . crn, 
one solar constant AMO, 28°C). 
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Fig. 2-28. Range of incrernenta1 solar cell diode resis­
tances for solar cells of Fig. 2-27. 

(conventional SiOx-coated, 1 to 3 ohm cm 
cells of 20 X 20 X 0.35 mm size) were grouped 
into 12 strings that were connected through 
parallel-redundant blocking diodes to the array 
bus. The array was tested in natural terrestrifH 
sunlight of 104 mW/cm2 intensity. The array 
temperature was 20°C and its output values 
were as folIows: I sc = 10.55 A, Vac = 56 V, and 
Vmp = 46 V. The ac impedance was measured 

2·r=:n:::::::=::;::::;;;::::------
20 

TfM'ElATUIE • +20'C 

O'ElATlNG roINT· 35 v, 10.6 A 
SUNLIGHT ILLUMINATION 

SINUSOIDAl. EXCITATlON· S V POP 

OL-__ ~~ __ -L ____ ~ ____ ~--~~~~ 

100 101 102 103 10. 106 

FREOUENCY (Hz> 

Fig.2-29. Nimbus-B solar cell array output irnpedance 
versus frequency.13 
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at Vde = 35 V (a point on the I- V curve that is 
at 76% of Vmp ) with an ac voltage of vae = 5 V 
peak-to-peak. The test results are shown in 
Fig.2-29. 

ARRAY MODELS 

2-37. Solar Cells in Parallel and Series 

The relatively small power output from an 
individual solar cell is multiplied by the number 
of solar cells in an array. The cell's output cur­
rent is multiplied by the number of cells con­
nected in parallel, and its voltage output by the 
number of cells connected in series. Figure 2-30 
illustrates the concepts of series and parallel con­
nection. Let us defme the following quantities: 

Ns = number of cells connected in series 
Np = number of cells connected in parallel 
Nt = total number of cells on the array 
Ve = cell output voltage 
Va = array output voltage 
I e = cell output current capability 
I a = array output current capability 
Pe = cell output power capability 
Pa = array output power capability. 

Then we have the following relationships: 

v;, =NsVc 
Ia = NpIe 
Pa = NtPe 

Illustrative Example No. 2·8 

Let a certain solar cell type have an output 
capability of 0.5 A at 0.4 V. Assume that we 
build an array of such cells with 100 cells con­
nected in parallel by 300 cells in series. The 
array will have an output capability of 100 X 
0.5 = 50 A at 300 X 0.4 = 120 V, or apower of 
50 X 120 = 6000 W = 6 kW. As acheck, we fmd 
that one cell can provide 0.5 X 0.4 = 0.2 W, and 
the array 100 X 300 X 0.2 = 6000 W, as before. 

The foregoing example is repeated below in 
algebraic notation. 

Given: Ve = 0.4 V'/e = 0.5 A 
Ns = 300, Np = 100 

Find: Va'/a, andPa. 
Solution: v;, = Ns Vc = 300 X 0.4 = 120 V 

Ia = NpIe = 100 X 0.5 = 50 A 
Pa = NtPe = NsNp VcIe 

= 300 X 100 X 0.4 X 0.5 
= 6000 W or Pa = Vala 
= 120X 50= 6000 W. 

Illustrative Example No. 2-9 

Problem: A solar cell array is required to deliver 
100 W peak output at 120 V dc bus voltage. 
The solar cells to be used are rated for 0.1 W 
peak output at 0.4 V. Assuming that there are 
no assembly losses, defme the array. 

and, of course, Pa = VaIa, Pe = VcIe, and Solution: Each cell producesPe = 0.1 W, there· 
Nt = NsNp. fore NtPe =NtX 0.1 = 100, or Nt = 100/0.1 = 

a 

a. TWO CELLS IN 
PARALLEL 

b 

b. TWO CELLS IN SERIES 

a 

+ 

b 

c. THREE STRINGS IN 
PARALLEL (EACH 
STRING HAS TWO 
CELLS IN SERIES) 

a 

b 

d. TWO SUBMODULES IN 
SERIES (EACH SUBMODULE 
HASTHREE CELLS IN 
PARALLEL) 

Fig.2-30. Parallel and series-connection of solar cells. (also applicable to solar cell modulus, panels, and electro· 
chemical batteries, but not to ideal voltage or current sourees.) 



1000 cells. Also, 0.4 Ns = 120, or Ns = 120/ 
0.4 = 300 cells in series. Since Nt = NpNs' 
Np = Nt/Ns = 1000/300 = 3.33 cells in parallel. 
Adecision n1Ust be made to use either three or 
four cells in parallel, resulting in either one of 
these arrays: 

Nt =NpNs = 3 X 300 = 900 

Array power = P cNt = 0.1 X 900 = 90 W; 

Np =4: 

Nt = NpNs = 4 X 300 = 1200 

Arraypower=PtN t =O.1 X 1200= 120W. 

2-38. lIIuminated Arrays 

To be useful for solar cell array analysis, the 
solar cell models discussed previously must be 
electrically connected in series·parallel matrices 
to represent an entire array. Typically, an ad­
ditional series resistance component represent­
ing the solar cell interconnectors and the array 
wiring, and a voltage drop to a account for 
blocking diode losses, are considered. Depend­
ing upon the purpose of the array analysis to be 
performed, different array models may be 
required. For the assessment of solar cell mis­
match losses or for the computation of the 
output from partially shadowed arrays, much 
more detailed models are required than for the 
computation of the output of a uniformly illu­
minat~d array that is free of thermal gradients. 

Fot the purposes of the following discussion, 
the solar cell 1-V curve is expressed as l( v) to 
show explicitly that I is a function of V. 14 , 15 

The cell l(v) relationship may be any of the 
models given in Section 2-33 or may be ob­
tained from measurements at some standard 
test conditions. The solar cell is considered a 
two-port black box with light energy entering 
one port and current, voltage, and impedance 
being offered at the other. The equivalent 
circuit of this black box is of no further interest 
in this model. The cell's exit port l(v) charac­
teristics are defmed by the externally measur­
able quantities of terminal current, I e , as a 
function of terminal voltage v, at a given light 
intensity, Q, cell temperature, and state of 
charged-particle irradiation. hnplicit in these 
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output characteristics is the internal cell series 
resistance, Rs, which causes the familiar volt­
age translation as Q is varied (see Section 4-19). 

It is assumed that the cell temperature and 
charged-particle irradiation are held constant 
for the following. The black box output at 
some standard conditions (Le., at light level Q) 
may be given functionally by 

liv) = h - Io(vo) v;;;:. 0 

=h - vG(v) v<O 
(2-28) 

where I e is the terminal current, v the terminal 
voltage, and h a constant current equal to the 
terminal short-circuit current. Io(vo) is a func­
tion responsible for the typical solar cell curve 
shape and corresponds conceptually to the diode 
conduction current in the simple, lumped­
constants solar cell model frequently given by 
Eq.2-1. 

G(v) is a non-linear conductive element in 
parallel with the output port terminals which 
affects the cell characteristics only when v is 
negative. This element represents the cell 
reverse characteristics which are importarit 
when solar cells are connected into arrays 
where they are subjected to external bias. 

It has been determined experimentally that, 
within a range of intensities ab out the cell's 
nominal design intensity Q, the solar cell I(v) 
curve shape is nearly invariant with intensity 
and translates only along the current and volt­
age axes. Using this finding, Bq. 2-28 may be 
written for any light intensity different from Q 
(Le., at kQ). 

le(v) = kh - lo(vo :... ~v) v;;;:. 0 

= kh - vG(v) v< 0 

(2-29a) 

where 

~v = CI - k)hRs (2-29b) 

The significance of Eqs. 2-28 and 2-29 is 
made clear in Fig. 2-31. Curve A in this figure 
shows a cell curve at intensity Q, while curve B 
shows the same cell curve at zero intensity; 
Le., at k = O. Any point on the A curve has 
shifted along the current axis by the amount 
of CI - k)h = h and along the voltage axis by 
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an amount of .1.v = (l - k)hRs = hRs . The 
negative sign in front of .1.v is consistent with 
the observation that the current to be sub­
tracted from the short-circuit current at a given 
voltage becomes smaller and smaller as the light 
intensity is reduced to lower and lower values; 
Le., the l(v) curve shifts to higher and higher 
voltages. 

The intensity modifier, k, may reflect changes 
in the solar distance, coverglass transmission 
losses, or angle of incidence effects. For most 
terrestrial and space silicon solar cells for flat 
plate applications, Eq. 2-29 is accurate for 
0<; k <; 2 to 0.5< k < 1.5. For concentrator 
cells, the permissible range of k can be expected 
to be less. 

Submodules and Strings. A number of solar 
cells connected in parallel form a submodule, 
and a number of submodules in series which 
provide power direct1y to the bus is called a 
string. A submodule composed of p equal cells 
of Eq. 2-29 connected in parallel has the char­
acteristics shown below. 
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Fig.2-31. Effects of illumination and shadowing on 
the current-voltage relationships of a solar cell and a 
submodule with two cells in parallel. 15 (Reprinted 
with permission of the IEEE) 

IM(V) = p[kh - lo(vo - .1.v)] 

= p[kh - vG(v)] 

where 

v~O 

v<O 

(2-30a) 

(2-30b) 

The first-quadrant portion of the I(V) curve of 
astring with s submodules in series is obtained 
by first expressing Eq. 2-30 in terms of v and 
then forming the sum at constant current values 
ofls ' 

(2-31) 

Eq. 2-31 may now be expressed in terms of I 
and written functionally as given in Eq. 2-32a. 

IsCVs) = p[kh - lo(Vs - .1.V)] (2-32a) 

where 

Vs = sv l\nd .1. V = (l - k)hsRs 

(2-32b) 

The reverse characteristics of the string I(V) 
curve are of no importance for array output 
considerations if isolation diodes connect the 
string to the bus, but are required to determine 
cell reverse bias. 

Array. The array consists of all the strings feed­
ing a particu1ar bus system. Its equation is ob­
tained by forming the sum of all string currents 
at constant voltage values and accounting for 
the isolation diode drop. If the array voltage JA 
is forced by an energy storage battery, by a 
power regulator, or by a number of other 
power-producing strings, the string voltage Vs 
is also forced, so that 

(2-33) 

where VD is the isolation diode drop and ls and 
I D are the string and diode currents, respectively. 

For an array comprised of m strings, each 
generally being illuminated at a different in­
tensity, the array current IA is as described in 
Eq.2-34. 



m 
IA (VA) = L [Is(VA)j] lJt 

j=! 

m 
= p L [k/L - Io{VS - VD - .dV)j]lJt 

j=! 

(2-34) 

2-39. Partially Shadowed Cells in Parallel 

A shadow falling on a portion of a single cell or 
a submodule will reduce the total output by 
two mechanisms: 1) by reducing the energy in­
put to the cell, and 2) by increasing internal 
energy losses in the non-illuminated cell por­
tions.!S If the energy conversion capability is 
uniform over the entire active cell area, the 
short-circuit current will be proportional to the 
non-shadowed (illuminated) area, regardless of 
the shape or position of the shadow (at least for 
up to two solar constants intensity and contem­
porary solar cells). If the total active cell area is 
At and the illuminated, active portion thereof is 
Ai, the short-circuit current output of the par­
tially shadowed cell becomes rh . 

r = Ai 
At 

(2-35) 

Hence, a partial shadow on a cell will have the 
same effect on h as reduced light intensity on 
a non-shadowed cello The remainder of the cell 
I( v) curve will, however, not follow this rela­
tionship, as will be shown by the examples 
below. 

For illustration, let a submodule at normal 
incidence, consisting of p = 2 identical cells in 
parallel, be partially shadowed with r = 0.5, and 
such that one cell is illuminated and the other is 
dark. From Eq. 2-29, the illuminated cell equa­
tion with k = 1 is Ic{v) = h - Io{vo), and that 
of the shadowed or dark cell withk = 0 isIk(v) = 
-Io{vo - hRs). The partially shadowed sub­
module characteristics are the current sum of 
these two equations at constant voltage values: 

IM (v) = Ic{v) + h{v) 

= h - Io{vo) - Io{vo - hRs) 

(2-36) 
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Both the single cell components and their sums 
are illustrated in Fig. 2-31. 

While Eq. 2-36 represents the correct solution 
to the example given, there are other, approxi­
mate solutions available which may solve cer­
tain problems more rapidly. These approxima­
tions are shown below. 

First, assurne that the above submodule of 
two cells in parallel is represented by the illumi­
nated cell only. In this case, the submodule 
equation is identical to a single cell equation 
and the losses in the dark cell are neglected: 

(2-37) 

Curve A in Fig. 2-31 shows that this approxima­
tion calculates the power output as too high 
from this partially shadowed submodule. 

Next, assurne that the above submodule of 
two cells in parallel is represented by two equally 
illuminated cells at one-half of the original in­
tensity. The sub module equation is the sum at 
constant voltages of two cells of Eq. 2-29 with 
k = 0.5. 

IM (v) = h - 2Io{vo - 0.5 hRs) 

(2-38) 

This curve, also shown in Fig. 2-31, is lower 
than the correct curve. 

Before proceeding, Eq. 2-36 shall be general­
ized. If the submodule contains p cells in paral­
lel, and rp of them are illuminated (Le., p{l - r) 
of them are shadowed), then the submodule 
equation becomes 

where 

I illum =rpkh - rpIo(vo - .dv!) 

and where 

The dark component is 

where 
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The dark current component is, of course, inde­
pendent of the illumination factor k. 

Equations 2-37 and 2-38 rnay be similarly 
generalized. All three models, shown in Fig. 
2-31 ,are then expressed as in Eqs. 2-39 to 2-42. 

From Eq. 2-36, the accurate model becomes: 

_ 1 ~ r 10(1)0 _ dI)2)] 

dl)l = (1 - k)hRs 

dl)2 = (1 - r)hRs 

I)~O (2-39a) 

From Eq. 2-37, the optimistic approximation 
becomes: 

IM(I) = rp [kh - 10(1)0 - dl)] 

dl) = (1 - k)hRs 

I)~O (2-4Oa) 

From Eq. 2-38, the pessimistic approximation 
becomes: 

IM(I) = rp [kh - ~ 10(1)0 - dl)] 

dl) = (1 - rk)hRs 

I)~O (2-41a) 

For all three, reverse characteristics (Eqs. 
2-39b, 2-40b, and 2-41b). 

IM(I) = P [rkh - I)G(I)] I) < 0 

(2-39b) 
(2-4Ob) 
(2-41b) 

To facilitate writing of Eqs. 2-39 through 
2-41, all three equations for partially shadowed 
submodules are expressed simply as shown in 
Eq.2-42. 

IM(I) = 1(0) - 1(1)') I) ~ 0 

= 1(0) - vG(l) I) < 0 (2-42) 

1(0) = rpkh, and 1(1)') provides the same func­
tion for the sub module that 10(1)0) serves in the 
cell Eq. 2-28, except that 1(1)') may represent 

any of the corresponding terms in Eqs. 2-39 
through 2-41. 

The validity of the above accurate models 
has been established experimentally.16,17 

2-40. Partially Shadowed Cells in Series 

In Fig. 2-32, two cells of unequal output are 
shown connected in series. The terminal behav­
ior of this cell pair, requiring 11 = 12 , is obtained 
by summing the eell voltages at constant eur­
rent values, as illustrated. It is clearly seen that 
the lower output cell number I-Le., a shadowed 
cell-limits the output from the higher output 
cell number 2. The amount of the limiting de­
pends, of course, on the reverse charaeteristics 
of eell number I. In order to analyze cells eon­
nected in series, the reverse breakdown ehar­
acteristics must be eonsidered as expressed by 
the term G(I) in Eq. 2-29. 

The general current-voltage eharacteristics of 
an entire unshadowed solar cell string(Eq. 2-32) 
are nearly identical to the average individual 
cell characteristics, except for the eoordinate 
scales, some additional series resistance due to 
cell interconnections, and some minor altera­
tions of the cell I(V) curves due to the string 
assembly techniques. For simplieity, these ef­
fects are understood to be included in the basic 
cell model and, hence, are omitted in this dis­
cussion. The blocking diodes are considered 
later in the array analysis. 

In this section, it is assumed that the solar 
cells have infInite breakdown voltages and zero 
reverse currents. This assumption is an excellent 
one as Iong as the cell reverse currents remain 
negligible (compared to the cell output currents) 
up to voltages in the order of the magnitude of 
the bus voltage. The model for a partially shad­
owed sub module with p cells in parallel was 
shown in Bq. 2-42 to be IM (I) = 1(0) - 1(1)') 
and the string IS<V,,) curve was obtained by 
summing all the s submodule characteristics of 
that string at constant current values as shown 
for Eqs. 2-31 and 2-32 for the non-shadowed 
case. By substitution, we get Eq. 2-43. 

I,,(V,,) = 1(0) - I(V" + d V) (2-43) 

Three solutions to Eq. 2-43 are outlined for 
a partially shadowed string consisting of s = 48 
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Fig.2-32. Current-voltage characteristics of two unequal solar cells connected in series.15 (Reprinted with per­
mission of the IEEE) 

series-connected submodules of p = 8 parallel­
connected cells each, illuminated with intensity 
Q. From the infinite number of possible shadow 
patterns, three distinct cases of special interest 
may be isolated: A, B, and C. 

Case A. The same portions of active cell areas 
are shadowed in each submodule. 

Case B. One submodule is completely shad­
owed, all others are illuminated. 

Case C. Several submodules are shadowed, 
each by a different amount. The 
most heavily shadowed submodule 
is illuminated by the ratio r of 
Eq.2-35. 

The solutions to Eq. 2-43 for the cases above, 
(illustrated in Fig. 2-33) are given below. 

Far Case A. Eq. 2-43 is directly applicable, 
since r in this equation is identi­
cal to all the r's in the s = 48 
submodule equations. 

Far Case B. According to the assumption of 
negligible reverse current flow 
through dark cells, the string 
output is nearly zero. 

Far Case C. By the foregoing, the most 
heavily shadowed submodule 
limits the string output. Hence, 
the string output is equal to the 
sum of (s - 1) = 47 fully illumi­
nated sub modules plus one par­
tially shadowed submodule, all 
of the type of Eq. 2-42. The 
graphical solution of this sum is 

given for submodules according 
to Eq. 2-41 (for a number of 
values of r by the dashed curves) 
in Fig. 2-33. The solid curves in 
this figure show experimental 
data. 

The test results included in Fig. 2-33 were 
obtained from a typical string consisting of 1 X 2 
cm size cells with very low breakdown voltages 
in the order of 2 to 4 V and of 1963-1964 vin­
tage. Very similar results were reported in 1965 
for other, more recently manufactured cells18 

with 20 to 30 V breakdown voltages for which 
the string model of Eq. 2-43 without reverse 
characteristics is indeed a very realistic model, 
leading to much less conservatism in power 
assessments than may be deduced from Fig. 
2-33. 

2-41. Solar Cell Strings with Shunt Diodes 

From Figs. 2-32 and 2-33, it becomes readily 
apparent that if a cell in aseries string is shad­
owed, the amount of current limiting can be 
reduced; Le., theoutput will be increased if 
cells with low breakdown voltages are used. 
This thinking has led to the use of shunt, or 
bypass, diodes connected across shadowed cells 
or submodules.19 ,20 The addition oftheseshunt 
diodes across shadowed sub modules artificially 
produces a very low breakdown voltage. The 
diodes are connected across the submodules 
such that the shunt diode goes into forward 
conduction when the submodule is subjected to 
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Fig. 2-33. 1-V curves of a partially shadowed string without shunt diodes. 1S (Reprinted with permission of the 
IEEE) 

reverse bias. A submodule be comes reverse 
biased when the remainder of the series string 
containing this submodule tries to force a greater 
current through this sub module than its short­
circuit current permits_ 

In the following, a precise string model with 
shunt diodes is developed as a logical extension 
of the discussions in the foregoing sections. An 
approximation is then made which leads to one 
of the earlier models.21 'ihis is accomplished by 
nrst substituting the shunt diode characteristics, 
Id(v), for G(v) in Eq. 2-42, so that the submod­
ule equation with p cells and d shunt diodes in 
parallel be comes Eq. 2-44. 

IM (v) = 1(0) - ](v' ) 

= 1(0) + dld(V) 

v;;;;.o 

v< 0 (2-44) 

It is implied in Eq. 2-44 that the shunt diode 
forward conduction current flows only when v 
is negative. The string voltage is obtained simi­
lady, as shown eadier, by nrst expressing Eq. 
2-30 in terms of v. 

s 
Vs(ls) = L [v(/)il[ (2-45) 

i=l 

This can be expressed in terms of I. 

Is(Vs) = [(IM, v, p, S, d, r, ... ) (2-46) 

For a partially shadowed string with shunt 
diodes, the same three shadowing cases studied 
for astring without shunt diodes are discussed 
again here. 



Case A. Since this case is independent of the 
reverse characteristics, the results 
obtained with Eqs. 2-43 and 2-46 
are identical. 

Case B. The string curve is the sum of 
(s-I)=47 fully illuminated sub­
modules plus one non-illuminated 
submodule of Eq. 2-30 as illustrated 
in Fig. 2-34 for r = O. It will be noted 
that only the power (and voItage 
drop) dissipated in the shunt diode 
is lost. (Figure 2-35 also illustrates 
the resulting summation for eight 
discrete steps of r, as weil as the ex­
perimental data.) 

Case C. The effect of a general shadow pat­
tern on astring consisting of twenty 
submodules of seven parallel-con­
nected cells each is illustrated in Fig. 
2-35. 

The experimental data substantiate the valid­
ity of the model. 21 The somewhat higher exper­
imental current output as compared to the 
prediction was caused by incomplete shadowing 
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Fig.2-34. 1- V curves of the partially shadowed string 
of Fig. 2-33 with shunt diodes. 15 (Reprinted with per­
mission of the IEEE) 
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Fig. 2-35. Partially shadowed string characteristics for 
illustrated shadow pattern (shadowing Case C of Fig. 
2-33). (Reprinted with permission of the IEEE)15 

of the cells during the experiment. The theoret­
ical curve of Fig. 2-35 was obtained by digital 
computer computations22 carried out accord­
ing to Eqs. 2-44 through 2-46. 

Inspection of Figs. 2-34 and 2-35 reveals a 
certain pattern according to which the string 
I(V) curve shape is altered when cells in a sub­
module are shadowed. If one sub module is 
completely shadowed, the I(V) curve will, in 
general terms, be lowered in voltage by ß V = 

v + Vd , where v is the submodule photovoltaic 
voltage under full illumination and Vd is the 
voltage drop of the shunt diode connected 
across this now shadowed submodule. If ß V 
could be assumed a constant, then a family of 
curves, each displaced by ß V to the left of ad­
jacent curves, could be drawn. The highest volt­
age curve, of course, is the unshadowed output 
curve, Eq. 2-45, and increasing number of entire 
submodules shadowed (shadowing Case B above) 
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STRING VOLTAGE (v) 

Fig. 2-36. Accurate and approximate 1-V curves of 
the partially shadowed string.15 Solid line is the the­
oretical curve of Fig. 2-35. Dotted line is the approxi­
mate model output. ~ V = 1.3 volt. (Reprinted with 
permission of the IEEE) 

would be represented by the lower voltage lines 
shown in Fig. 2-36. 

Similarly, shadowing of series-connected col­
umns of cells (shadowing Case A above) reduces 
the unshadowed string output by ß/ = (1 - r)/(O) 
as shown by the current lines in Fig. 2-36. Any 
particular shadow pattern on the string can then 
readily be transformed into the corresponding 
/(V) curve by the method suggested by and il­
lustrated in Fig. 2-36. By determining the value 
for ß V experimentally, this approximation may 
become a highly accurate one. To improve the 
accuracy even more, the sharp corners may be 
rounded off to approximate the submodule 
/(V) curve shape knee and the shunt diode 
knee. 

It should be noted that string /(V) curves, as 
shown in Figs. 2-33 through 2-36, vary their 
shape with both intensity or angle of incidence; 

Le., all characteristics become /s(Vs) = J(Vs + 
ß Vs) with ß Vs = /(O)pRs at zero intensity. 

2-42. Shadowing Factors 

A so-called shadowing factor, F, can be defmed 
as the ratio of the output of an entire. partially 
shadowed, arbitrarily sized and shape.d sular ar­
ray to the hypothetical unshadowed output of 
this same array, 15 

The creation and use of the shadowing factor 
has been found to be particularly helpful in the 
analysis of solar arrays with a relatively large 
number of strings arranged in complicated fash­
ion and subjected to substantial, diverse, and 
rapidly varying shadow patterns for which the 
detailed knowledge of the effects discussed ear­
lier would lead to prohibitively large amounts of 
data to be generated and processed. While the 
shadowing factor could be used in the analysis 
of arrays using shunt diodes, it is developed 
here only for arrays not using them. Blocking 
diodes, however, are required. 

For the following, consider a solar array of a 
spinning satellite. Define a coordinate system, 
xyz, such that its origin is located at the center 
of mass of the arbitrarily shaped satellite. The 
z -axis coincides with the satellite spin axis, and 
the center of the sun is always located in the 
yz-plane. Let the solar array be divided into 
zones A, each characterized by its typical zone 
temperature and zone angle Q. Let each zone be 
divided into flat panels (facets)N, symmetrically 
distributed and separated by panel angle :\. The 
first panels of different zones are displaced from 
the reference panel by an angle x. The solar 
vector makes an angle 8 with the spin axis, and 
the normal to each panel makes an angle 'Y with 
the solar vector. In terms of the given defini­
tions, for each panel of each zone (see illustra­
tion in Seetion 2-49) we fmd Eq. 2-47. 

cos 'Y = cos 8 cos Q 

+ sin 8 sin Q cos [1jI + (N - 1):\ + X] (2-47) 

It should be noted that for naturally shaded 
panels cos:\ of Eq. 2-47 is negative. Panels with 
such negative outputs must either be discounted 
if they connect through blocking diodes to the 



bus, or they must be considered as loads (as 
discussed in Section 2-39). 

The output from a partially shadowed array 
was given by Eq. 2-34. If we define the relation­
ship, as in Eq. 2-48, for the most heavily shad­
owed submodule in each string and negligible 
cell reverse currents, then Eq. 2-34 may be re­
stated as Eq. 2-49. 

r/(O) cos 'Y = 0 0 ~ r < 0.5 

=/(0) cos 'Y 0.5 ~r ~ I 

(2-48) 

m 
/Z(VA)/J,1/J = P L p;[/(O) COS 'Yi - J(VA);]v 

i=1 

(2-49) 

VA is still given by Eq. 2-34, but Pi may be 
either 0 or I, depending on whether r in Eq. 
2-48 is smaller or larger than 0.5. The choiee 
of 0.5 will statistieally result in zero error 
for a large number of strings and random 
shadow patterns. The unshadowed zone output, 
/zo(VA)/J,1/J, is also given by Eq. 2-49, except 
that all Pi = I. The ratio, F, of the partially 
shadowed zone output to the unshadowed out­
put (Eq. 2-50) indicates the fraction of actually 
available current. 

m 
L Pi [/(0) COS 'Yi - J(VA );] 
i=1 =------------------m L [/(0) COS 'Yi - J(VA );] 

;=1 

(2-50) 

Since, for a given zone, the total (as wen as this 
fraction of) available current is uniquely deter­
mined by the short-circuit currents, Eq. 2-50 
may be restated as Eq. 2-51. 

m 
L Pi COS 'Yi 

/z(O) i=1 
F(O)/J,1/J = / (0) = '--m--

ZO L cos 'Y; 
i=1 

(2-51 ) 
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The /(0) terms have cancelled out, and F has 
been reduced to a geometrie projected area re­
lationship. Equation 2-51 may be stated in 
words: The shadowing factor, F, is the ratio of 
the actual short-circuit current output to the 
theoretical output from the total number 01 
strings which would be illuminated in the ab­
sence 01 shadowing. 

The instantaneous shadowing factor, F, may 
be averaged over any range of the spin angle 1/1, 
and/or sun angle 8. Assurne that an average 
shadowing factor, P, is to be determined for n 
values of 1/1, all at one 8. Then, from the integral 
defmition of the average, we find, Eq. 2-52. 

m n 
L L Pij cos 'Y;j 

- i=1 j=1 
F z(O)/J = -m-'--n---

L L cos'Yij 
i=1 j=1 

(2-52) 

Only for special cases, such as when tl.1/I = A, or 
when n is very large, Eq. 2-52 may be written as 
Eq.2-53. 

n m 

L L Pij COS 'Yij 
- j=1 i=1 
Fz(O)/J =-----

m (2-53) 

n L cos 'Yi 
i=1 

The application of the shadowing factor to array 
analysis is outlined below. First, the shadowing 
factors are determined, either according to Eq. 
2-51 or Eq. 2-52. Next, the shadowing factors 
are applied for calculating the ratios of the in­
stantaneous or average zone outputs, respec­
tively, to the hypothetical, unshadowed zone 
output according to Eq. 2-32 with r = 1: 

m 
. L [/(0) cos 'Yi - J(VA );]v (2-54) 

;=1 

m 
. L [/(0) COS 'YI - J(VA )i]v' (2-55) 

i=1 
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2-43_ Non-lIIuminated Array Models 

The 1-V curves of non-illuminated (Le., dark) 
solar cell arrays are well represented in the ar­
ray models described in Section 2-38, except 
that I sc = 0 when the illumination is zero. 
Temperature gradients and non-uniform solar 
cell 1-V curves do not influence the accuracy 
of this model for engineering purposes. (Fur­
ther details of non-illuminated arrays are given 
in Chapter 8 in connection with dark forward 
testing of solar cell arrays.) 

2-44. Blocking Diode Models 

Isolation diodes can be treated as series net­
work elements having the general form 14 given 
in Eq. 2-56. 

where 

I d = diode current 
Iod = diode saturation current 

q = electronic charge 
Vd = diode terminal voltage 

RSd = diode series resistance 
D = curve-fitting constant 
k = Boltzmann's constant 
T= absolute temperature. 

(2-56) 

However, for most practical array analysis 
cases, the blocking diode equation can be ap­
proximated by the piecewise linear model in 
Eq.2-57. 

(2-57) 

Vod is the diode threshold voltage (ab out 0.6 V 
for silicon). 

2-45. Reverse-Biased Solar Cells 

This section describes the circuit analysis as­
pects of the so-called hot spot problem and the 
analytical methods of solution.23 In general, 
the solar cell array is electrically subdivided 
into a number of solar cell modules (also called 
strings) which are connected through blocking 
diodes to the main array bus. The bus voltage, 
VB, is held relatively constant by some kind of 
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Fig. 2-37. General block diagram of solar cell array 
power subsystem. 

regulator independently of the solar cell array 
output capability. The nomenclature is defmed 
in Fig. 2-37. A single submodule containing an 
affected cell (Le., a failed-open or shadowed 
cell) may be isolated from the remainder of the 
string, as illustrated in Fig. 2-38. 

The reverse voltages on the cells connected in 
parallel with the affected cell are obtained by 
writing suitable loop and node equations and 
solving them. The node equations for current 
and the loop equations for voltage, taken in the 
direction of current 11 are given below. 

At node A: IA - I u = 0 

At node B: I u - 11 = 0 

(2-57a) 

(2-57b) 

VA + Vu - VB = 0 (2-57c) 

These non-linear equations, existing in the Hrst 
and second quadrant of the 1-V co ordinate 
system, must now be solved sirnultaneously. 
This can be accomplished with numerical (com­
puterized) or graphical methods. The latter 
method is illustrated here. 

First, the current-voltage (1-V) characteris­
tics of the three circuit elements of Fig. 2-38 
are constructed, based on actual solar cell test 
data. For example, Fig. 2-39 shows these com­
bined 1-V curves for two variations of a par­
ticular design, namely, two and four cells in 
parallel by 154 cells in series. Also shown for 
each case are two different reverse leakage 
values; one is based on a very low leakage cur­
rent (at any voltage); the other cell is based on 
a very high leakage current which had been 
measured on a sampie of cells. The method for 
constructing 1-V curves of partially shadowed 
(or open) solar cell circuits is based on Sections 
2-38 through 2-40. 

The graphical solutions of Eqs. 2-57a, b, and 
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UNAFFECTED PORTION 
OF MODULE OF S-I 
CElLS IN SERIES 

AFFKlID 
SOLAR 

=t:~-t' CEll AFFEClID PORTION 
OF MODULE WITH 
AFFEClID (OPEN OR 
SHADOWED) SOLAR 
CEll 

(a) AOUAl MODULE WITH 
P = • CEllS IN PARAlLEL, 
S CEllS IN SERIES, AND 
ONE AFFECTED SOLAR 
CEll 

A 
+ 

(b) MODEL OF MODULE ISOLAlID 
FROM ARRAY AND SEPARATED 
INTO UNAFFEClID AND 
AFFEClID MODULE PORTIONS 

Fig.2-38. Module design and model. 

c are effected with reference to Fig. 2-39 as 
follows. From Eqs. 2-57a and b, it is obvious 
that the current in all circuit elements is the 
same; Le., IA = lu = 11 , The objective is now to 
fmd that current for which Eq. 2-57b is satis­
fied; that is, for which JA = Vu - VB (note 
that VA is a negative quantity and the signs are 

consistent). The graphical solution can be 
simplified by plotting lu(Vu - VB) instead of 
lu(Vu) and inverting the sign of VA. This is 
shown in Fig. 2-40. The interseetions of the 
curves readily provide the operating points Q 1 

through Q4. 
In Fig. 2-40, only four operating points are 
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Fig.2-39. Current-voltage chaxacteristics of conventional design at 77°C. 
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Fig. 2-40. Graphical solution for the two designs at 
77°C. 

shown. In practice, however, things are more 
complicated. For the design with two cells in 
parallel (p = 2), the not-failed or unshadowed 
cell in an affected submodule may be biased 
at any point between Ql and Q2' provided of 
course, that its reverse characteristics lie within 
that range. For the design with four cells in 
parallel (p = 4), the affected submodule may 
be biased between Q3 and Q4; however, the 
dissipation in each of the three unaffected cells 
is one-third of that indicated by Q3 and Q4 
only if all three cells have the same (Le., per­
fectly matched) reverse characteristics. If the 
reverse characteristics are mismatched, one cell 
may dissipate a greater amount than is the 
case when the d~ssipation is equally shared by 
the cells. 

2-46. Power Dissipation in Reverse Biased 
Solar Cells 

The total energy input which contributes to 
heating of areverse biased solar cell consists 
of both the solar radiation input and the full 
electrical energy input as measured by the 
product of cell terminal current and terminal 
voltage. This conclusion can be derived inde­
pendently, either from energy balance or from 
electrical circuit considerations. 

Energy Balance Considerations. In the steady 
state and in space, the solar cell temperature, 
T (absolute), is determined by the energy flow 
balance (or power balance) equation derived 
from Fig. 2-41 (Eq. 2-58). 

(2-58) 

From Stefan-Boltzmann's law, we get Eq. 2-59 
(where € is the emissivity and ais Boltzmann's 
constant). 

(2-59) 

The solar input,Ps , and the electrical output 
from the cell, PE, are independent variables. 
The radiant heat energy outflow from the cell, 
PR, is the resulting or dependent variable. PE 
depends on the load but is limited to TlmaxPS 
if the load is passive (l1max is the maximum 
solar cell effidency at the actual operating con­
ditions). If the load contains an energy source, 
PE may take on large negative values, indicating 
heat dissipation in the cello 

If the cell operates in its normal power out­
put mode, the wattmeter in Fig. 2-42 measures 
the cell output. If the cell becomes reverse 
biased, V (in Fig. 2-42) and, therefore PE be­
come negative (Le., power flows into cell). 
From Eq. 2-58, we find Eq. 2-60. 

(2-60) 

The above equation confirms that, as far as the 
cell is concerned, it "sees" both the solar input, 

SOLAR ~ CA RADIATION Ps SOLAR P ELECTRI L 
INPUT CELl E OUTPUT 

TO LOAD 

PR RADIATIVE HEAT OUTFLOW 

Fig. 2-41. Energy balance model. 



Fig.2-42. Measurement of PE. 

Ps, and the electrical input,PE = VI, as read on 
the wattmeter or on independent voltage and 
current meters. The product VI in the dc steady 
state always gives the correct dissipation. 

Electrical Circuit Considerations. For positive 
solar cell output voltages according to the con­
vention of Fig. 2-43, the cell current and power 
output varies as shown to the right of the vertical 
axes in Figs. 2-44a and b; Fig. 2-44c illustrates 
that when the cell operates at its maximum 
power point, the amount of power available 
for cell heating, PR, is at aminimum. 

For negative cell voltages-Le., reverse bias 
(achieved with a generator within the load)­
the power output from the cell is negative ac­
cording to the convention of Fig. 2-43, which 
means that the power is dissipated within the 
cell (this is consistent with the previous figure). 
Figure 2-44c shows the increase in PR for in­
creasing reverse bias. 

It is also evident from Fig. 2-43 that if the 
polarity of V reverses, all current greater than 
h (Le., 1- h) must flow through RSH because 
the diode blocks the current flow. Again, the 
dissipation in the cell is independently deter­
mined by Ps and PE, and PR =Ps - PE' In the 
fully shadowed case, Ps = 0 and PR =PE. 
Hence, in the fuHy shadowed case, the curve of 
PR(V) (Fig. 2-44c) exists only to the left of 
the origin. 

I NODE "A" L.. ________ .J 

SOLAR CELL 

L ____ J 
" lOSS-lESS" 
WATT METER 

Fig. 2-43. Solar cell and load model (see text for limi­
tations of this model). 
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(NOT TO SCALE) 

Fig.2-44. Relationships between solar cell bias volt­
age and power dissipation. 

ARRAY PERFORMANCE PREDICTION 

2-47. Array Output Analysis 

The electrical performance of a solar ceH array 
is defined as the electrical power output capa­
bility (as contrasted by the actual output that 
depends upon the load demand) of an array at 
some specified operating conditions and before 
or after some specified environment al exposure. 
Array performance prediction is also known by 
other terms, such as performance analysis or 
output computation. 

The process of electrical performance predic­
tion contains the following elements: 

• Solar cell electrical performance characteri­
zation 
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• Determination of the degradation factors 
related to solar cell array design and 
assembly 

• Conversion of environment al considera­
tions and criteria into solar cell operating 
temperatures 

• Calculation of solar cell array power output 
capability. 

Of course, not a11 of the input data and design 
parameters given in this section are applicable 
for all designs or all missions. For some other 
array designs or missions, additional input data 
may be required or other design parameters 
may have to be considered. 

The general analytical approach followed in 
this section presupposes the existence of a 
detailed solar cell array design which is intended 
for a specific terrestrial or space application. 
(The procedures for creating and developing 
a detailed array design are given in Chapter 3.) 
The detailed array performance prediction 
consists of three major activities: 

• Gathering of input data 
• Performing supporting analyses 
• Performing the array output analysis. 

Figure 2-45 illustrates the general analytical 
approach and the flow of data between the 
various analyses. While shown for space arrays, 
most parameters also apply to terrestrial 
arrays. The array output computation is based 
on the commonly used computerized shifting 
of I-V curves within an I-V coordinate system 
to account for environmental and operational 
effects. The performance prediction for space 
arrays is developed using the damage-equivalent, 
normal incident (DEN I) 1 MeV fluence method 
for determining solar cell degradation (see 
Section 3-32), and using orbital data to deter­
mine the optical array degradation; however, 
any other method for determining solar cell 
and optical (cell cover and cover adhesive) 
degradation may be substituted for the meth­
ods shown here. 

The input data can be gathered from Chapters 
4 through 10; the design process is illustrated in 
Chapter 3. The supporting and array output 
analyses are described in this chapter, and their 
applications are illustrated in Chapter 3. 

The input data listed under "INPUTS" in 
Fig. 2-45 are defmed as follows, with reference 
to this figure, and in the same sequence as in 
the figure-from top to bottom. 

Solar Cell Cover Factors. The optical transmis­
sion factor, Fr, includes anything that may 
affect the amount of light reaching the solar 
cell active surface (Eq. 2-61). 

F((), tPuv, tPp) = Fra(tPuv, tPp) . Frc(tPulJ' tPp) 

where 

. Rsc((), tPuv, tPp) . Fd(t) 

(2-61) 

Fra = adhesive darkening factor, 
defmed as the ratio of the 
solar cell short-circuit cur­
rent after adhesive darken­
ing to that before darkening 

Frc = cover darkening factor, de­
fmed as the ratio of the 
solar cell short-circuit cur­
rent after darkening to that 
before darkening 

Rsc = relative short-circuit cur­
rent, defined as the ratio 
of the glassed solar cell 
short-circuit current actu­
ally measured at a given 
sun off-pOint angle, (), to 
that expected from the 
cosine of () (Le., Rsc is the 
cosine correction factor) 

F d = light transmission loss fac­
tor due to deposits and 
their darkening with time, 
defined as the ratio of the 
solar cell short-circuit cur­
rent after darkening of the 
deposits to that before de­
posits were present 

F(() , tPUIJ' tPp,t) = indication that the factor, 
F, is a function of () , tPu IJ' 

tPp,t 
tPUIJ = ultraviolet radiation dose 

tPp = particulate radiation dose 
t = time in service or in orbit. 



ARRA Y ANALYSIS 79 

INPUTS SUPPORTING ANAL YSES I ARRA Y OUTPUT ANALYSIS I 
SOLAR CELL COVER FACTORS Z, NZ' ~i CALCULATION OF 

ANGLE OF INCIDENCE 
F = ADHESIVE TRANSMISSION r Ta 

A 

F = COVER TRANSMISSION 

~ 
Te 

R = COSINE CORRECTION 
sc 

Fd = DEPOSITS FT(e, -uv' -p) CALCULATION OF 

". = ABSORBTANCE EFFECTIVE SOLAR 

= EMITTANCE INTENSITY -
EH "S(~uv' ~p) ro+ S' = (S/D2). FT• ces r 

EH(~uv' -p) 

SOLAR CEU CHARACTERISTICS 

I = SHORT-CIRCUIT CURRENT DENI1-MEV CALCULATION OF sc 
FLUENCE -I' -V I = MAXIMUM-POWER CURRENT GLASSED CELL I-V 

~ COMPUTATION CURVE AT S, Ta' -I' ~V V MAXIMUM-POWER VOLTAGE 
mp 

V = OPEN CIRCUIT VOLTAGE oe 
~I-V 

RS = SERIES RESISTANCE 

ß I = TEMPERATURE COEFFICIENT 

ßV = TEMPERATURE COEFFICIENT CALCULATION OF 
~ CELL I-V CURVE AT 

F = COVER LOSS/GAIN REDUCED INTENSITY e 

C MISSION PARAMETERS 
~I-V 

LAUNCH DATE r-- TEMPERATURE 
COMPUTATION T CALCULATION OF 

TRANSFER ORBIT 0 Cf CELL I-V CURVE AT 
T = OPERATING OPERATING 

APOGEE Cf 
ECLIPSE EXIT TEMPERA TURE T = 

PERIGEE • 
INCLlNATION 

T T 
Cf1 • 

MISSION DURATION 

MISSION EVENTS 

0 = SOLAR DISTANCE N • RELIABILITY 
Ne = NO. OF ECLIPSES ANALYSIS 

o ASSEMBL Y FACTORS I-V 

FA = ASSEMBL Y 

FTC = TEMPERATURE CYCLING 
FA· FTC VD = BLOCKING DIODE CALCULATION OF 

, VOLTAGE LOSS DEGRADED CELL I-V 
CURVE 

Vw = WIKING VOl TAGE lOSS 

ARRAY GEOMETRY AND ATTITUDE FR 

~-V 

Z = ZONES VD +Vw CALCULATION OF 

NZ = PANELS 
UNSHADOWED 

Np' N, ARRA Y I-V CURVE 

" = PANEL ANGLE 

~ = SPIN ANGLE ~I-V 
X = OFFSET ANGLE 

A = PANEL SPACING 
SHADOW ANALYSIS FSH CALCUlATION OF 

" = TWIST ANGLE --" FSH = POWER LOSS SHADOWED ARRAY 

• = TIL T ANGLE I-V CURVE 

e = SUN ANGLE 

Np = CELLS IN PARALLEL ~I-V 
N = CELLS IN SERIES 

/ / • OUTPUT 
CELL LAYOUT 

Fig.2-45. Space array electrica1 performance prediction. (For adaptation to terrestrial arrays see text.) 
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The radiometrie properties, Ots and EH are func­
tions of both cf>u v and cf>p. F or terrestrial arrays, 
the array convective heat transfer coefficient 
also enters in. 

Solar Cell Characteristics. The electrical charac­
teristies of the specific solar cells or modules 
considered for a design may be obtained from 
Chapter 4. The following solar cell characteris­
tics are required for the analyses described 
herein: 

• Solar cell 1-V curves at standard test condi­
tions (typically, 25°C cell temperature, one 
solar constant intensity and air-mass-one or 
air-mass-zero spectrum) and, for space ar­
rays, before and after irradiation with I MeV 
electrons 

• Temperature coefficients for solar cell or 
module current (ßI) and voltage (ßv), and 
power (ßp) before and (for space) after 
irradiation with 1 MeV electrons 

• Cover installation factor, Fe 
• Cell series resistance, Rs . 

The cover installation factor, Fe, is defined as 

Fe = Ise (C)/Ise (U) 

where the indiees (C) and (U) indicate the 
covered and uncovered cell short-circuit current 
output, I se , respectively. Typically, for SiOx -

coated solar cells, Fe is less than unity and for 
Ta20S -coated cells, Fe is equal to or greater 
than unity. 

Mission Parameters. The rrusslon or service 
parameters listed in Fig. 2-45 determine or con­
tribute to the following: 

• Solar cell radiation dose (in space only) 
• Cover and cover adhesive radiation dose (in 

space only) 
• Solar cell illumination level 
• Solar cell operating temperature 
• Solar cell array temperature cycling stress 

levels. 

The launch date for space arrays is of signifi­
cance in establishing the solar flare proton 
environment. 

Assembly Factors. Assembly factors reflect a 
reduction in solar cell or module output capa-

bility due to unavoidable or deliberately chosen 
design, assembly, and installation process param­
eters. Assembly factors may be expressed as 
dimensionless ratios to be applied to output 
power, current, or voltage, or as incremental 
series resistances, or as voltage differences. A 
common practiee is to use both ratios and volt­
age drops. 

The values of assembly-related factors may 
change with time in service or in orbit. For ex­
ample, blocking diodes, when exposed to par­
tieulate radiation, will exhibit lower forward 
voltage drops but higher reverse leakage currents 
after irradiation. As another example, solder 
coatings on solar cell interconnectors may cease 
to be electrically conductive in the current flow 
direction after extensive temperature cycling. 
The assembly and assembly degradation factors 
may be defmed as follows: 

FA = assembly factor (solar cell power out­
put degradation due to soldering, 
welding, etc.) 

F TC = solar cell array power output degrada­
tion due to temperature cycling 

V D = blocking diode voltage losses 
V w = interconnector and wiring volta ge 

losses due to resistance and changes 
in resistance (increases with increasing 
temperature ). 

Array Geometry and Attitude. The solar cell 
array configuration and its physical orientation 
relative to the sun determines the amount of 
sunlight intercepted by the solar cells and, hence, 
both the array operating temperature and the 
solar cell output. 

2-48. Sequence of Shifting 1- V Curves 

The best method for predicting solar cell and 
array performance is shifting the cell or array 
1-V characteristies along their current and volt­
age coordinates and adjusting the curve shape 
when required. The proper sequence for such 
curve is given below: 

1. Start with initial, bare cell characteristics 
obtained under standard test conditions 
(Le., 25°C cell temperature, one solar 
constant intensity, air-mass-zero spectrum 
for space arrays or air-mass-one for terres­
trial arrays). 



2. Adjust, Isc ' Imp , Vmp , and Voc • measured 
under standard test conditions for partic­
ulate radiation damage, as expressed for a 
given damage equivalent 1 MeV fluence. 
(This applies for space arrays only.) 

3. Adjust the 1-V curve for the operating 
solar intensity actually incident on the 
solar cell through degraded optical ele­
ments and at off-point angles. Include any 
cover installation loss or gain. Correct the 
curve shape, if required. 

4. Adjust the 1-V curve for the operating 
temperature. Correct the curve shape 
again, if required. 

5. Scale up the cell characteristics to the ar­
ray level and include isolation diode and 
wiring losses, and external series resistance 
effects. 

2-49. Calculation of Angle of Incidence 

Let the solar cell array be centered in a Cartesian 
co ordinate system such that the array's spin 
axis or axis of symmetry is coincident with one 
of the axes of the co ordinate system, as illus­
trated in Figs. 2-46 through 2-48 for a variety 
of general array configurations.22 
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Fig. 2-46. Solar array geometry for paddle-wheel solar 
array configura tions. 7 
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Fig. 2-47. Solar cell array geometry for flat or body­
mounted solar panels. 7 
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Fig. 2-48. Solar cell array geometry for flat solar cell 
panels. 
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The array is subdivided into Z zones. Each 
zone contains only those solar cell panels 
whose normal unit vector* projections on 
the spin axis are equal; Le., they all have the 
same angle 0:. 

Each zone is subdivided into N solar cell 
panels or paddles. Each panel or paddle is angu­
lady displaced from its neighbor by an angle X. 
The angle X is measured in aplane which is per­
pendicular to the spin axis (Le., when viewed in 
the direction of the spin axis) and is always 
positive. 

The normal unit vector of the first panel or 
paddle in the fust zone is (for convenience) 
placed in a plane defined by that unit vector 
and the array-sun line (the solar vector). 

The projection (on a plane perpendicular to 
the spin axis) of the unit vector of the first 
panel of the second zone makes an angle X with 
the projection of the unit vector of the first 
panel of the first zone. When the projections of 
both unit vectors are parallel, X = 0. 

The array may be spinning in the coordinate 
system through the spin angle 1/1. Initially, 1/1 = 
0, for convenience. 

For a paddle wheel array configuration, the 
axis through each paddle in a direction pointing 
away from the spin axis may be inclined (raised 
up) from a plane which is perpendicular to the 
spin axis by an angle cp. When a paddle axis is 
perpendicular to the spin axis, cp = 0. 

Each paddle is twisted relative to being plane­
parallel to a plane which is perpenrucular to the 
spin axis by an angle o. This angle is measured 
in a counterclockwise direction when viewed 
along the twist axis in the direction of the spin 
axis. 

For a body-mounted or flat panel array con­
figuration, all normal unit vectors in a given 
zone make an angle 0 with the spin axis. 

The angle of incidence, r, for each panel or 
paddle on the array, for a given angle 0 (sun 
angle) between the array spin axis (spin vector) 
and the array-sun line (sun vector), can be found 
from Eqs. 2-62a or 2-62b, respectively. The 
angles are defined above and in Figs. 2-46 
through 2-48. 

*For a defmition of vectors, see Appendix A. 

Paddle-Wheel Config,uration. For the ith panel, 
Eq.6-62a. 

cosrj=sino'sinO 'sin [1/I+(Nj -I)X+X] 

+ cos 0 • sin cp • sin 0 

+ COS 0 • cos cp • cos 0 (2-62a) 

Body-Mounted and Flat Configurations. For 
the ith panel, Eq. 2-62b. 

cos r j = cos 0 . COS 0: + sin 0 . sin 0: 

. cos [1/1 + (Nj - I)X + X] (2-62b) 

2-50. Calculation of Effective Solar Intensity 

The effective solar intensity, S', is defined as 
the actual, effective light level which is incident 
upon the active surface of the solar cell and is 
given by Eq. 2-63. 

(2-63) 

The terms in Eq. 2-63 are defined as folIows: 

S = sunlight intensity (in units of solar con­
stants) 

D = array-sun distance (in units of AU) 
FT = solar cell cover transmission factor 

r = angle of incidence. 

2-51. Calculation of Cell and Array 1- V Curves 

Glassed Solar Cell 1- V Curve. The I- V· curves 
for unglassed cells are shifted parallel to the 
current axis until the value of the cell short­
circuit current after glassing is 

where I seu is the unglassed short-circuit current 
of the radiation-damaged cell andFe is the cover 
installation factor. Since Fe is typically within a 
few per cent of unity, the other three solar cell 
parameters after glassing are 

I mpg = I mpu + (Iseg - I seu ) 

Vmpg = Vmpu 

Vocg = Vocu 



where 

f mp = current at maximum power 
V mp = voltage at maximum power 
Voe = open-circuit voltage. 

The additional subscripts, g and u, refer to 
"glassed" and "unglassed" conditions, respec­
tively. The output parameters of terrestrial flat 
plate modules are the same as those for glassed 
cells, except, of course, that the modules con­
tain several solar cells. 

Solar Cell I-V Curve After Intensity Change. 

The solar cell f- V curves for a particular radia­
tion damage are shifted in the f- V coordinate 
system along the current and voltage axes by 
the amounts 11ft and I1Vt , given by 

where 

11ft = (S' - S)fseg 

I1Vt =-l1ft RS 

fseg = original cell short-circuit current af­
ter glassing before the intensity was 
changed 

Rs = cell series resistance 
S' = effective solar intensity 
S = solar intensity at which the solar cells 

were originally tested. 

11ft is negative and 11 Vt is positive for re­
duced intensity (Le., S' < S), leading to a lower 
short-circuit current, I ses , and a slight shift 
toward higher voltages even though the actual 
cell open-voltage will decrease by 

Vs' = k log (S'/S) 

where k depends upon the cell type. The four 
solar cell parameters change as follows due to a 
change in intensity (indicated by the additional 
subscript s): 

I ses = I seg + 11ft 

Imps = Impg + I1It 

Vmps = Vmpg +I1Vt +I1Vs' 

Vocs = Vocg + 11 Vt + 11 Vs'. 

Solar Cell 1- V Curve at Operating Temperature. 

The I- V curve is now adjusted for the actual 
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solar cell operating temperature, Top. The f- V 
curve is shifted in the 1-V coordinate system by 
amounts I1f2 and 11 V2 , given by 

where 

I1f2 = ßlfse(Top - To) 

I1V2 = ßv(Top - To) 

ßI = temperature coefficient for current in 
units of °C- t 

ßv = temperature coefficient for voltage, in 
units of V . °C-t 

Ise = the cell Ise be fore the temperature 
change 

To = reference temperature at which the 
solar cells were initially tested. 

The values of ßI are usually positive and those 
of ßv are negative. Therefore, a temperature in­
crease (Top> To) causes an increase in fse and 
a decrease in Voe . The four cell parameters 
change as follows: 

ISeT = fses + I1f2 

fmpT = Imps + I1I2 

VmPT = Vmps + I1V2 

VOeT = Vocs + I1V2 . 

Degraded Solar Cell 1- V Curve. The solar cell 
f- V curve is now further adjusted for the as­
sembly and temperature cycling degradation 
factors, FA and F TC, respectively. Both FA 
and F TC usually intro du ce additional series 
resistance in the solar cell or in an assembly of 
cells and thereby tend to depress the cell's maxi­
mum power output without affecting the I se 
and Voe . Therefore, it is desirable to depress 
both Imp and V mp on the 1-V curve by the 
amounts 

I1I3 = -(FA' FTd t / 2 

I1V3 = -(FA' FT dl/2 

respectively, and letting Ise and Voe remain un­
changed. The four cell parameters will therefore 
change as folIows: 

I scd = ISeT 

I mpd = I mPT + 1113 
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Vmpd = VmPT + LlV3 

Vocd = VOCT· 

Array 1- V Curves. The unshadowed solar cell 
array 1-V curve is computed from the single cell 
1-V curves in the following sequence: 

• Multiplication of the single cell current 
output by the number of solar cells in par­
allel, Np, on a given panel or paddle 

• Multiplication of the voltage output of the 
Np solar cells in parallel by N s cells in series 

• Subtraction of the voltage drops, V D and 
V w, from the panel voltage output 

• Summing of all panel and paddle output 
currents at constant voltages. 

The above computations result in an array 
1-V curve at operating temperature and after 
environmental degradation. This process of ca!­
culation is treated mathematically in Seetions 
2-39 and 2-40 and results in the following four 
array output parameters: 

IScA = IscdNp 

ImPA = IscdNp 

VmPA = VmPdNs - (VD + Vw) 

VOCA = VocdNs - (VD + Vw). 

If the solar cell array is partially shadowed, 
the unshadowed power output must be reduced 
according to the method described in Sections 
2-40 through 2-42. 

SHADOW ANALYSIS 

2-52. Shadows 

In this and the next section, methods are de­
scribed by which the geometries of the shadows 
falling on solar cell arrays can be determined. 
The electrical response of the array to these 
shadows is discussed in Sections 2-39 through 
2-42. 

may cast shadows on other panels at low sun 
elevation angles. 

The naturally occurring lack of illumination 
on the dark side of a body-mounted space array 
(the so-called eigenshadow) is specifically ex­
cluded from the defmition of the shadow be­
cause the output from these non-illuminated 
array areas is already computed by the array 
models of Section 2-49 to be zero. A second 
inclusion of the naturally non-illuminated areas 
in the shadowing factor would lead to erroneous 
results. 

The shadowing factor is a term affecting the 
electrical performance of the array; it is defmed 
in Section 2-42. The shapes of shadows cast on 
the array are known as shadow patterns. The 
effect of shadow patterns on the array electrica! 
output depends strongly on the size and loca­
tion of a shadow on each string of solar cells. 
Therefore, shadow patterns must be determined 
in relation to the string layout of solar cells on 
the array. 

Techniques of determining shadow patterns 
may be taken from books on descriptive geom­
etry. Also, computerized or photographie pro­
cedures may be employed. The following mate­
rial24 illustrates some simple concepts useful 
for studying shadows. 

Figure 2-49 shows the geometry of a shadow 
cast by a cylindrical rod parallel to a surface 
(extending perpendicularly through the plane 
of the paper) onto that surface in the vicinity 
of earth, where the surface is normal to the 
object-sun axis. From this figure, 

al = 2 are tan (D/2Ld 

a2 = 2 are tan [D/2(L + B)] 

BI d B d 
- = - and - =-
LI D L D 

!-----L,----I--
I-------L--~~~ 

A shadow is defmed as the absence of solar 
illumination on a solar cell array due to a block- 0 

ing of the sunlight by a shadow-casting object. 
For example, an antenna or a boom may cast a 
shadow on the array at certain angles of illumi­
nation, or some solar cell panels in an array field 

DBJECT 

Fig.2-49. Shadow geometry.24 



L L l +Bl D+d 
-= =--
L l L l D 

L+B D+d -- =--
L D 

where 

a = planar angle subtended by the sun's 
diameter 

B = length of umbra 
D = diameter of the sun = 0.86 X 106 miles = 

1.4 X 106 km 
d = width or diameter of objeet eausing a 

shadow 
L = distanee from the objeet to sun at 1 AU. 

Sinee d«D, we have L =L l and L +B=L. 
Therefore, 

al ~ a2 = 2 are tan (DI2L) = 9.25 X 10-3 rad 

B ~ Bl = dl[2 tan (aI2)] = 108.l d. 

Then, the width u of the umbra of the shadow 
beeomes 

d(B - s) 108.l d - s s 
u= = =d---

B 108.l 108.l 

and the width p of the penumbra is 

d(B + s) 108.l d + s S 
p= = =d+--

B 108.l 108.l 

. . -. .... .... .. . . . .. .. _. ... -.. .. . . '. . .. . .. ... . . . . 
. : : . : ; ~ ':.: :,:. 

p d 

o 100 
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and s is the distanee from the objeet to the 
surfaee. 

Normalized umbra and penumbra widths as a 
funetion of normalized distanee are shown in 
Fig.2-50. 

Intensity Distribution. The light intensity in 
the penumbra ranges from unity at the outer 
edge to zero at the edge of and throughout the 
umbra for eases of s < B, and from unity to an 
indeterminate value for eases of s > B. The il­
lumination intensity distribution within the 
shadow, and its average value, is a funetion of 
the shadow plane loeation relative to Band of 
the shape of the shadow-easting objeet. 

The relative darkness at a point in the shadow 
ean be determined by viewing the sun from that 
point. A portion A of the solar dise, appearing 
to have a radius R, will be obseured by the ob­
jeet. In other words, A is the projeeted area of 
the shadowing objeet on a cirele with radius R, 
and R is the radius of the cirele subtended by 
an angle a at a distanee s. The relative darkness 
K = AI(rrR 2 ). The normalized illumination in­
tensity is defmed as 1= 1 - K. Integrating K 
over the full shadow area and dividing by the 
total area gives the average darkness K. The 
average normalized illumination intensity within 
the shadow is Y = 1 - K. 

.. - ..... . . 

.::: '::: :::: ::: 

200 

./ d 

...., ,:{ .. 
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Fig.2-50. Dimensionless representation of normalized Umbra width, u/d, and Penumbra width, p/d, aS.a fune­
tion normalized distanee to shadow casting objeet, s/d. 24 
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SHADDW PLANE 

Fig.2-51. Further shadow geometry to show relation 
of distance, s, to apparent solar diameter, 2R, and 
object width, d.24 

Cylinder Parallel to Shadow Plane. The ease for 
a shadow resulting from a eylindrieal rod or 
from a bar parallel to the shadow plane (and 
perpendieular to the paper), whieh is normal to 
the sun-objeet axis, is illustrated in Fig. 2-51. 
The view angle ß, from distanee s, of the objeet 
with width d, and the eorresponding sun diam­
eter 2R, are related by ß = 2 are tan (dI2s) and 
by a = 2 are tan (Rls). Consequently, dl2R = 
tan (ßI2)/tan (aI2) and dl2R = BIs. At a solar 
distanee of 1 AU, we obtain 

dl2R = 108/(sld) 

whieh is solved graphieally in Fig. 2-52. 
Observing the objeet of width d, as shown in 

Fig. 2-51, from the shadow plane at various 
locations along the x-axis while moving from 
x = 0 to x = P 12 results in images as shown in 

Fig.2-52. Normalized object half-width, d/2R, versus normalized shadow plane distance from object, s/d. 24 
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0 < x< p/2 x< p/2 

Fig.2·53. View of shadow area toward sun for s < B, starting from sun-object centerline and moving toward 
edge of Penumbra (refer to text).24 

X " O o < ~ < p/2 x <:p/2 

Fig.2·54. View from shadow area toward sun for s > B, starting from sun-object centerline and moving toward 
edge of Penumbra. 24 
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Fig.2-55. Normalized illumination intensity as a function of normalized loeation within the shadow, miR, with 
the normalized distance, slb, as a parameter. 24 
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Fig.2-56. Average light intensity, I, in a shadow from a long object parallel to the shadow plane as a function of 
normalized distance, s/B. 24 

Figs. 2-53 and 2-54 for the cases of s < Band 
s > B, respectively. 

In the case of Fig. 2-53, the moving point is 
in the umbra for Iocations of x = 0 to x = u12; 
x = ul2 is reached when miR = (rIR) - 1. (The 
distance between center of a circ1e of radius R 
and center of a shadow object of width d is 
denoted by m). While moving from x = ul2 to 
x = p/2, the viewing point will be Iocated in the 
penumbra; x = p/2 is reached when miR = 
(r/R) + 1. By inspection of Fig. 2-51, it can be 
seen that u = d - 2R and p = d + 2R. For the 
case of Fig. 2-54, the moving point is always in 
the penumbra from x = 0 to x = p12. 

The normalized illumination intensity as a 
function of the normalized Iocation in the 
shadow, miR, is shown in Fig. 2-55 with the 
parameter slB ranging from 0.5 to 10. Integrat­
ing the area under the curves in Fig. 2-55 to 
obtain 

1 Li j = -:- Id(mIR) 
I 0 

results in the average normalized illumination 
intensity as a function _of s/B, shown in Fig. 
2-56. Multiplying 1 - I by the normalized 
shadow width p/d = 1 + s/B results in a con­
stant (1 - I)p/d = 1, which indicates that the 
total amount oflight intensity loss in any shadow 

is equivalent to the light intensity loss by an 
umbra-type shadow which has the same width 
as the object (for parallel rays of light) and has 
no penumbra. 

Application to Solar Cell Arrays. For series 
parallel-connected solar cells subjected to a 
shadow not exceeding in width the dimension 
of the parallel connected cells, as shown in Fig. 
2-57, an equivalent total umbra shadow of a 
width corresponding to a projection of the ob­
ject can be used to determine the electrical out-

--
_Np 

I 

r---:-~ . -_ . ::;: 
Fig. 2-57. Example of shadow across a solar cell mod­
ule consisting of series-parallel connected cells.24 
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Fig. 2-58_ Normalized segment area, SiR 2 , as a function of normalized segment height, h IR. 24 

put reduction due to the shadow under con­
sideration. 

In the calculations used to determine the il­
lumination intensity distribution to the penum­
bra, the segment area of a cirele as a function of 
the segment height h must be known. This rela­
tionship is shown in Fig. 2-58. 

THERMAL ANALYSIS 

2-53_ Heat Flow and Temperature 

The solar cell operating efficiency, and thereby 
the maximum amount of power that can be 
extracted from a solar cell array, strongly de­
pends upon the cell's operating temperature. Of 
the amount of solar energy falling onto an array, 
about 80 to 90% goes into heating the array, 
while only 10 to 20% gets converted into elec­
tricity. In operation, the incident solar energy 
causes the solar cell temperature to rise to such 
a level at which the heat outflow plus the elec-

trical output balances the solar energy inflow; 
this temperature level is known as the equilib­
rium, or operating temperature. For terrestrial 
arrays, the heat outflow is by heat convection 
and radiation, while for space arrays it is by 
radiation only. Usually only a negligible amount 
of heat is transported from the array by con­
duction through the array support structure. Of 
course, the heat generated in the solar cells 
must be conducted to the array outer package, 
from which it is then radiated or convected 
away. 

The various components of radiative and 
convective heat flow that participate in a heat 
flow balance are illustrated in Figs. 2-59 and 
2-60. Obviously, the accurate determination of 
the temperature of terrestrial arrays is more 
complicated and less certain than that of space 
arrays, partly because air and sky temperatures 
are highly variable. 

Heat transfer ca1culations require knowledge 
of a number of material properties. Those of 
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Fig.2-59. Heat balance for terrestrial arrays. 

concern in radiation heat transfer are the ab­
sorptance or absorptivity, 0:, the reflectance or 
reflectivity, p, the transmittance or transmis­
sivity, T, and the emittance or emissivity, €. The 
material property of concern in heat conduction 
is the thermal conductivity, k, and the proper­
ties of concern in transient thermal analysis are 
the thermal conductivity, k, the mass, m, and 
the specific heat capacitance (at constant pres­
sure), cp . In general, all ofthese material proper­
ties are functions of temperature, their values 

~./o'"' 
/'I~ ;' -QFRONT SI OE 

,v~~"'o, 

Fig. 2-60. Heat balance for space arrays. 

tending toward zero as the absolute tempera­
ture approaches zero. 

The absorptance, 0:, is the ratio of the energy 
absorbed by a material to the energy incident 
on the surface of this material. The spectral 
absorptance o:?., is the absorptance at a specific 
wavelength, ~. The solar absorptance, O:s, is the 
spectral absorptance integrated over the solar 
spectrum 

O:s = 1"" S(~)O:A d~ 
o 

(2-64) 

where S(~) is the solar spectrum (see Sections 
9-2 and 9-6). For surfaces composed of differ­
ent materials (such as a solar cell array), an 
average or mean solar absorptance, äs , can be 
defined such that 

where 

m 
L O:SiAi 
i=1 äs =.;......;.'---­

m 

LAi 
i=1 

(2-65) 

m = number of difference surface materials 
O:Si = solar absorptance of the ith material 
Ai = area of the ith material having O:Si. 

An effective solar absorptance, äSe, which 
inc1udes the effect of electrical energy flowing 
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from the solar cells and thereby reducing the hemispherical emittance, eH, can be defined 
heating of the cells, is defmed in Eq. 2-66. such that 

(2-66) 

where 

Fp = packing factor, defmed as the ratio of 
the total active solar cell area to the 

n 
L eHiA; 
;=1 

(2-67) eH=--n--

LA; 
;=1 

total substrate area for which eiSe is to where 
be determined 

170p = solar cell operating effieiency. 

The reflectance, p, is defmed as the ratio of 
the energy reflected from the surface of a mate­
rial to the energy ineident upon the surface of 
that material. The spectral reflectance, PA' is 
the reflectance at a speeific wavelength, A. 

The transmittance, 7, is defmed as the ratio 
of energy inside a transparent material at the 
exit surface to the energy at the entrance surface 
(excluding the front surface reflectance). Fre­
quently, the total transmittance, 7 t, is defined 
as the ratio of the energy emanating from a 
transparent material to the energy ineident on 
the front surface of that material (including 
both front surface and back surface reflectance). 
The spectral transmittance, 771., is the reflectance 
at a speeific wavelength, A. 

The emittance, e, is defined as the ratio of 
the total emissive power of a gray surface to the 
total emissive power of a black surface at the 
same temperature. The total emissive power is 
the total radiant energy emitted (ejected) at a 
given temperature per unit time and per unit 
area of a surface. A black surface is the (hypo­
thetical) surface of a (hypothetical) black body 
having the characteristic of absorbing all radiant 
energy striking it and reflecting or transmitting 
none of it (Le., P = 7 = 0 and a = e = 1). The 
monochromatic or spectral emittance, eA, is the 
emittance at a speeific wavelength, A. The direc­
tional emittance, e D, is the emittance measured 
in a direction vector that makes an angle I/> to 
the normal of the surface. The normal emittance, 
eN, is the directional emittance measured per­
pendicular to the emitting surface. The hemi­
spherical emittance, €H, is the normal emittance 
integrated over 21T steradians (for experimental 
relationships between eN and eH, see Chapter 
8). For a surface composed of several different 
materials, an average, or mean, or effective 

n = number of different surface materials 
eHi = hemispherical emittance of the ith 

material 
Ai = area of the ith material having eHi' 

Radiant energy ineident upon a surface may 
either be absorbed, reflected, or transmitted. 
By the prineiple of conservation of energy, at 
any instant of time and at a given temperature, 
Eq. 2-68 holds true. 

a+p+7=1 

(2-68) 

For opaque surfaces, 7 = 0, so that we have Eq. 
2-69 in al1 its forms. 

a+p=l 

aA + PA = 1 

e=a=l-p 

eA = aA = 1 - PA (2-69) 

The conditions e = a and eA = aA are defmed by 
Kirchhoff's law, which states that at a given 
temperature the total emissive power for any 
gray surface is equal to its absorptance multi­
plied by the total emissive power of a black 
surface at that temperature. However, it should 
be noted that* 

aS "* €, as "* e D, as "* € N, as "* eH, 

eis "* EH and eiSe "* EH' 

The energy, q, emitted by a gray surface is 
given by Stefan-Boltzmann's law (Eq. 2-70). 

q = eaAT 4 

where 

e = emissivity at temperature T 
a = Stefan-Boltzmann's constant 

*", means "does not equal" 

(2-70) 
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A = emitting area 
T= absolute temperature. 

The governing physical principle in the solu­
tion of any he at transfer problem is the conser­
vation 0/ energy. For any (hypothetical) volume 
fully enclosed by a (hypothetical) surface: 

Lqin + Lqout + Lqstored = 0 (2-71) 

where qin and qout are the rates of energy flow 
per unit time and per unit area through the sur­
face, and qstored is the energy stored inside the 
volume per unit time. 

2-54. Heat Transfer by Conduction 

Consider the small slab of material of area A 
and thickness t shown in Fig. 2-61. This slab 
can be assumed to be a piece of a wall separat­
ing two media that are at different temperatures, 
T Hand h. Subscripts Hand L denote high 
and low temperature, respectively. The heat 
will be conducted through the wall in the direc­
tion of the arrow. The amount of heat flowing 
through the wall is 

(2-na) 

where the subscript k denotes conductive heat 
flow. The proportionality constant k is known 
as the thermal conductivity, or heat conductiv­
ity, of the material through which the heat 
flows. Different materials have different values 
of thermal conductivity (see Chapter 10). In 
calculus notation, the heat flow is represented 
by the rate of energy flow, q = dQ/dt, in a 
thermally conducting medium, due to a tem­
perature gradient dT/dx across this medium, 
given by Eq. 2-nb. 

-+---Q 

A 

Fig. 2-61. Conductive heat transfer. 

dT 
q=-kA -

dx 
(2-nb) 

The minus sign in Eq. 2-nb indicates positive 
heat flow in the positive x-direction in response 
to a negative temperature gradient, dT/dx (Le., 
decreasing temperature with increasing x). 

If the conducting medium is homogeneous 
and is of constant cross-sectional area, 

_d_T = _T.!.!H_----'h~ 
dx s 

where T Hand h are the high and low temper­
atures, respectively, separated by distance s. 

For heat flow through a sandwich of differ­
ent materials, the same quantity of heat, q, 
flows through each layer of the sandwich and 
results in temperature gradients, ~T/~d, across 
each layer of thickness d, whose magnitudes are 
inversely proportional to the thermal conduc­
tivity of the layers. Such a system, illustrated in 
Fig. 2-62, is defined by the set of equations 
(for heat flow per unit area) given in Eq. 2-73. 

q . ~Tl ~T2 
- - = k1 -- + k 2 --

A d1 d2 

TH - h =~Tl +~T2 (2-73) 

For radial heat flow through a cylindrical wall, 
as shown in Fig. 2-63, the area through which 
the heat flows increases with increasing distance 

L---lL-___ L-_x 

Fig.2-62. Heat flow through sandwich (above) and 
corresponding temperature profile (below). 
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Fig.2·63. Radial heat flow. 

from the center. The solution of Eq. 2·72b, 
applied to this problem, shows that the effective 
area is given by the so·called logarithmic-mean 
area (Eq. 2·74). 

A o -A· Do -D· 
Ahn = I = 1TI I 

In (Ao/A j ) In Do 
Dj 

(2-74) 

Otherwise, the heat flow is given by Eq. 2-72. A 
typical example of radial he at flow is the dis­
sipation of [2R losses from insulated current­
conducting wires. 

NO WIND 
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2-55. Heat Transfer by Convection 

The process of air-cooling of solar cell modules 
(or liquid-cooling of concentrator solar cells) 
is known as convective cooling. The amount of 
heat, q c, removed from an area A is given by 

(2-75) 

where the subscript c indicates convective heat 
transfer, h is the convective heat transfer coeffi­
cient, also known as surface or film coefficient, 
and subscripts Sand A on the temperature T 
indicate the surface and the ambient air or liquid, 
respectively. The ambient temperature is mea­
sured far away from the surface. 

Equations 2-75 and 2-72 appear similar; how­
ever, the heat transfer coefficient h depends 
upon the surface material and its roughness 
and on the coolant's velocity , temperature, 
viscosity, pressure, composition, and direction 
of flow relative to the module surface, as illus­
trated in Fig. 2-64. In still air, the angle of the 
module relative to the horizontal and adjacent 
obstructions also play a role. Depending upon 
the conditions, the value of h may change easily 
over one order of magnitude, but usually never 
more than two orders of magnitude. The largest 
temperature gradient dT/dx occurs immediately 
adjacent to and in the fust few millimeters of 
the module's surface. 

The addition of fins, pins, or spines (Fig. 
2-65) to the module's backside significantly 
increases the amount of heat that is removed 
under otherwise fixed conditions. The fins may 
be in the form of long ribs, short metal tabs, 
rods, or any other configuration. The effective­
ness of the fins depends upon the air speed, the 

WIND FROM FRONT 

Fig. 2-64. Air cooling of arrays. 
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Fig.2-65. Finned heat sinks. 

thermal conductivity of the fms in relation to 
their length and cross-sectional area, and the 
thermal coupling of the fins to the solar cells. 

Unfortunately, no simple analytical solutions 
to convective heat transfer problems exist, and 
the reader is referred to a textbook on heat 
transfer. 

2-56. Heat Transfer by Radiation 

Any surface with area A having an average hem­
ispherieal emittance EH, and being at an abso­
lute temperature T, emits heat energy at a rate 
given by Eq. 2-70. The net rate of energy flow 
between two different, geometrically neighbor­
ing surfaces at different temperatures, Tl and 
T2 , is given by Eq. 2-76. 

qnet=A l J 12 a(Tt- Ti)=A 2 J 21 a(Tt- Ti) 

(2-76) 

J is a geometric factor (also known as the "script 
F" or view factor), defmed in Eq. 2-77. 

er _ energy intercepted by A 2 
J12 -

energy emitted by A 1 

J2l = energy intercepted by Al (2.77) 
energy emitted by A 2 

The subscripts 1 and 2 refer to the first and 
second surface, respectively. All other symbols 
are as defined earlier. 

The geometrie factor, J, varies between zero 
and unity. In practice, J is determined with an 
optical instrument consisting of a polished, con· 
vex parabolic mirror. The mirror is subdivided 
into graduations that are calibrated in fractions 
of F where F = J when € = 1. That is, J includes 

effects of emissivity while Fis a purely geomet­
rie factor. Alternately, F may be computed (for 
€ = 1) from Eq. 2-78. 

(2-78) 

The symbols in Eq. 2-78 are defined in Fig. 
2-66. Geometric factors are given in some books 
on heat transfer. 

Radiation Heating in Space. Solar cell operat­
ing temperatures may be estimated by making 
the following assumptions: 

• The temperature gradient throughout the 
solar cell stack and the substrate thickness 
is zero (Le., the array is isothermal) 

• There are no thermal interactions between 
the solar cell array and other structural ele­
ments or heat sources of the spacecraft 

• The earth radiation and albedo energy in­
puts to the array are negligible. 

Fig. 2·66. Heat exchange by radiation between two 
small black surface elements. 
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For this simplified case, the heat balance This equation can be restated as Eq. 2-82. 
equation per unit area is given in Eq. 2-79. 

q in - q electrical = q out 

4 dT 
aT =-b­

dt 
(2-82) 

aSeS COs r = (eHF + €HB)aT 4 (2-79) where 

where 

aSe = effective solar absorptance (per Eq. 
2-66) 

S = value of the solar constant 
r = the angle between the solar cell array 

normal and the array-sun line 
eHF = effective hemispherical front side emit­

tance (per Eq. 2-67) 
€HB = hemispherical back side emittance 

a = Stefan-Boltzmann constant 
T = absolute temperature. 

Rearranging Eq. 2-79 results in Eq. 2-80, 
with the solar cell operating temperature, Top, 
replacing T. 

= ( aSe S cos r)1/4 
Top _ (2-80) 

€HF + €HB a 

Radiation Cooling in Space. Solar cell array 
ec1ipse exit temperatures may be estimated by 
making the following assumptions: 

• The temperature gradient throughout the 
solar cell stack and the substrate thickness 
is zero (Le., the array is isothermal) 

• There are no thermal interactions between 
the solar cell array and other structural ele­
ments or heat sources of the spacecraft 

• The emitting array surface areas on the 
front and back side are equal 

• The earth radiation and albedo energy in­
puts to the array are negligible 

a = (eHF + €HB)a 

b = mcp . 

The equivalent thermal mass, mcp , is defined in 
Eq.2-83. 

n 
mcp = Lmicpi 

i=1 

(2-83) 

In the above equation, ml is the ith mass (per 
unit array area) and cpi is the ith specific heat 
capacitance of the n different materials found 
in that unit area of array. The other symbols 
are as defined previously. 

Equation 2-80 can be restated as Eq. 2-84. 

i te ITe a -4 -z; dt = T dT 
o Top 

(2-84) 

The limits of integration for time t are from the 
start of the eclipse (te = 0) to te, and the limits 
for temperature T are from the operating tem­
perature Top to the eclipse temperature Te, 
which is reached at time te . The operating tem­
perature Top is the array or solar cell tempera­
ture according to Eq. 2-80, just prior to enter­
ing the eclipse. If t e is equal to the eclipse 
duration, Te is the eclipse exit temperature. 

Integrating both sides of Eq. 2-84 gives the 
following equation. 

• The ec1ipse is an instantaneous absence of 
solar illumination (Le., no penumbra or 
shadow). 

For this simplified case, the heat balance 
equation per unit area is given in Eq. 2-81. 

qout + qstored = ° 
( - ) 4 - dT 
€HF + €HB aT +(mcp)-=O 

dt 

(2-81 ) 

Substituting Eq. 2-82 back into Eq. 2-83 gives 
Eq.2-86. 

_ ( 3 (eHF + €HB)aT;p )-1/3 
Te(te) - Top 1 + te 

mcp 

(2-86) 
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For most practical cases, the emittance e and 
the specific heat capacitance cp are functions of 
temperature. As a first order approximation, 
both e and cp may be assumed to be linear func­
tions of absolute temperature; Le., eT = ET and 
cpT = CT. Inclusion of eT and cpT in Eq. 2-81 
leads to the following three cases. Their appli­
cability should be judged from the value of the 
expected Top and the decrease of e and cp with 
decreasing temperature, as shown in Chapter 10. 

Emittance Variable with Temperature. The 
heat balance equation becomes Eq. 2-87. 

(EF+EB)aTs+(mcp)dT =0 (2-87) 
dt 

The solution to Eq. 2-87 is given in Eq. 2-88. 

_ ( 4(EF + EB)a1"'op )-1/4 
Te(te) - Top 1 + mcp te 

(2-88) 

Specific Heat Capacitance Variable with Tem­
perature. The heat balance equation becomes 
Eq.2-89. 

(eHF + eHB) aT 3 + Cm dT = 0 (2-89) 
dt 

The solution to Eq. 2-89 is given in Eq. 2-90. 

_ ( 2("4IF + eHB)aT~p )-1/2 
Te (te) - Top 1 + Cm te 

(2-90) 

80th Emittance and Specific Heat Capacitance 
Variable with Temperature. This case is identi­
cal to that of Eq. 2-86, where both ernittance 

and specific heat capacitance are invariant with 
temperature. Hence, for most applications, Eq. 
2-86 can be expected to yield the most realistic 
eclipse temperatures. 

2-57. Electrical Heat Transfer Analogy 

The flow of heat in a thermal field is phenome­
nologically identical to the flow of electric cur­
rent in an electric field. Therefore, electrical 
networks can be used in the analysis of heat 
transfer problems. Electrical characteristics that 
are analogous to thermal characteristics are 
shown in Table 2-5. Solutions to electrical net­
work problems are discussed in Sections 2-21 
through 2-25. 

For an electrical network to analogously 
represent athermal heat flow problem, the 
governing electrical and thermal differential 
equations or integro-differential equations must 
be sirnilar, and the boundary conditions used 
for solving the equations must be sirni1ar. 

Conductive Heat Transfer. For a steady-state 
heat flow, Qt-2, from point "1" to point "2" in 
a homogeneous bar of constant cross-sectional 
area A and length L between the two points, 
the electrical analogs are as follows: 

Thermal Electrica1 Analog 

where 

k = thermal conductivity 
Tl = higher temperature 
T2 = lower temperature 

Table 2-5. Analogous Quantities. 

Electrical 

Parameter 

Charge,Q 
Current,I 
Potential, V 
Resistance, R 
ConductiVity, k 
Capacitance, C 

Unit 

coulomb 
ampere 
volt 
ohm 
per (ohm· meter) 
coulomb/volt 

Thermal 

Parameter 

Heat energy, Q 
Heat flow rate, q 
Temperature, T 
Resistance, R 
Conductivity, k 
Heat capacitance, mcp 

Unit 

watt-second 
watt 
kelvin 
kelvin/watt 
watt/(meter . 0 K) 
watt-secondfK) 
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GROUND/AIR 
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SOLAR RADIATION 

Fig.2-67. Thermal model for terrestrial modules. 

11- 2 = current flow from point" l" to point 
"2" 

Re = resistance (convective) 
VI = higher potential 

Radiative Cooling. The transient thermal equa­
tions and their respective electrical analogs ap­
pe ar below. 

V 2 = lower potential. 

Radiative Heating. For solar energy incident on 
the front surface of an array having reflectivity 
p, the amount of energy transmitted into the 
array, in both thermal and electrical analog 
notation, is given below. 

Thermal Equation Electrical Analog 

Thermal Equation 

dT 
aT 4 +b- =0 

dt 

( 
3aT3 )-1/3 

Te(te) = Top 1 + T te 

Electrical Analog 

1 4 dV 
-V +C- =0 
R r dt 
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( 
3V3 )-1/3 

Ve(te) = V op 1 + Rr;! te 

The thermal equations correspond to Eqs. 2-82 
and 2-85 and utilize the same nomenclature 
given for them (R, = radiative resistance). 

2-58. Terrestrial Array Operating Temperatures 

It has been found that the heat transfer from 
terrestrial, flat plate modules is by convection 
as weil as radiation, as shown in Fig. 2-59. For 
installations in moderate climate locations, the 
ratio of the amount of heat removed by radia­
tion to the amount of heat removed by con­
vection is typically in the range between 3: 2 
and 2: 3. A simplified thermal model for ter­
restrial flat plate modules is illustrated in Fig. 
2-67. The heat balance equation can be written 
in accordance with Sections 2-53 through 2-56 
and Eq. 2-91. 

qin - qe = qRFSG + qRFIG + qRFS + qRBSG 

+ qRBIG + qRBA + qCBA + qCFA (2-91) 

The subscripts denote the foilowing: e = elec­
trical, R = radiated, C = convected, F = front, 
E = back, IG = illuminated ground, SG = shad­
owed ground, and A = air. The "script F" 
factor for radiation he at exchange from an 
inclined module is given in Fig. 2_68.25 

RELIABILITY ANALYSIS 

2-59. Reliability and Failure Rates 

Solar array reliability analysis is a statistical tool 
with which one hopes to compute the probabil­
ity that the array will, after a given length of 
time in service, provide a given amount of 
electrical output. Typical reliability analyses 
as executed today and reported in the literature 
are concerned with expected and potential ran­
dom failure mechanisms, wearout phenomena, 
and other, naturaily occurring phenomena of a 
statistical but macroscopic nature which may, 
in time and when having occurred in certain 
combinations or frequencies, potentiaily reduce 
the available power from the array in excess of 
the predicted degradation due to the reasonably 
weil known environmental degradation factors. 

What has not been included in such reliability 
analyses are microscopic failure mechanisms 
and uncertainties in environmentaily-caused 
degradation of materials and components. 
Nevertheless, present-day reliability analyses 
can be exceilent tools to aid the array designer 
in comparing the expected performance of 
alternate design approaches as weil as in deter­
mining the weakest link in his chain of design 
elements. 

The calculated reliability , R, of a solar cell 
array is equal to the calculated probability 01 
success, Ps, for the array to produce a given 
power output at a given time, t, after deploy­
ment. The power output is that expected after 
the naturaily occurring array output degrada­
tion due to environmentally induced mecha­
nisms has taken place. The prob ability of suc­
cess is related only to component, material, or 
assembly failures, including: 

• Interconnector joint open-circuit failures 
• Solar cell short-circuit and open-circuit 

failures 
• Blocking diode short-circuit and open­

circuit failures 
• Wire, cable and connector short-circuit and 

open-circuit failures. 

Each joint or component is assumed to have 
a certain failure rate, A, given in units of num­
ber 01 lai/ures per operating hour or in units of 
bits. A failure rate of one bit is defined as 
1 X 10-9 failures per part operating hour. 
Alternately, the failure rate, A, may be given in 
units of number 01 lai/ures per temperature 
cycle, and the time, t, may be given in units of 
temperature cycles. 

Components and joints are typically assumed 
to fail in such a fashion that the probability of 
success, Ps (Le., the reliability), of each com­
ponent or joint is related to the operating time, 
t, by 

Ps =R =e-]..t 

where 

e = base of the naturallogarithm 
A = failure rate 
t = operating time (or number of tempera­

ture cycles as appropriate). 



The probability of failure, Pt, is given by 

Pt=l-ps 

For two independent failure mechanisms 
operating on a system or component, the 
reliability can be expressed as Eq. 2-92. 

(2-92) 

where 

Ab A2 = two different failure rates 
d = duty cyc1e factor (O:SO;; d:SO;; 1). 

As an example, Eq. 2-92 would be applicable 
for cases where one failure rate would apply for 
temperature-cycling-induced failures while the 
other failure rate would relate to operating 
time at the upper equilibrium temperature. 

Failure Rates. Solar cell failure rates have not 
been well established because the failure rates 
are too low to be measured accurately. The 
orbital performance of space solar cell arrays 
has indicated that the most likely open-circuit 
failure rates in orbit are on the order of 1 bit 
(Le., one solar cell fails in an open-circuit 
mode for every 1 X 109 solar cell operating 
hours), and perhaps as low as 0.01 bit. 

2-60. Failure Modes and Effects 

Reliability analysis deals essentially with failure 
modes, failure effects, and failure rates. As an 
illustrative example, consider a small, oriented 
array consisting solely of two solar cells in 
parallel by ten cells in series. Let each group of 
two paralleled cells be electrically intercon­
nected. Let the only failure mode be solar cell 
open-circuit failure (cell fracture or contact 
strip lifting), occurring at some rate. The effect 
of the first cell failure is areduction in array 
output by very nearly one-half. A second 
cell failure may cause one of two effects, de­
pending upon where this failure occurs. If it 
occurs in the paralleled cell adjacent to the 
already failed cell, the array output drops to 
zero; however, if it fails anywhere else on the 
array, no additional output losses occur. It 
can be seen that if a large number of failure 
modes, each having its peculiar failure rate, 
are postulated, failure effects can become quite 
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complex and interrelated. A large number of 
potential failure modes can indeed be listed 
and they have actually been observed in ground 
testing of solar cell arrays for space applica­
tions. Orbital array performance, however, 
seems to indicate that the failure rates of these 
failure mechanisms are typically orders of 
magnitude lower than observed in ground test­
ing. Practically, therefore, most failures can be 
lumped into a single "open cell" failure mode 
with a very low failure rate compared with the 
failure rates of other components. 

The predominant failure mode of solar cell 
circuits is the open-circuit failure of soldered 
or welded electrical joints. (Short-circuit 
failures are rare and are usually the result of 
correctable manufacturing deficiencies.) The 
effect of solar cell open-circuit failures on 
array output may be severe. 

For this reason, circuits are generally de­
signed with multiple strings paralleled at the 
cell level. In physical terms, this means that 
submodules, composed of two or more cells 
solde red or welded to a common intercon­
nector (usually at the positive contact of n/p 
silicon cells), are electrically wired in series 
to form modules. The modules, which may 
consist of 10 to 20 submodules, are then con­
nected in series to obtain the total required 
series dimension for the solar cell circuit. 

The rationale for this practice is that if 
electrical connection between any two series 
cells is lost due to an open-circuit failure, the 
remaining cells of the affected submodule will 
each carry a portion of the current of the string 
containing the open-circuited cell, thereby 
mitigating the effect of the failure. In general, 
the power lost due to an open-circuit cell 
failure decrease as the number of parallel cells 
in the submodule increases. The capability of 
the unfailed cells of an affected submodule to 
carry additional current depends upon the 
short-circuit currents and the reverse leakage 
current characteristics of the unfailed cells, 
and the array voltage available to reverse bias 
the unfailed cells. (The capability may also be 
limited by the ability of the unfailed cells and 
their electrical connections to dissipate the 
heat produced when they are reverse biased, as 
discussed in Section 2-46). 
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Fig.2·69. Solar cell array power loss due to random cell open-circuit failures (100% cell power loss) or cell frac­
tures (1%, 2.5%, 10% power loss). (Illustrative example) 

Figure 2-69 shows the percentage of solar 
array power lost as a function of the percentage 
of cells failed due to random open-circuits for 
a circuit composed of 10 parallel strings of 42 
three-cell submodules in series (1260 cells 
total). It is seen that even with paralleling at 
the submodule level, a relatively large power 
loss results from a relatively small number of 
open-circuited cells. For example, with 0.08% 
cells failed (one cell) the array power output is 
reduced by 3.3%. 

The assumptions below were used in the 
analysis which produced the results shown in 
Fig.2-69. 

• A cell "open" is defmed as one which ex­
hibits an infmite impedance which results 
in a 100% cell power loss. 

• The first cell failure in any series string 
(three cells in parallel) produces a one­
third power output loss from the string. 
(This is equivalent to a one-third current 
loss at the constant bus voltage.) 

• An additional cell failure in the same series 
string, but not in the same submodule, has 
no additional effect on power output. 

• An additional cell failure in the same series 
string and in the same submodule produces 
an additional one-third power loss. 

• A cell with apower loss less than 100% is 
defined as a cell with a corresponding short­
circuit current loss but an unchanged 1-V 
curve shape (Le., a cell having a corner 
broken off). 

• The general effect of a partial cell failure 
on power loss is to reduce power by the 
product of the partial percentage loss and 
the "one-third" factor. 

The analysis consisted of the four steps out­
lined below. 

1. Each cell was assigned a number in the 
range of 1 to 1260. 

2. Using a random number generator, each 
cell was associated with a failure event. 

3. As each cell was removed from the cir­
cuit, the power loss was assessed accord­
ing to the assumptions stated above. 

4. Figure 2-69 was plotted. Power losses of 
less than 3.3% were obtained by the di­
reet ratio of 3.3% power loss per 0.08% 
failures. 
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Fig.2-70. Required number of dual path interconnec­
tors per solar cell to meet specific string reliabilities 
when the end-of-life percentage of open joints is 
known. (Illustrative example) 

Another aspect of reliability concerns the 
number of soldered or welded connections 
made to each solar cello Figure 2-70 shows the 
relationship between the number of connec­
tions per cell and the percentage of open joints 
for cells of astring composed of single cells. 
From the figure it is dear that, within rea­
sonable bounds, as the reliability goal on the 
joint failure rate increases, the number of 
joints per cell must also increase. (Additional 
examples of solar cell array failure modes and 
effects are described in Section 6-4.) 

2-61. Reliability Models 

Reliability models are logic block diagrams that 
represent hardware systems in terms of mission 
success. Let a system S be defined by one or 
more pieces of equipment, or parts, or elements 
of parts, A, B, C, .... Let the prob ability of 
success ofthe system be defined by Ps and that 
of the parts by PA, PB, Pe, .... The system 
probability of success is as given below for a 
number of different systems, illustrated in Fig. 
2-71. The derivation of the so-called survival 
equations is based on the fact that the system's 
probability of success depends upon both the 
probability of mission success with each com­
ponent operating and the probability of mis­
sion success with any component failed. 26 For 
example, for the second system illustrated in 

RELIABILITY 
DIAGRAM 

ARRAY ANALYSIS 101 

SURVIVAL 
EQUATION 

0----@--0---@-- Ps = P APBP e 

Ps = PA+PB+Pe 

-PAPB- PA Pe 

-PBPe + P APBPe 

Fig. 2-71. Reliability models for system mission prob­
ability of success, PS. 

Fig. 2-71 (two parts in series), the prob ability 
of mission success is given in Eq. 2-93a. 

(2-93a) 

where 

PSAW = probability of mission success with 
A working 

PSAF = probability of mission success with 
A failed 

PA! = probability of A failing. 

Since PSAw = PB and PA! = 1 - PA, Eq. 2-93a 
becomes Eq. 2-93b. 

PS=PBPA +O(1-PA )=PAPB (2-93b) 

As another example of the derivation of the 
survival equation, consider the fourth reliability 
diagram in Fig. 2-71 (two parts in parallel). The 
symbols are as defined for Eq. 2-93c; however, 
their values are different: 
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= 1 PA +PB(1- PA) 

=PA +PB - PA PB (2-93c) 

Actual solar cell array models are composed 
of many detailed reliability diagrams and the 
survival equations become quite complex.27 

ORBITAL ANALYSIS 

2-62. Spacecraft Motion in Orbit 

Mter launch, a spacecraft may be in powered 
or unpowered flight, depending upon whether 
or not a rocket propulsion system accelerates 
the spacecraft. The flight path of a spacecraft 
is known as its orbit. Frequently, but not uni­
versally, closed-Ioop flight paths are termed 
orbits whlle open-Ioop flight paths are called 
trajectories. 

When under power, the spacecraft usually is 
on a spiralling type of path. When unpowered, 
the flight path can be described (to a first-order 
approximation) by a conic section. A conic sec­
tion would describe the flight path accurately 
if the spacecraft would be subject only to the 
gravitational forces from the planet or other 
celestrial body, known as the central body, it 
is intended to orbit or pass. In practice, how­
ever, other celestial bodies exert gravitational 
forces, the sun exerts solar radiation pressure 
(especially on spacecraft having area-to-mass 
ratios greater than approximately 2.5 m2/kg), 
and" at lower altitudes (below 475 km above 
the earth), aerodynamic drag exerts forces on 
spacecraft that perturb a purely conic-section 
orbit. Spacecraft orbits about the earth are 
also perturbed by the earth's non-spherical 
mass distribution and by electromagnetic 
forces (both due to interactions between the 
earth's magnetic field with electromagnetic 
fields produced by current loops on the space­
craft, and due to electrostatic charging of the 
spacecraft in the space plasma) in addition to 
the gravitational forces exerted by the sun and 
the moon. 

A spacecraft in an elliptic orbit around a 
central body reaches its lowest or highest alti­
tude at an apsis (the plural of apsis is apsides). 
The point nearest the central body is periapsis 
and the farthest point is apoapsis. A line drawn 

between periapsis and apoapsis, called the line 
01 apsides, lies in the orbit plane and passes 
through the center of the central body. The 
apsides of an earth orbit are called perigee and 
apogee, those of a solar orbit are called peri­
helion and aphelion, and those of a lunar orbit 
are called perilune and apolune. 

2-63. Simplified Orbit Theory 

Simplified orbit theory is concerned with the 
description of the orbits of two bodies about 
each other, without consideration of perturba­
tions of the orbits by the actions of other 
forces. Perturbations are of significance to satel­
lite mission planners and attitude control sys­
tem designers, but are usually negligible for 
solar cell array design work. 28 - 34 

Energy and Momentum. Mter launch, aspace 
vehicle accelerates away from the earth. At 
some time after launch, the booster or propul­
sion stage will burn out or will be shut down 
and the spacecraft will be released from the 
remaining launch vehicle. Mter release, the 
spacecraft will possess kinetic energy, E k , and 
potential energy, Ep , given by Eq. 2-94. 

E = Ek + Ep = mv2/2 - /J.m/r (2-94) 

where 

m = spacecraft mass 
v = spacecraft velocity 
r = distance between the spacecraft and the 

center of earth ' 
-/J. = gravitational parameter (the minus sign 

is based on the convention that the 
potential energy of a body is zero if it is 
at infmity). 

The gravitational parameter is defmed for 
the earth by Eq. 2-95. 

/J.=Gme 

where 

G = Universal Gravitational constant 
me = mass of the earth. 

(2-95) 

In the absence of drag forces or additional 
propulsion efforts (from the attitude control 
system, for example), the energy of the space-



Fig.2·72. Definitions for angular momentum. 

craft will be conserved (Le., will remain con­
stant with time). 

The moving spacecraft also possesses mo­
mentum which is conserved throughout the 
spacecraft's life. Linear momentum of a point 
mass m is defmed as mv and angular momen­
turn as mr2w, where r is the distance of the 
point mass from a center and w is the angular 

. velocity. The tangential velocity of the rotating 
point mass is wr, pointing in a direction per-
pendicular to r. For a satellite in an elliptic 
orbit about a central body (illustrated in Fig. 
2-72), the angular momentum is given by 

H= mrv cos cf> 

where 

m = satellite mass 
r = satellite-center of central body distance 

along the local vertical 
v = tangential satellite velocity (same as in 

Eq.2-94) 
cf> = angle between the tangential velocity 

vector (direction of velocity ) and the 
normal to r, also known as the local 
horizontal. 

The spacecraft energy E and angular momen­
turn H will determine the orbit altitude (more 
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correctly, the distance r) as a function of time. 
The orbital relationship is given by Kepler's 
first law, which, when applied to spacecraft, 
states that spacecraft will describe closed cir­
cular or elliptic orbits about central bodies if 
they are permanently associated with them 
(Le., when their velocity is lower than the 
escape velocity for the particular central body), 
or they will describe open parabolic or hyper­
bolic orbits if they are not permanently as­
sociated with them. 

Kepler's first law can be stated mathemati­
cally by the so-called vis viva or energy equation 
(Eq.2-97). 

(2-97) 

As defined in Fig. 2-73, a is the sernimajor axis. 
For a circular orbit r = a, Eq. 2-97 reduces to 
Eq.2-98. 

v~ = J.I./r (2-98) 

Vc is known as the circular velo city . When the 
spacecraft possesses the escape velo city ve , the 
orbit becomes a parabola with a = 00. 

(2-99) 

The orbital parameters (illustrated in Fig. 2-73) 
are related to spacecraft energy and angular 
momentum as in Eqs. 2-100 and 2-101. 

a = -J.l./2E 

b2/a =H2/J.I. 

(2-100) 

(2-101) 

b is the semi-minor axis. The eccentricity of the 
ellipse, e, is geometrically related to a and b as 
shown in Eq. 2-102. 

(2-102) 

SPACECRAFT LOCAT/ON 

APOAPSIS 

Fig_ 2-73. Geometry of the ellipse (one-half of ellipse shown for illustration). 
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Closed Orbits. A satellite in an elliptic orbit 
about a central body describes a path as illus· 
trated in Fig. 2-73 and given by Eq-2-103a. (All 
symbols are as defmed previously and v is the 
angle between apoapsis and P, known as the 
true anomaly.) 

a(1-e2 ) 
r= 

1 - e cos v 
(2-103a) 

If the angle is measured from periapsis, Eq. 
2-103b holds true. 

a(1-e2 ) 
r= 

l+ecosv 
(2-103b) 

(For analytical convenience, note that 1 - e2 = 
(1 + e)(1 - e) and that one of these terms can­
cels with the denominator if v = 0 or v = 1T.) 

Orbit Period. The period of a satellite in an eI­
liptic orbit is measured by the time between 
successive passes of a characteristic point on the 
orbit (such as periapsis). From Newton's formu­
lation of Kepler's third law. the period, T, is 
related to the semi-major axis by a constant, k. 

T 2 = ka 3 (2-104) 

where 

(2-105) 

Eq. 2-104 shows that the period is independent 
of the orbit eccentricity. 

2-64. Altitude in EllipticJltbit 

The altitude of a spacecraft (as a function of 
time) in an elliptic orbit may be of interest to 
a solar cell array designer for estimating the 
solar cell radiation damage (described in Sec­
tion 3-32). Ordinarily, this information would 
be available from the orbital analyst assigned to 
the same project. However, in the absence of 
such data, the array designer may have to per­
form his own analysis. 

The relationship between time and position 
in orbit is given by Kepler's second law, which 
states that a straight line between the centers of 
the two bodies orbiting each other (in any closed 
or open orbit) sweeps out equal areas in the or­
bital plane in equal intervals of time. Letting 
the incremental area swept out in incremental 

time dt be denoted by dA, we have Eq. 2-106, 
where r is given by Eq. 2-103. 

dA r2dv 
- = -- = constant 
dt 2dt 

(2-106) 

The solution of transcendental Eq. 2-106 must 
be obtained by nu~erical or graphical methods. 
From the solution, the altitude, h, is found 
from Eq. 2-107, where r is given by Eq. 2-103 
and R is the mean radius of the idealized spheri­
cal earth. 

h =r-R (2-107) 

Eq. 2-106 can be solved numerically, for ex­
ample, using the following procedure and a 
digital computer; the program can be written 
easily. 

1. Divide the half-ellipse of Fig. 2-73 into n 
sectors of equal area, each sector having 
an area of An. 

An = 1Tab/2n (2-108) 

2. Note that the area of each sector is given 
by Eq. 2-109, where r is given by Eq. 
2-103. 

j b 1 
A = -r2dv 

n 2 
a 

(2-109) 

Numerically integrate Eq. 2-109 by incre­
menting v in small steps, starting from a = 
o to such a value of b where An approxi­
mately equals the value of An computed 
from Eq. 2-108. Also compute the corres­
ponding values of r and h. Next, let b = a 
and repeat the process until the areas and 
values of h for all n segments are com­
puted. The values of b thusly determined 
(while v is varied from 0 to 1T radians) are 
separated by n equal time intervals. 

3. Divide the orbit period T into n equal 
time intervals and plot h versus successive 
time intervals, or tabulate the results for 
further use. 

2-65. Location in Space 

The location of a spacecraft in three-dimen­
sional space requires both the definition of a 
coordinate system and the description of the 



spacecraft position within that coordinate sys­
tem. Hence, six parameters are required to 
uniquely determine the Iocation of the space­
craft. 

One important property of a coordinate sys­
tem is that it is inertial (Le., non-rotating in 
time, but free to translate). For mathematical 
correctness, heliocentric, geocentrie, or other 
coordinate systems are in use, their choice de­
pending upon the problem to be solved. For 
orbits about the sun, a heliocentric system is 
the obviously preferred choice, while for earth 
orbits a geocentric system is preferred. 

The Geocentric Coordinate System. Let us de­
fine a eelestial sphere of infinite radius whose 
center coincides with the center of the earth. 
All celestial bodies are projected onto the sur­
face of the celestial sphere as they appear in the 
sky as seen from the earth. A plane of infmite 
extent through the earth's equator (the equa­
torial plane) defmes the eelestial equator on the 
celestial sphere. 

Let the origin of the geocentric coordinate 
system be located at the center of the immov­
able, but spinning earth (daily rotation), and let 
the X- and Y-axes lie in the equatorial plane. 
The Z-axis then is coincident with the earth's 
spin axis. Also, let the X-axis point toward the 
first point of Aries, a point on the celestial 
sphere that originally pointed to, but is now 
displaced by, an angle of about 300 from the 
constellation Aries. The first point of Aries is 
now defined by the !ine of interseetion between 
the earth's equatorial plane with the ecliptic 
plane, also known as the line of equinoxes or 
the line of nodes. The resulting coordinate sys­
tem is shown in Fig. 2-74. In this coordinate 
system, the sun will orbit the earth counter­
clockwise in the ecliptie plane and will cross the 
X-axis at the vernal equinox. The angle e be­
tween the equatorial and ecliptic planes is 
constant. 

A spacecraft in orbit about the earth moves 
in its orbit plane. The line of intersection be­
tween the orbit and equatorial planesis called 
the Une of aseending nodes. The angle subtended 
by the line of ascending nodes and the X-axis, 
measured counter-clockwise in Fig. 2-74, is 
known as the argument (angle) of the right 
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Fig.2-74. Geocentric equatorial coordinate system. 

ascension or, in short, the _right aseension, n. 
The angle between the orbital and equatoriaI 
planes is the orbit illt;lingtion, ia. 

Of the many different sets ür-six parameters 
that can describe the position of a spacecraft in 
space, the following is a convenient set: 

• Orbit inclination, ia 

• Orbit semi-major axis, a 
• Orbit eccentricity, e 
• Right ascension, n 
• Epoch time, to 
• Argument of perigee, v. 

The first and fourth parameters are defined 
above, and the second and third parameters are 
defined in Section 2-63. The epoeh (instant of 
time) may be any arbitrary point in time, to, 
from which significant events are counted. Some 
examples of epoch are launch date and time, 
when passing perigee, or time when passing the 
ascending node. 

The argument of perigee is the angle measured 
in the orbital plane from perigee to the line 
from the center of the earth to the spacecraft 
known as the loeal vertieal. This angle is the 
same as v in Fig. 2-73 and is related to time as 
shown in Section 2-64. A plane perpendicular 
to the local vertical is known as the loeal hori­
zontal. 

Orbit Inclination. A spacecraft launched from 
a launch site, located at L 0 latitude, at an azi­
muth angle of A 0 (Le., the vehicle's heading 
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measured clockwise from true north) will enter 
an orbit whose plane is inclined i; to the equa­
torial plane such that Eq. 2-110 is true. 

cos ia = cos L sin A (2-110) 

For Cape Kennedy, L = 300 N, and for Van­
denberg, L = 35°N, approximately. For range 
safety reasons, however, not all values of Aare 
permissible, so that some orbit plane inclina­
tions must be obtained by special maneuvers. 

The orbit plane inclinations determine the 
movement of the line of ascending nodes (known 
as precession) as shown below, when the North 
Pole is viewed from the star Polaris. 

IncIination 
(deg) Orbit Type Precession 

0 Equatorial Counter- c10ckwise 
0< ia < 90 Posigrade Counter- c10ckwise 

90 Polar Stationary 
90< ia < 180 Retrograde Clockwise 

2-66. Illumination of the Orbit Plane 

The angle of incidence of the sunlight on the 
orbit plane is of interest to the conceptual solar 
cell array designers and constitutes a significant 
driving function for defining the array's geo­
metrie configuration and sun orientation mech­
anism. 

The angle of sunlight incidence on the orbit 
plane, ß, is defmed as the geocentric angle be­
tween the so-called solar vector (the earth-sun 
line) and the local vertical (spacecraft-earth 
center line) in the orbit plane when the space· 

craft is closest to the sun (orbit noon).35-38 
The angle ß is given by Eq. 2-111. 

sin ß = A(B sin 1 cos Q - cos 1 sin Q) - C sin 1 

(2-111) 

where 

A = sin ia 

B=cos€ 
C = cos ia sin €. 

ß is positive when the sun is seen from the earth 
to lie above (north of) the orbit plane (see Fig. 
2-74). The sun central angle, 1, is measured in 
the ecliptic plane from the X-axis to the earth­
sun line, and is approximately given by Table 
2-6. The rate of change of 1 due to the earth's 
rotation about the sun (or the sun's rotation 
about the earth as defined in Fig. 2-73), is de­
noted by d1/dt and is given approximate1y by 
Eq.2-112. 

d1/dt = 360/365.24 = 0.98565° /day 

(2-112) 

If 1 is related to a specific angle 10 at time to 
(such as the launch or equinox), 1 is given at a 
later time t by Eq. 2-113. 

dy 
1=10 +(t- to)­

dt 
(2-113) 

The angle of the right ascension, Q, decreases 
with time, mainly due to effects caused by the 
earth's oblateness. The time rate of change of Q 
is given approximately for circular earth orbits 
by Eq. 2-114. 

labia 2-6. Calculated Values of the Sun Central Angle. 

Approximate Approximate 
Season Calendar Sun Central Solar 

(Northern Approximate Duration Day, t Angle, Y Declination 
Hemisphere) Starting Date (days) (day) (deg) (deg) 

Spring 21 March 92.77 79.4 0.0 0.0 
(Vernal Equinox) 

Summer 21 June 93.50 172.2 88.0 +23.44 
(Summer Solstice) 

Autumn 23 September 89.85 265.7 183.4 0.0 
(Autumnal Equinox) 

Winter 22 December 89.12 355.6 271. 0 -23.44 
(Winter Solstice) 

TOTAL 365.24 



dn JR 2p.1/2 cos i _= a 

dt (R + h)7/2 
(2-114) 

For elliptic earth orbits, the time rate of change 
of n is given by Eq. 2-115. 

(2-115) 

where 

J = 1.624 X 10-3 , the dimensionless, general 
coefficient of gravitational harmonics 

p. = 3.986 X 105 km3 • seconds-2 , the prod­
uct of the universal gravitation al constant 
and the mass of the earth. 

All other symbols are as previously defined. At 
time t after the launch (or other epoch) time 
to, Eq. 2-116 holds true. 

dn 
.q = no + (t - tO)7t (2-116) 

If in Eqs. 2-114 or 2-115 dt is replaced by 
the orbital period Tper Eq. 2-104, the resulting 
angle increment An gives the regression in de­
grees longitude between successive orbits. For 
example, Eq. 2-115 becomes Eq. 2-117. 

(2-117) 

Examination of Eq. 2-111 reveals that ß varies 
cyclically at a relatively rapid rate between 
limits that vary at a slower rate. The rapid rate 
is due to dn/dt and is of peak-to-peak magni­
tude IßI = 2lia l. The slower rate is due to d'Y/dt 
and determines the variation of the cyclicallimit 
band for ß between an upper limit of (ia + e) at 
summer solstice. At the vernal and autumnal 
equinoxes, the limit band restricts ß to the range 
ofß= ±ia . 

The largest or smallest values of ß for certain 
values of'Y and n may be found by differentiat­
ing Eq. 2-111 with respect to each of these angles 
and setting the results equal to zero. The corres­
ponding values of'Y and n for which ß is a max­
imum (or minimum), denoted by the subscript 
ßm, can be found from Eqs. 2-118 and 2-119. 

(2-118) 

AR RA Y ANALYSIS 107 

C-ABcosn 
tan 'Yßm = A sin n (2-119) 

Special Cases. Equatorial synchronous and sun­
synchronous orbits constitute two special cases 
that illustrate the variation of ß during one 
year. For equatorial orbits, 

ia = 0 

ß = sin-1 (sin e sin 'Y). 

The variation of ß during one year is from -e to 
+e or from -23.44° to +23.44°. The variation 
of ß during one orbit is zero. For polar orbits, 

ia = 90° 

ß = sin-1 (cos e sin 'Y cos n - cOS'Y sin n). 
By selecting a combination of the orbital 

parameters a and e, one may hope to achieve 
d'Y/dt = dn/dt. (Eqs. 2-112, 2-113, and 2-114, 
for defmition). If 'Yo and no (Eqs. 2-113 
and 2-116) could be made equal, a sun-synchro­
nous orbit with ß varying according to ß = 
sin -1 (0.0413 sin 2'Y), or between ±2.3°, would 
result. In practice, such sun-synchronous orbits 
can be achieved only for relatively low-altitude 
circular orbits with inclinations between 92° 
and 112° and the variation in ß being corre­
spondingly larger. Spacecraft in sun -synchronous 
orbits, also known as constant sunlight orbits, 
may or may not be subject to eclipses due to 
the earth's shadow, depending upon the combi­
nations of the orbital parameters. 

2-67. The Sun Angle 

The sun angle 8 was defined in Section 2-49 as 
the angle between the spacecraft-sun line and a 
central axis (or spin axis) of the solar cell array, 
measured in a plane defined by the spacecraft­
sun line and the spacecraft central axis. Once 
the sun angle is known, the angle of illumina­
tion (Le., the angle between the solar vector 
and the outward normals to the solar cell array 
surfaces) can be determined by the formulas 
given in Section 2-49. 

The sun angle 8 is determined by the degrees­
of-freedom of the solar cell array orientation 
capability. The degrees-of-freedom are deter­
mined by the number ofaxes about which the 



108 1 I SOLAR CELL ARRA YS 

Table 2-7. Solar Cell Array 
Degrees-of- Freedom. 

Number cf Number of 
Spacecraft Array 

Axes Axes 

0 0 

0 

0 

0 

0 

0 

0 

Array 
Degrees-of­

Freedom 

0 

Maximum 
Range of e 
(clegrees) 

±180 

±~ 

o to ±ß 

±ß 

o to ±ß 

0 

o to ±ß 

0 

0 

array can be rotated, as illustrated in Table 2-7. 
Obviously, any three degree-of-freedom orien­
tation methods can achieve the desired condi­
tion of 8 = 0° . 

To illustrate the relationships between 8 and 
the orbit characteristics, consider the spacecraft 
with a two degrees-of-freedom array in Fig. 
2-75. For convenience, let the earth-pointing 
spacecraft roll axis be coincident with the local 
vertical, and let the array articulation axis lie in 
the orbit plane. Let the spacecraft location be 
given by the position angle, T, measured in the 
orbit plane in the direction of the spacecraft 
motion from orbit noon (the point on the orbit 
path which is closest to the sun). (In the special 
case illustrated in Fig. 2-74, orbit noon is coin­
cident with one of the apsides and T = v, where 
v is defmed by Eq. 2-103). For this spacecraftj 
array configuration, the sun angle is related to 
the other angles by Eq. 2-120. 

EARTH 

ARRAY 
ARTICULATION 
AXIS 

FjgJd5. Deimition of geometry for determination 
~of sun angle, (), between sun line and array central 
axis. 

cos (} = (cos a cos p sin ß + sin a cos T COS ß 

- cos a sin p sin T cos ß) (2-120) 

where 

a = array articulation angle between the ar­
ray central axis (pointing away from the 
earth) and the local horizontal 

ß = illumination angle of the orbit plane, as 
defmed in Section 2-66 

p = spacecraft roll angle (p = 0 when the ar­
ray articulation axis lies in the orbit plane, 
increasing counter-clockwise when viewed 
in the direction of the roll axis toward 
the earth) 

T = angle from solar noon, as described above. 

Equation 2-120 degenerates into simple ex­
pressions for some frequently used array con~ 
figurations and orientation methods, as illus­
trated below.37- 42 

For body-mounted, spinning arrays in equa­
torial orbits, with the spin axis perpendicular to 
the orbit plane and pointing northward, 

cos (} = sin ß. 

With the spin axis pointing toward the earth 
along the local vertical, 

cos 8 = cos ß COS T. 

For oriented, one degree-of-freedom arrays in 
equatorial orbits, the central axis is pointed 
into the direction of the sun (but not necessarily 
directly at the sun) and the tracking mechanism 
maintains this pointing direction. (Example: 
the array rotates about an axis through the 
spacecraft while the spacecraft orientation 
(pitch, roll, and yaw) is not available to aid in 
the array orientation.) For this case, 

8 =ß. 

2-68. Solar Eclipses 

Whenever the earth moves into the spacecraft­
sun line, the solar illumination of the solar cell 
array is interrupted. The length of time of this 
interruption, known as the solar eclipse (or 
occultation) time, depends upon the orbit alti­
tude and the ß-angle, as defined in Fig. 2-74 
(discussed in Seetion 2-66). A fraction of sun 
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Fig. 2-76. Per cent sun time as a function of altitude 
and sun angle for circular orbits. 

time in orbit,!, is defined in Eq. 2-121, where 
t j is the time of illumination and T is the orbit 
period, according to Eq. 2-104. 

f=tdT (2-121) 

For circular orbits, Eq. 2-122 is true, where R 
and aare as defmed in Sections 2-63 and 2-64, 
and ß is given by Eq. 2-111. 

1 1. -1 {[1 -(R/a)2] 1/2} 
f=-+-sm 

2 1T COS ß 

(2-122) 

Figure 2-76 shows the variation of f (ex­
pressed in percent rather than in fractional 
form) with orbit altitude and ß.43 
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3 
Array Design 

DESIGN CONCEPTS 

3-1. The Design Process 

The process of engineering design, in general, 
can be described in many ways. In the least 
formal sense, it is the movement from the 
general to the specific, from disorder to order, 
and from thought to matter. In the most formal 
sense, it consists of the identification of a set of 
design requirements and constraints followed 
by the steps of synthesis, analysis, selection, 
fabrication, test, and evaluation. On the one 
hand, the design process is logical and mathe­
matical; on the other hand, it is intuitive and 
defies description. The process is affected by 
the kind of product to which it is applied, by 
the organizational environment under which 
it is applied, by time and fisca1 constraints, 
and-perhaps most important-by the skills, 
experience, and personalities of the personne1 
responsible for its execution. 

The design process for solar cell arrays is es­
sentially identical to the general design process, 
with perhaps one major exception being the 
relatively large number of design constraints 
imposed on the design of space arrays. More 
than most other components on a modern 
spacecraft, the solar ceB array has a very notice­
able design impact on almost any other sub­
system or system on board. 

3-2. Design Phases 

The design process begins with the conceptual 
design phase during which the general nature of 

a new terrestrial or space system and an associ­
ated solar cell array are conceived and defined. 
Trade-off studies involve concepts rather than 
precise answers. The typical result of this phase 
may be the selection of a fIXed or oriented 
array, or of a low- or a high-voltage array, hav­
ing an approximate specified area. 

In the following preliminary design phase, 
solar cells, covers, substrates, and other parts 
and materials are selected and a detailed design 
evolves on paper. Design optimization and 
trade-off studies involve more accurate ana1yses 
that are usually supported by computer model­
ing and exploratory testing of new components 
and materials. 

During the final design phase, the solar cell 
layout is definitized and the fma1 components, 
parts, and material selections are made. The 
performance and characteristics of the fina1 
design are predicted accurately. 

The product design phase, typically concur­
rent with the final design phase, leads to the 
design of the array package and the preparation 
of the production drawings. 

During the design verification phase, also 
known as the qualification phase, the new 
design is subjected to formal verification tests 
and review of the analyses to demonstrate its 
adequacy. 

Not aB projects have a11 these design phases; 
frequently, existing designs are modified with 
minimal effort, and their adequacy is demon­
strated by similarity with existing hardware. 

Even though the division of the design pro-

111 
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cess into the various design phases may be of 
great significance within a given project organi­
zation, it is of no consequence to the treatment 
of technical design activities described in the 
remainder of this chapter. 

3-3. Design Personnel 

In practice, the solar cell array designer is a 
member of a design team. Furthermore, he is 
most likely a specialist in a particular field. 
During the entire array design process, many 
designers will have contributed to the design, 
each in his own right. 

The early conceptual design is frequently 
done by a systems specialist whose main con­
cern is to evolve the overall power system con­
cept. The solar cell a"ay specialist gets involved 
no later than during the preliminary design 
phase. Actually, he is more of an "a"ay gen­
eralist" than a specialist, because he must now 
consider the many aspects and interfaces of 
importance in the design process. Frequently, 
he assurnes a technical managing role as a 
responsible engineer. Especially during the 
intermediate and final design phases, he is a 
member of the design team which evolves the 
detailed design. Other members of this design 
team typically inc1ude specialists from the fol­
lowing engineering areas: product (packaging) 
design, structures, electrical design, materials 
and processes, quality assurance, testing, manu­
facturing engineering, thermodynamics, heat 
transfer, procurement, reliability, and others. 

3-4. Uncertainties and Risks 

Even though solar cell arrays have been suc­
cessfully designed, fabricated, and deployed in 
space or on the ground for nearly two decades, 
there is no design which has been or will be 
carried forward with full knowledge of all the 
important facts pertaining to the environment, 
materials, or processes. For this reason, the 
designer must be able to cope with uncertainty 
to the extent that he must attempt to quantize 
uncertainty and use it as a design parameter. 
This need for quantization of uncertainty arises 
from the need to transmit from one engineer to 
another, from the array designer to the system 

designer, and from the technical personnel to 
the manager, the risks associated with one 
design approach or another. In this sense, the 
progression from the conceptual through the 
final design stages can be viewed as reduction, 
but not elimination, of uncertainty. 

3-5. Design Optimization 

Design optimization is an ongoing process 
which is particularly important during the early 
(conceptual) design phase of a project. Fre­
quently not recognized as such, design optimi­
zation is a direct result of informal design 
critiques that take place between interfacing 
design team members. Often, informal design 
critique leads to significant design improvement 
(Le., design optimization). 

Design optimization activities mayaIso result 
from the findings of formal design reviews, 
customer redirections, improvements made in 
components and materials by suppliers, and 
new research and development efforts under­
taken elsewhere. The design process typically 
requires reiterative selection and arrangement 
of components and materials and repeated 
design analysis. 

The purpose of design optimization may be 
to truly optimize the overall system, or just the 
solar cell array, with respect to some definite 
criteria (such as lowest cost or lowest weight), 
or it may be to achieve a balance between 
various design objectives. It should be realized 
that a weIl optimized overall system may lead, 
by necessity, to a highly non-optimized solar 
cell array design. Therefore, it is incumbent on 
the array designer to interface thoroughly and 
frequently with the overall system designers-as 
weIl as other involved subsystem designers-to 
assure that the results of any array design or 
redesign activities meet the overall system 
design objectives and, only secondarily, opti­
mize, in consonance with the overall system, 
the array design. 

Design optimization criteria of significance 
to the solar array designer may include the fo1-
lowing: power output at significant mission 
events (such as at maximum solar distance, 
worstcase off-pointing, or end-of-life), array 
mass, array size, array cost, development time 
and risk factors, and reliability. 



3-6_ Design Requirements, Criteria, 
and Interfaces 

Design requirements are the basic technical 
statements that delineate the designer's task 
and determine the ultimate acceptability of the 
design by the customer. A typicallist of design 
requirements is given in Table 3-1. These re­
quirements come from several different sources; 
the power output requirements are inherently 
specified, but the conditions under which this 
power can be produced relate to the natural 
environment (sunshine, environmental degrada­
tion, etc.), the induced environment (operating 
temperature, etc.), other requirements (me­
chanical strengths, reliability, etc.), design inter­
faces (cabling, orientation system, etc.), and 
design criteria. 

Design criteria are technical statements, 
based on value systems, that are intended to 
relate to success or faHure. Design criteria may 
or may not affect array performance. There­
fore, such criteria will always be surrounded 
by controversy. Nevertheless, they must be 
established and they are as "real" as any other 
requirements in terms of their impact on parts 
procurement, fabrication and rework cost, 
quality assurance or customer buy-off, and 
delivery dates. Typical examples of the more 
frequently encountered design criteria are given 
in Table 3-2. (The index facilitates finding the 
sections that provide more detailed discussions.) 
The code for the "Category" column is given 
below. 

F = Functional; potentially affects perfor­
mance, life, or reliability. 

Table 3-1. Design Requirements. 

Power output 

Average power 
Peak power 
Power profile per day or per orbit 
Maximum power voltage profile 
Energy per day or per orbit 

Conditions under wh ich power output must be met 

Illumination 
Intensity (solar eonstant) 
Spectrum (air mass) 
Solar distance (season) 
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Table 3-1. (Continued) 

Conditions under which power output must be met 

Orientation (off-pointing) 
Shadowing 

Temperature 
Operating range 
Ambient conditions 

Electricallosses 
Solar cell interconnections 
Wiring, connectors, circuit breakers 
Slip rings 
Blocking diodes 
Mismatch 

Reliability 
Grounding (electrical) 

Electromagnetic interference 
Electro sta tie charging 

Meehanieal 
Size and dimensions 
Weight (mass) 
Center of gravity 
Stiffness (rigidity) 
Strength 

Life 
Wear-out life 
End-of-mission 

Environmental-space (ground) 
Storage, handling, testing 

Environmental-space (launeh) 
Pressure/altitude 
Acceleration 
Shock 
Vibration and acoustic noise 

Environmental-space (on-orbit) 
Temperature cycling 
Charged partic1e radiation 
Ultraviolet radiation 
Micrometeoroids 
Deposits 
Magnetic c1eanliness 
Magnetic moment 

Environmental- terrestrial 
Storage, handling, testing, installation 
Ultraviolet radiation 
Deposits and dirt accumulation 
Humidity 
Temperature cyc1ing 
Weathering 

Miscellaneous 
Transducers (temperature) 
Test points 
Transportability 
Repairability 
Transient overvoltage 
Schematic diagram 
Insulation resistance 
Dielectric voltage break down strength 
Identification and marking 
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lable 3-2. Design Criteria. 

Criteria Category Applicability 

Design-related 

Potential failure modes and effects F S,T 
Circuit fault isolation F S,T 
Redundancy F S,T 
Design margin F S,T 

Electrical F S,T 
Mechanical F S,T 
Thermal F S,T 

Electricallayout F S,T 
Insulation resistance and voltage breakdown F S,T 
Defects induced by environmental testing D S,T 

Cell and cover cracking D S,T 
Interconnector and wire breakage D S,T 
Bond separations D S,T 

Testability (test points, connectors, etc.) D S,T 
Handleability (handling fixtures, protective 

covers, etc.) D S,T 
Protusions (snagging clothing) D S,T 
Packing density D S,T 
Repairability D S,T 
Manufacturability (parts size, complexity, etc.) D S,T 

Workmanship 

Solder fillets D S,T 
Welding electrode irnprints D S,T 
Wire wrapping on terminals D S,T 
Coverglass positioning over solar cell D S 
Wire routing and lead dressing D S 
Wire bonding to substrate (size, shape, etc.) D S 
Cell interconnector deformations D S 
Material and parts discolorations D S,T 
Adhesive in cell-to-cell gaps D S 

Cleanliness 

Solder flux residue on parts D S,T 
Solder flux residue on coverglass D S 
Adhesive on coverglass D S 
Dust and dirt on coverglass D S 
Fingerprints on coverglass D S 
Fingerprints on thermal control paint D S 

Imperfections 

Coverglass edge and corner chips D S 
Cracked covers D S,T 
Solar cell edge and corner chips D S,T 
Cracked solar cells D S,T 
Thermal control coating scratches D S 
Cell interconnector deformations and 

discolorations D S,T 
Pinholes in cover or cell filter coatings C S 



D = Decisionable; either functional or cos­
metic, depending upon a specific design 
for a specific mission. 

C= Cosmetic; has no measurable or other­
wise demonstrable impact on the func­
tional performance. 

In the "Applicability" colurrm: 

S applies for space arrays 
Tapplies for terrestrial arrays. 

Design interfaces delineate the interactions 
between designers that are responsible for dif­
ferent elements of the design (array, orientation 
drive, power control, etc.), as weil as the physi­
cal mating requirements for mechanical and 
electrical elements (mounting brackets, con­
nectors, etc.). Iable 3-3 provides a checklist 
for the most frequently encountered interfaces. 

Table 3-3. Solar Cell Array Design Interfaces. 

Interfacing Design 
Activity 

Overall sy stern 

Mechanical 

Thermal 

Electrical 

Nature of Data 

Size and configuration 
Orientation to sun 
Shadows and reflections 
Concentration 
Solar distance 

Substrate 
Size and geometry 
String layout 
Unavailable areas 

Weight 
S tructural support 
Deployment system 
Orientation drive 
Methods of mounting and 

structural support 

-Array temperature 
Operating temperature 
Extreme low temperature 
Extreme high temperature 

Thermophysical 
Cell operating 

efficiency 
Absorptance, emittance 
Thermal control 

coatings 
Deposits (outgassing) 

Arrayoutput 
Power levels and 

profiles 

ARRAY DESIGN 115 

Table 3-3. (Continued) 

Interfacing Design 
Activity Nature of Data 

Magnetic 

Ground handling 
and test 

Programmatic 

Minimum, mean, 
maximum 

Beginning/end of life 
Maximum power 

voltage 
Power quality (ripple, 

etc.) 
Bus impedance 

Interconnections 
Cabling connectors 
Circuit arrangement 
Transducers (tempera-

ture sensors, etc.) 
Wiring and blocking 

diode losses 
Fault isolation and 

prevention 
Blocking diodes 
Redundancy 

Electromagnetic Com­
patibility (EMC) 
Grounding 
Electrostatic charging 

protection 
Twisting and shielding 

ofwires 
Arcing and corona 

Attitude control 
Cancellation of mag­

netic moments 
Experiments (spacecraft) 

Non-magnetic materials 

Provisions for mounting 
Protective covers and 

containers 
Permanent or temporary 

handling facilities 
Test points and 

connectors 

Cost 
Development time 
Procurement time 
Risk 

3-7. Policy Constraints 

Certain design practices are constrained by 
various policies. Applicable policies may be 
issued by the procuring organization (the cus­
tomer), the project office, or the performing 
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company (the contractor). Typical examples 
of such policies indude the foilowing: 

• Military and federal specifications and 
similar documents for certain materials, 
components, and processes 

• Project approved parts lists 
• Company quality assurance manuals and 

workmanship standards 
• Company drafting room manuals 
• Company and project oriented procure­

ment policies 
• Company and project design review policies. 

The designer's responsibility is to adhere to 
such applicable policies and, in case of conflict 
between specified requirements and restraining 
policy, bring such conflict to the attention ofthe 
appropriate management for proper resolution. 

3-8. Design Review 

Formal design reviews are typically held to ex­
amine a design in detail after a given design 
phase has been completed. Most projects have 
at least one major, formal design review that is 
held after completion of the major design 
activity and prior to fabrication of assembly 
tooling and operational hardware. When neces­
sary, this major design review may be held in 
several separate parts to facilitate scheduling 
of long-Iead items (items having long delivery 
periods). 

The purpose of formal design review is to 
have the design critiqued by a relatively large 
number of senior specialists who understand 
the unit (component) aspects of the solar cell 
array as weil as the system's implications. 
Typical, specific items of the design to be 
examined are given below. 

• Basic design objectives 
Operational mission (high radiation level in 

space, terrestrial climate, etc.). 
Mission reliability (probability of success 

to meet the mission's objectives). 
Functional modes and characteristics. 
Physical characteristics (size, weight, center 

of gravity, etc.). 
Power output under various conditions. 
Environmental extremes (temperature, hu­

midity, wind, radiation, etc.). 
Fail-safe. 

• Design implementation 
Functional flow (block) diagrams. 
Array specifications. 
Test specifications. 
Fail-safe and redundancy provisions. 
Assessed reliability (as compared to 

apportionment ). 
Drawings (structural, packaging, sche­

matics, etc.). 
Measurements and test data. 
Parts, materials, and processes lists. 

• Supporting arguments 
Description of alternate designs. 
Trade-off analyses. 
Interface compatibility analyses. 
Tolerance accumulation analyses. 
Use of preferred parts, materials, and 

processes. 

Members of the design review team are in­
structed to foilow a review plan. A typical 
review plan would include the guidelines 
below. 

• Look/or: 
Misunderstandings 
Omissions 
Errors 
Functional inadequacies 
Excessive risk. 

• Review tor: 
Use of prior state of the art 
Soundness of invention 
Accurate documentation 
Complete documentation 
Experimental proof. 

• Assess: 
Variety of alternatives 
Depth of analysis 
Logical convergence 
Decisiveness 
Cost and value awareness. 

• Plan/or: 
Specific items of discussion by the Design 

Review Committee 
Specific documented "payoff" from the 

Design Review Meeting. 

The findings of a design review are typically 
summarized in Design Review Minutes. As a 
result of the review, three types of important 
notices may be issued by the design review 
committee chairperson. 



1. Action items-assigned (and "monitored 
to closeout") when additional work is 
necessary to resolve critical problems 
which inhibit approval of the design as 
presented. 

2. Agreements-entered into Design Review 
Minutes to re cord important concurrences 
reached that are essential for approval of 
the design as presented. 

3. Alerts-entered into Design Review Min­
utes to communicate the need for extra 
caution during subsequent design, test, 
production, or operation al phases. 

3-9. Producibility and Cost 

The solar cell array designer can significantly 
influence the development, fabrication, and 
test costs of solar cell arrays. The influence on 
cost which is exerted by the array design is 
often not recognized because it filters into the 
fmal design through a number of different 
documents: 

• Parts (solar cell, coverglass, etc.) specifi­
cations 

• Process and material (adhesives, primers, 
solde ring, etc.) specifications 

• Solar cell layout drawings (cell spacing, 
wire routing, etc.) 

• Solar cell interconnector design (defining 
manufacturing and assembly complexity) 
and subassembly drawings (tolerances, 
process control requirements, etc.) 

• Workmanship criteria. 

Solar cell arrays are costly, and if they are of 
any substantial size, they will consume a sub­
stantial fr action of the total system project 
cost budget. Solar cell array costs, therefore, 
have been of concern to both project personnel 
and designers since the beginning of the space 
program as well as for terrestrial applications. 

Some of the avenues open to the designer for 
effecting cost reductions are discussed in the 
sections following. It is estimated that arrays 
are currently being fabricated at lower costs 
(based on an average cost at constant dollars) 
per installed solar cell than they were 15 years 
ago. It can probably be said that every rea­
sonable attempt has been made by a large 
group of diversely skilled individuals over the 
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past 20 years to reduce array cost. It appears, 
however, that no single patent and no single 
method has made a major cost reduction im­
pact, but rather, that progress has been made 
slowly and continually by constantly improving 
designs, materials, and processes. 

3-10. Human Engineering 

Solar cell array design involves human engineer­
ing. An important consideration in terms of 
overall project cost and schedule are those 
man-hardware interfaces that occur during the 
fabrication, test, and system integration phases. 
"Accidental" damages to designs that are dif­
ficult to fabricate, awkward to handle due to 
size or flexibility, or difficult to test adequately 
are frequently not purely accidental. The array 
design team (array designer, fabrication, and 
test engineers) must consider these aspects of 
the overall design early in the design process; 
otherwise, the ability to turn a design into 
a tested hardware reality may be severely 
hampered. 

PHOTOVOLTAIC SYSTEM DESIGN 

3-11. Load Profile Development 

Solar cell array systems may be designed for a 
great variety of electrical loads. Only in rare 
cases is the load resistive and of constant value. 
Converter circuits draw pulsating power of 
nearly constant magnitude independent of the 
input voltage. Motors have. inductive compo­
nents. User equipment does not operate at con­
stant power during periods of sunlight, but is 
switched on and off and may require energy 
during periods when no sunlight is available. 
Switching operations may pro du ce transient 
voltage and current conditions unlike those 
encountered in circuits that are connected to 
rotating machine type electric generators. 

Rotating machines and batteries are capable 
of providing nearly constant bus voltage at 
significantly high, temporary overload con­
ditions. Solar cells, however, have no such 
capability. A sudden current demand in excess 
of 10% of the cell's rated maximum power out­
put current at given operating conditions may 
cause the temporary collapse of the cell's 
output voltage. Therefore, it is usually neces-
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sary to use a reehargeable energy storage bat­
tery in eonjunetion with the solar eell array to 
handle the transient loads rather than to 
oversize the array. The battery also serves as 
energy souree during periods of no sunshine, 
and gets reeharged during periods of sunshine. 

The orderly presentation of the aetual loads 
to be operated from a solar eell array system is 
known as the load profile for that system. For 
illustration, eonsider the simple terrestrial or 
spaee photovoltaie power system depicted in 
block diagram form in Fig. 3-1. The array out­
put feeds through a bloeking diode to the 
battery. The diode prevents eurrent flow from 
the battery through the solar eells when they 
are not fully illuminated. A shunt-type regulator 
absorbs all exeess energy from the array when 
the battery is fully eharged and the loads are 
diseonneeted. There are n loads eonneeted to 
the system; eaeh may be switehed on or off 
independently. 

Illustrative Example No. 3-1 

Problem: Determine the load profile for the 
power system shown in Fig. 3-1. Assurne that 
the battery has nominally 25 V and the loads 
are as follows: 

Load 1 is a eonstant power load transponder 
that draws 50 W eontinuously, day and night; 
Load 2 is an eleetric motor-driven water 
pump that operates three times a day for one 
hour: onee before sunrise, onee near noon, 
and onee after sunset; and draws a starting 

~ 

BATTERY 

I I 
ARRAY CHARGE BATTERY 

REGULATOR 

I 

eurrent of 20 A for 5 seeonds and a running 
eurrent of 4 A; and 
Load 3 is a scientifie experiment that operates 
approximately every 2 hours for 6 minutes, 
day and night, and draws a eurrent of 3 A. 

Solution: The eurrent drawn by Load 1 is 
50 W /25 V = 2 A. This eurrent is plotted as 
funetion of time for a 24 hour period in Fig. 
3-2. The other load eurrents are similarly 
plotted. The time phasing of Loads 2 and 3 
are arbitrary, exeept that it must be assumed 
that all worst-ease loads ean be "on" simulta­
neously, resulting in a peak cu"ent drain from 
the battery (at night) of 2 + 20 + 3 = 25 A. The 
eombined loads in Fig. 3-2 were obtained by 
simple addition of the eurrent levels at eaeh 
time. Loads 1 and 3 are shown to be switehing 
independently, eausing a slightly different eom­
bined load profile. 

The average eurrent drain, defined by the 
area under the eurve of the eombined loads (in 
units of ampere-hours, Ah; ampere-seeonds are 
abbreviated as As), is ealculated as shown. 

Load 1 
2 A X 24 h = 48 Ah 

Load 2 
3 X 20 A X 5 s = 300 As 
300 As/3600 = 0.08 Ah 
3X1hX4A=12Ah 

Load 3 
12 X 0.1 h X 3 A = 3.6 Ah 

Combined loads 
48 + 0.08 + 12 + 3.6 = 64 Ah 

UNE RESISTANCES 

~ 
~--~ 

LOAD 
NO.1 

I 

LOAD 
NO.2 

LOAD 
NO.n ! I 

-----------ARRAYSYSTEM------------~-~------- LOADS---------------

Fig.3-1. Simple Power System. 
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Fig. 3-2. Load proftle. (Illustrative example) 

Average combined load 
64 Ah/24 h = 2.7 A 

2.7 A X 25 V = 67 W 

It is interesting to note that Load 1, having the 
lowest peak current drain, requires the largest 
amount of energy (Ah). The high starting cur­
rent of the motor consumes only a negligible 
amount of energy, but essentially determines 
the ampere rating of the battery and the as­
sociated wiring and switching gear. 

3-12. Illumination Profile Development 

The illumination profile defines the amount of 
solar energy available as function of time during 
one orbit in space or during one day between 
sunrise and sunset, as weIl as the angular rela­
tionship between the sun line and the solar cell 
array. These relationships are developed for 

space arrays in Sections 2-49 and 2-62 through 
2-67, and for terrestrial arrays in the following. 

Consider a reference system centered at the 
surface of the earth at the site of an ob server or 
a solar cell array installation. The site is located 
at La 0 latitude and La 0 longitude. The local 
civil time, or local standard time, is defined by 
the longitude of the standard meridian, Lsm . 

The standard meridians for time zones in the 
D.S. are shown in Table 3-4. 

The sun reaches its highest point in the sky, 
known as its zenith, at true solar time noon. At 
that time, an ob server located north of the 
Tropic of Cancer views the sun due south. The 
true solar time, Hs , is related to the local stan­
dard time, HIs, by Eq. 3-1. 

(3-1) 
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Table 3-4. Some Time Zones. 

Zone Longitude 
Number Standard Time (" West) 

0 Greenwich 0 
U.S. 

5 Eastern 75 
6 Central 90 
7 Mountain 105 
8 Pacific 120 
9 Eastern Alaska 135 

10 Alaska and Hawaii 150 

Eqt is the equation 01 time (in units of minutes) 
taken from Fig. 3-3 (the units of Hs and His are 
hours). Figure 3-3 illustrates that during most 
of the year, the true sun time is either ahead or 
behind the loeal standard time, a fact that re­
quires eonsideration when designing precise 
traeking equipment for eoneentrator arrays 
requiring high pointing aeeuraey. When viewing 
the sun from the site at whieh the aforemen­
tioned referenee system is fixed, the sun rises in 
the east, as illustrated in Fig. 3-4, and moves 
aeross the sky aeeording to the following 
equations. 

sin cf>e = eos La eos 0 eos h + sin La sin 0 

(3-2) 

and 

sin cf>a = -eos 0 sin h/eos cf>e (3-3a) 

or 

eos cf>a = (sin 0 - sin L sin cf>e)/eos La eos cf>e 

(3-3b) 

where 

cf>a = azimuth angle of sun, measured in the 
horizontal plane from the north-south 
line 

cf>e = sun elevation angle, measured in a per­
pendicular plane 

La = latitude of site 
La = longitude of site 
o = solar dec1ination angle given in Fig. 3-3. 

The sun hour angle his given by Eq. 3-4 and 
Hs is defined by Eq. 3-1. 

h = 15(12 - Hs) (3-4) 

The sunrise and sunset times, expressed in 
hours, aeeording to the true solar time hour are 
approximately as given in Eqs. 3-5a and b. 

Hst, sr = (1/15) are eos (tan La tan 0) (3-5a) 

Hst,ss = 12 + (l/15) are eos (-tan La tan 0) 

(3-5b) 

The eorresponding sunrise and sunset times for 
loeal standard time are given in Eqs. 3-6a and b. 

Hit, sr = Hst, sr - Eqt/60 + {Lab - L sm )/15 

(3-6a) 

Hlt,ss = Hst,ss - Eqt/60 + (Lab - Lsm )/15 

(3-6b) 

The hours of possible sunshine, Hp, are given in 
Eq.3-7. 

Hp = (2/15) are eos (-tan La tan 0) 

(3-7) 

In Fig. 3-4, EAST and WEST indieate the 900 

and 2700 angles measured in the horizontal 
plane from true north. During the summer 
months, the sun's path eneompasses a greater 
angle than 1800 from east to west; however, 
not all the energy available outside the 1800 

are may be usable by a fixed, flat plate array. 
The amount of energy that ean be used de­
pends upon the latitude, sun dec1ination, time 
of year, and array tilt angle toward the south. 
The analytieal relationship ean be developed 
from Eq. 2-62 in Seetion 2-49 and Eqs. 3-2 
and 3-3, by noting that the sun zenith angle 
cf>z = 90 - cf>e and that cf>z is identieal to the sun 
angle e. The array tilt angle is a and the azi­
muth angle cf>a = '" (see Fig. 3-5). The resulting 
expression for the eompound angle r between 
the sun line and the normal to the flat plate 
array is Eq. 3-8. 

eos r = eos e eos a + sin e sin a eos '" 

where 

eos e = sin cf>e as given by Eq. 3-2 
sin e = sin [are eos (eos L eos 0 eos h 

+ sin L sin 0)] 
eos '" = eos cf>a as given by Eq. 3-3b. 

(3-8) 
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+ Sun fast Equation of time Sun slow 
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Fig.3-3. The analemma. (From A. N. Strahler (1960), Physical Geography, New York, John Wiley & Sons, 
Reprinted with permission) 
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SOUTH 

<Pe IN WINTER 

PATH OF SUN 
~~--------INSUMMER 

IN WINTER 

OBSERVER SITE 

NORTH 

Fig. 3-4. Path of sun as seen north of Tropic of Cancer. 

By plottmg r versus HII for different values of 
a and 0, the total solar intensityftime profIle 
can be optimized. Of course, the effects of 
clouds must be added. 

A simpler, but less accurate, approach to 
establishing an average daily insolation level 
ineident on an inclined plate or on other array 
configurations consists of taking data from ter· 
restrial sunshine tables (Appendix B). 

Illustrative Example No. 3-2 

Problem: For a fixed, tilted, flat plate solar cell 
array to be located in Albuquerque, New 
Mexico (35° north, 106.5° west), optimize 

DIREGTION 

the tilt angle and estimate the maximum 
available illumination profIle. 

Solution: From the data in Table B-3, the low­
est "total tilt" and "direct normal" energy was 
available during November and February. Dur­
ing these two months, the sun declination, 
according to Fig. 3·3, ranged between approxi­
mately 8° and 22°. The average declination is 
given by the averages of the eosines: 

cos _8° + cos - 22° 
CO!! oau = 2 

= 0.959 

oau = -16.5°. 

0.990 + 0.927 

2 

~~~~~~ \ PANEL E~\ 
w~r W~-f 
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GASE A GASE B 

E = EQUINOX 
S = SUMMER 
W = WINTER 

Fig.3-5. Tilt angle definition. Angle Ci is optimized for vernal and antumnal 'equinox in Case A, for winter in 
Case B, and for summer in Case C. 



The optimum tilt angle is eto = 35° + 16.5° = 
51.5°, where the tilt angle is as defined in Fig. 3-5. 

The hours of possible sunshine, from Eq. 3-7, 
are 

Hp = (2/15) arc cos (-tan 35° tan -16.5°) 

= (2/15) arc cos (- 0.700 X - 0.296) 

= (2/15)78.0 

= 10.4 hours at 0 = 16.5°. 

Hp is only 9.7 hours at 0 = 22.3° in December. 
During June, the sunshine is possibly available 
for 13.6 hours. During solar noon, the maxi­
mum sun elevation above the horizontal is 
35° - 23.5° = l1.5° in winter and 35° + 23.5° = 
58.5° in summer. The light intensity on the 
array, as defined by the compound angle r, 
can now be calculated according to Eq. 3-8. 

'3-13. Preliminary Array Sizing-Area Method 

The power output capability of any terrestrial 
or space array , PA , can be expressed as Eq. 3-9. 

PA =s'cosr'1J'F'AA (3-9) 

S is the terrestrial or space solar intensity, ex­
pressed in units of W/m2 , r (gamma) is the 
compound angle between the sun line and the 
array normal, 1J is the solar cell efficiency, Fis 
the sum-total of all array design and degrada­
tion factors, and AA is the array area. Solving 
Eq. 3-9 for AA' we get Eq. 3-10. 

(3-10) 

Equation 3-10 permits calculation of the re­
quired array area to meet the load requirements, 
PA' The value of the solar constant is given in 
Sections 9-3 and 9-6, respectively; for more 
detailed design work, the illumination profile 
treated in Section 3-12 is used. The angle r is 
defined in Section 3-12, 1J in Section 4-17, and 
Fin Section 3-16. 

Illustrative Example No. 3-3 

Problem: Establish the preliminary array and 
battery size for the array in Illustrative Example 
No. 3-1, assuming a terrestrial array being il­
luminated as discussed in Illustrative Example 
No. 3-2 and using 1J = 10%, F= 0.5, and a bat-
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tery charging efficiency of 60%. The fullioad is 
to be supported for 7 continuous days of cloudy 
weather (no sunshine), and the battery is to be 
fully recharged in 3 days. 

Solution: The required array output is com­
posed of the load and the battery recharge cur­
rent. From Illustrative Example No. 3-1, the 
average load is 67 W for 24 hours, or 67 X 24 X 
7 = 11.3 kWh for 7 days. The battery charging 
requirement is 11.3/0.60 = 18.8 kWh. To re­
charge the battery in 3 days, each day having 
9.7 hours of sunshine in winter, the array must 
provide 18.8/9.7 X 3 = 0.65 kW for the battery 
recharging, plus 67 W average for the load dur­
ingthe 9.7 hours, plus 67(24 - 9.7)/9.7 X 0.60 = 
165 W to carry the daily load through the night. 
The array output capability, therefore, must be 
PA = 650 +(67 + 165 = 882 W = 0.882 kW. 

From Table B-3, the lowest monthly insolance 
on a tilted plate is 181 kWh/m2, or 181/9.7 X 
30 = 0.62 kW/m2 daily average. This quantity 
replaces (S' cos r) in Eq. 3-9 and 3-10. The 
required array area is, according to Eq. 3-10: 

A = 0.882/0.6 X 0.10 X 0.5 = 28.5 m2. 

3-14. Preliminary Array Sizing-Cell Efficiency 
Method 

This method is similar to that described in Sec­
tion 3-13, except here the array area AA is re­
placed by the total number of solar cells in the 
array,Nt , and the cell area,A c . 

PA =s'cosr'1J'F'Nt'Ac (3-11) 

Solving Eq. 3-11 for Nt gives Eq. 3-12. 

Nt=PA/(s'cosr'1}'F'A c) (3-12) 

Illustrative Example No. 3-4 

Problem: Find the number of solar cells for the 
array of Illustrative Example No. 3-3. Assurne 
that each cell has a diameter of 2.25 inches. 

Solution: The cell area is given by 

d 2rr (2.25 X 2.54)2 rr 
A = - = = 25.6 cm2 

c 4 4 

= 25.6 X 10-4 m 2 • 
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The number of cells required, according to Eq. 
3-12, is 

Nt = 0.882/0.62 X 0.10 X 0.5 X 25.6 X 10-4 

= 11,100. 

3-15. Preliminary Array Sizing-Cell Power 
Method 

In terms of the solar cell power output, Pe , the 
array power, PA, is given in Eq. 3-13, where So 
is the re fe ren ce intensity at which the cell power 
output Pe was determined. 

S· cos r 
PA = ·F·N·P (3-13) So t e 

The required number of cells is Nt. 

PA 'S N - 0 
t - F' P . S . cos r e 

Illustrative Example No. 3-5 

(3-14) 

Problem: Find the number of solar cells for the 
array of Illustrative Example No. 3-3. Assurne 
that each cell has an area of 25.6 cm2 and a 

not even all space arrays are analyzed at the 
level of detail shown; the experienced designer 
is able to make many simplifications without 
loss of accuracy or validity of the end results. 

Array sizing is an analytical process by which 
the physical and electrical properties are estab­
lished that describe a solar cell array which 
meets a specific performance (output) require­
ment at some critical mission time (usually at 
end-of-mission). 

Sizing Procedure 

Step 1. Select one or more candidate combina­
tions of array components intended for the 
design-to-emerge: 

Solar cells (from Chapter 4) 
Solar cell covers (from Chapter 5) 
Other electrical components (from Chapter 6) 
Substrates (from Chapter 7). 

Step 2. For each candidate configuration of 
Step 1, determine for the end-of-mission (or for 
any other mission-critical event) the glassed, 
degraded, maximum power output, Pe, of a 
single solar cell from Eq. 3-15. 

power output density of 10 mW/cm2 at one Pe =Po . S' . FRAD . FT • FM' FSH 
solar constant intensity (1.0 kW{m2 ). op 

. FBD . FeoNF (3-15) 

Solution: The cell power output is 10 X 25.6 = The terms are defmed below. 
256 mW = 0.256 X 10-3 kW. From Eq. 3-14. 

Nt = 0.882/0.62 X 0.5 X 0.256 X 10-6 

=11,100. 

DETAILED ARRAY DESIGN 

3-16. Detailed Array Sizing 

Even though most of the following sections are 
developed for space arrays, they are equally ap­
plicable to terrestrial arrays with a few obvious 
exceptions. The reason for presenting the space 
design concepts is that terrestrial design activ­
ities have not yet reached the stage of sophisti­
cation that the space activities have. It may be 
argued that for terrestrial designs, such sophisti­
cation is unwarranted; however, as lower-cost 
designs are sought, a deeper understanding of 
all design aspects may prove helpful. Of course, 

Po = initial, unglassed and undegraded 
solar cell output at normal inci­
dence at one solar constant inten­
sity, and at a reference temperature 
(25° or 28°C). 

S' = effective solar intensity, including 
the effects of cover transmission 
degradation, solar distance, and 
non-normal incidence. 

F RAD = solar cell radiation degradation fac­
tor, defined by either Eq. 3-16* or 
3-17.** 

*PD = percent orbital solar cell degradation. 
**Pmp = cell maximum power output. The additional 

subscripts cp and 0 refer to the end-of-mission 1 
Me V fluence, cp, and the initial, zero fluence condi­
tion, respectively. (The 1 MeV fluence is obtained 
according to the procedure described in Seetion 
3-34.) 



FRAD = 1 - PD/IOO (3-16) 

F RAD = P mprp/P mpO 

(3-17) 

FTOp = operating temperature degradation 
'factor defined by Eq. 3-18.* 

F -P !'P Top - mpTop mpO 

(3-18) 

FM = miscellaneous assembly and degra­
dation factors identified and dis­
cussed in Section 2-47 and not 
covered specifically in Eq. 3-15. 
For most array design cases, FM 
will range between 0.95 and_l.OO. 

F SH = shadowing factor, as defined in 
Section 2-42. For unshadowed ar­
rays,.E.8H-.~ 1.00. 

FBD = blocking diode and wiring loss fac­
tor, prorated for a single cell and 
defined by Eq. 3-19, where VD = 
diode voltage drop, V w = voltage 
drop of the wiring between the ar­
ray and the load, and VB = array 
bus voltage at the spacecraft load. ** 

(3-19) 

F eONF = configuration factor, also known as 
aspect ratio, as given in Section 3-17. 
(For flat plate arrays, FeONF = 1. 
For cylindrical, spinning arrays, 
FeONF = 1/1T.) 

Step 3. Determine solar cell array characteris­
tics as shown below. 

*The additional subscripts Top and 0 refer to the 
operating temperature and reference temperature, 
respectively. PmpT is computed according to 

op 
Section 2-51, while Top is estimated according to 
Section 2-56. If appropriate values of Fp and flop 
are not yet defined, one can assume as a first cut 
Fp = 0.9 and flop = 0.05 for long-life high-radiation 
or higher-temperature orbits or flop = 0.1 for low 
radiation or lower-temperature orbits. 

**If the blocking diodes and wiring lasses are not yet 
defined, (VD + Vw) = 1.4 V is a good first-cut ap­
proximation for single silicon diodes on arrays 
below 1 kW size, and (V D + V w) = 2.8 V f or higher 
power levels. 
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Number of solar cells: 

(3-20) 

where 

PA = required power output 
Pe = single-cell output from Eq. 3-15. 

Substrate area: 

(3-21 ) 

where the packing factor, Fp , is defined below, 
and Ac is the overall solar cell area. 

Substrate mass: 

M=mA s (3-22) 

where m is the mass per unit area (kg/m 2 ) from 
Sections 1-16 and 1-17. 

Packing factor: 

N·A F = ___ c 
p A 

s 
(3-23) 

where 

N = total number of solar cells on a given 
solar cell panel or array 

Ac = overall area of a solar cell 
As = substrate area. 

Different definitions for A s are being used, de­
pending upon how A s is to be used in computa­
tions. A s may define the following substrate 
areas or portions thereof: 

• Areas under the solar cell modules and 
strings only 

• All so-called "available" areas onto which 
solar cell circuits, including cabling, may be 
mounted 

• The substrate gross area with the exception 
of areas reserved for hinges and similar ele­
ments and with the exception of cutouts 
(Iarger openings) in the substrate 

• The entire gross, overall area without re­
gard to solar cell circuit placement and 
unavailable areas. 

Frequently, the applicable literature does not 
provide any indications as to which definition 
was used by the author. Practical packing fac­
tors, using the first defmition above, range from 
around 0.85 to 0.92. Packing factors of 0.95 
and greater are very difficult to achieve with 
flat solar cell laydown designs. Conical and 
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trapezoidal solar cell panels may exhibit pack­
ing factors as low as 0.5 to 0.6. 

Packing Density. Indicating the number of the 
solar cells of a given size which can be fitted 
into a given substrate area, the packing density, 
N', is related to the packing factor (Eq. 3-23) 
by Eq. 3-24. 

I AsFp 
N=--

Ac 
(3-24) 

Table 3-5 provides some examples of different 
packing densities. 

3-17. Space Array Configuration Selection 

The evolution of the solar cell array configura­
tion is strongly dependent upon the evolution 
of the overall spacecraft design and is primarily 
in response to the following interface consider­
ations: 

• Payload and communication equipment 
directional pointing requirements 

• The range of the angles of incidence of the 
sunlight falling onto the spacecraft and 
onto the solar cell array throughout mis­
sion life 

• The change in the array-to-sun distance 
during mission life 

• The required power level and power profile 
of the array 

• Size, volume, and mass constraints imposed 
by the launch vehicle and the overall space­
craft design. 

Different solar cell array configurations are 
illustrated in Section 1-8. The use of the pro­
jected solar cell areas of the array as discussed 
in this section usually provides sufficient ana-

Fp 

0.8 
0.9 
1.0 

labia 3-5. Packing Densities for 2 X 2 cm 
and 2 X 4 cm Solar Cells. 

Nurnber of Cells Nurnber of Cells 
(per ft2 ) (per rn2 ) 

2 X 2 ern 2 X 4 ern 2 X 2 ern 2 X 4 ern 

186 93 2000 1000 
208 104 2250 1125 
232 116 2500 1250 

lytical accuracy for conceptual design studies. 
For more refined configuration studies, actual 
solar cell array 1-V characteristics should be 
used rather than the projected areas. One com­
monly used method is to assurne a hypothetical 
array of 100 cells in parallel by 100 cells in 
series and to compute the array output by the 
method described in Sections 2-47 through 2-51 
for a number of different geometries and esti­
mated operating temperatures. The deviations 
of actual array power output curves from the 
projected area curves may be substantial. 

Different geometric shapes may be added to 
the array to achieve a desired power profile 
(power output as a function of the sun angle e 
in Figs. 3-6 through 3-8. 

In Fig. 3-6, the comparative power output of 
a number of different array configurations as a 
function of angle of incidence is shown. This 
figure will help to select the most desirable 
array configuration, or combination of con­
figurations, to obtain any desired power profile 
as function of sun angle. Figures 3-7 and 3-8 
permit the optimization of paddle angles and 
cone angles, respectively. The relationships be­
tween a cylindrical array and approximation of 
a cylindrical array by aseries of flat facets is 
illustrated in Table 3-6. 

3-18. Number of Required Solar Cells 

Number of Cells in Series. A sufficient number 
of solar cells must be electrically connected in 
series to provide the bus voltage plus any voltage 
drops in the blocking diodes and in the wiring. 
The required number of cells in series, Ns, is 
found from 

(3-25) 

where 

VB = spacecraft load or battery bus volta ge 
V D = array blocking diode forward voltage 

drop 
V w = total wiring voltage drop between the 

solar cells and the spacecraft load or 
the battery (in both the hot and re­
turn lines) 

V mp = solar cell end-of-mission (or other 
mission critical event) degraded out-
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Fig. 3-6. Comparative output of five different array configurations as a function of sun angle (Le., the angle 
between the solar vector and the satellite spin axis). 
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Fig. 3-7. Aspect ratios of paddle mounted arrays, shadowing effects ignored.1 
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Fig. 3·8. Aspect ratios of conieal solar arrays.l 

put voltage at the cell's maximum 
power point and under operating tem­
perature and intensity. 

The value of VB is usually project-peculiar 
and depends primarily upon the battery's elec· 

trochemical characteristics. Values for V D are 
typically near 0.7 V for silicon diodes. Values 
for V ware project-peculiar; however, Section 

Table 3-6. Relative Area of Faceted Cylinders. 

Number of Facets 
(n) 

00 (cylinder) 
4 
6 
8 

10 
12 
16 
20 
24 

Relative Area 
(AR) 

1.000 
0.637 
0.827 
0.900 
0.936 
0.955 
0.974 
0.984 
0.988 

AR = An/Acylinder and 

An = !nr2 sin (2rr/n) 

where An is the area of a polygon of n 
sides inscribed in a circle of radius r. 

3-20 provides a procedure for selecting V w for 
a minimum weight array-plus-bus wiring design. 
Values for V mp can be determined from the 
following procedure: for each of the solar cell 
and cell cover types selected in Section 3-16 (or 
for the types for which a design already exists), 
determine for the end-of-mission (or for any 
other mission critical event) the glassed, de­
graded, maximum power volta ge of a single cell 
from Eq. 3-26. 

Vmp = Vmpcp+L\Vs' + ßVp(Top - To) 

(3-26) 
where 

V mpcp = glassed solar cell maximum power 
output voltage at the reference tem­
perature To after irradiation with 1 
MeV electrons to a level of <pe . cm-2 

L\Vs' = change in the maximum power volt­
age due to a change in the light in­
tensity from S to S', as described in 
Section 2-50 (the corresponding volt­
age change is determined from the 
solar cell data in Chapter 4 or from 
Section 2-51) 

ßvp = temperature coefficient for the max­
imum power voltage, as defined in 
Section 4-21 



Top = solar cell operating temperature, ob­
tained from Section 2-56 or from 
Section 3-24 

To = solar cell standard test temperature 
(25°C or 28°C). 

Number of Cells in Parallel. Let a group of Na 
solar cells, all connected in series, be defined as 
aseries string, or simply as a string of cells. 
The total solar cell array consists of Np strings 
that are connected in parallel and, together, 
provide the required load current. Np is found 
from Eq. 3-27, wherelmpau is the average maxi­
mum power point current output of all Np cells 
in parallel after glassing and degradation, at the 
operating temperature, Top, and under reduced 
illumination conditions due to cover darkening 
and non-normal incidence. 

h Np = -- (3-27) 
Impau 

To compute Impau , proceed as in Eq. 3-28. 

where 

n 
'LJmpj 
;=1 

Impau=~-­
n 

(3-28) 

Impj =Impcp . (S')j· [1 + ßIP(Top - To)] 

. Fm . (FSH)j (3-29) 

The terms are defmed below. 

Impcp = glassed (but with undegraded trans­
mission) solar cell maximum power 
point output current at the reference 
temperature To after irradiation 
with I MeV electrons to a level of 
(j>e· cm-2 • 

S; = effective solar intensity for the ith 
parallel-connected string of cells, 
including the effects of cover trans­
mission degradation, solar distance 
and non-normal incidence (as de­
fined in Section 2-50). S; is in units 
of "solar constants." For a flat 
panel array, all Sj are the same and 
the subscript i may be dropped. 

ßlp = temperature coefficient for Imp , as 
defmed in Section 4-21, expressed 
in units of °C-1 • 
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Top = solar cell operating temperature, 
obtained from Section 2-56 or from 
Section 3-24. 

T 0 = solar cell standard test temperature 
(25°C or 28°C). 

Fm = miscellaneous solar cell assembly 
and degradation factors (identified 
and discussed in Section 2-47); for 
most array designs, Fm will range 
from 0.95 to 1.00. 

(FSH)j = the shadowing factor for the ith 
parallel-connected string of solar 
cells, as described in Section 2-42. 
For unshadowed strings,FsH = 1.00. 

Parallel Circuits. As a minimum, all series strings 
of cells are parallel-connected at their ends. 
However, it has been common practice to paral­
lel-connect groups of cells at the celllevel into 
strings that have two, three, or more cells con­
nected in parallel. 

The purpose of such parallel connection is to 
achieve higher array reliability by providing a 
parallel current path in case of a cell open-cir­
cuit failure due to cell fracturing, contact lifting, 
or interconnector failures. 

In case of an open-circuit failure, adjacent 
parallel-connected solar cells can share apart or 
all of the current flow that is blocked by an 
open-circuited solar cello The amount of cur­
rent which can be carried by the unfailed cells 
depends upon the difference between the cell's 
operating current level before the failure oc­
curred and the sum of the short-circuit currents 
of the parallel-connected unfailed cells after 
failure. If that current difference is less than the 
current which was originally carried by the cell 
which failed, the unfailed cells will be driven 
into reverse bias, as described in Section 2-45. 
Reverse biased solar cells can, in turn, be caused 
to fail by excessive overheating, as discussed in 
Section 2-46. 

If reverse biasing of solar cells can occur on a 
particular design, the design practices given in 
Section 3-21 should be considered. 

3-19. Array Layout 

The solar cell array layout activity consists of 
arranging the series strings of parallel-connected 
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solar cells on the available substrate area to 
achieve the highest possible power output per 
unit area while providing space for the electrical 
conductors from the solar cell circuits to the 
solar panel terminals. Also, room is provided 
for the blocking (isolation) and shadowing (by­
pass) diodes, if required. 

Dimensional Analysis. The minimum gap sizes 
between adjacent cells, measured at room tem­
perature, are determined primarily by the solar 
cell and cover assembly dimensions, the thermal 
expansion coefficient of the substrate, and the 
lowest possible temperature excursion (eclipse 
exit temperature). Tolerances on the assembly 
process, such as non-centered cell-to-substrate 
adhesive pads, play roles, as do the interconnec­
tor expansion loop sizes and voltage differentials 
between solar cells in adjacent strings. 

Minimum practical gaps are 0.1 mm between 
adjacent cells in the parallel-connected group of 
cells; 0.5 mm between cells in the (electrical) 
series directions, and 0.5 to 1.0 mm between 
adjacent electrical strings. This gap size refers 
to the cell-to-cell gap width when undersized 
or "same" size covers are used, and to cover-to­
cover gaps when oversized covers are used. 
Using the defmitions given in Fig. 3-9, the 
required area for a group or string can be cal­
culated from Eqs. 3-30a and b. 

A =MC+(M- I)H (3-30a) 

H 1...-1 ___ ---I 

TIDO cd 
G I I 
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I 
I 
I 
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Fig. 3-9. Solar cell array layout dimensions. 

B=ND+NG+F+ 2E 

where 

C = solar cell width-parallel 
H = cell gap-parallel 
D = celliength-series 
G = cell gap-series 
E = end contact bar width 
F = end contact/cell gap. 

(3-30b) 

The dimensions C and D must be based on the 
maximum size of the glassed cells. (Additional 
information relating to intercell spacings is 
given in Section 6-12.) 

3-20. Array Wiring 

The electrical output from the solar cells is 
collected by solar cell interconnectors and is 
transmitted by cables, wires, or flat conductors 
to the terminals of a solar cell panel or solar cell 
assembly, as discussed in Chapter 6. The termi­
nal board or connector mates with a connector 
or "pig tail" from the primary bus. The various 
types of electrical circuit components for solar 
cell arrays, as well as appropriate design prac­
tices, are all described in detail in Chapter 6. 
Electrical conductor sizing is described in the 
following. 

Weight limitations for most spacecraft usu­
ally do not permit electrical conductors to be 
sized for ne ar-zero power losses. Instead, the 
permissible power loss is determined by a 
trade-off between the weight due to increased 
array size.2 For arrays having power levels in 
the order of 1 kW, total power losses in the 
spacecraft primary bus wiring in the order of 
1 % are common, ranging from about 0.5 to 

5% for different designs. 

Conductor/Array Mass Trade-off. Consider the 
solar cell array terminals to be separated from 
the load terminals by the distance L. The total 
resistance of a pair of conductors between the 
array and the load is 

R 2 = 2pL/A 

and their total mass (neglecting the insulation) 
is 

mc =2LAd 



where 

P = electrical conductivity of conductors 
A = cross-sectional area of conductors 
d = density of conductors. 

Let the required load' power be PL and the 
power losses in the conductor be PR' The array 
must, therefore, be sized to provide PL + PR' 

Let the array mass corresponding to PL be 
mL and the array mass corresponding to PR 
be mR' Then the sum-total of the masses of the 
array and the conductors is 

M=mL +mR +me · 

However, 

and 

and 

PL = VLh 

where VL is the load voltage and h is the load 
current. Thus we find Eq. 3-31. 

2mLhpL 
M= mL + + 2LAd (3-31) 

AVL 

Differentiating M with respect to A and setting 
the result equal to zero permits the minimum M 
to be found for which the cross-sectional area, 
denoted by Am, is given by Eq. 3-32. 

(3-32) 

The value for Am can then be used to calculate 
the PR for which M results in a minimum (low­
est weight) configuration. 

Aluminum vs. Copper Conductors. The resis­
tance of a single conductor is given by R = pL/A 
and its mass by M = ALd = pdL 2/ R, where p is 
the electrical resistivity of conductor, L is the 
conductor length, and d is the conductor den­
sity. Let the mass of an aluminum conductor be 
denoted by Ma and that of a copper conductor 
by Me. The mass ratio of two, for the same 
resistance Rand length L is 
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The subscripts a and c refer to aluminum and 
copper, respectively. For Pa/Pe = 1.64 (from 
the data in Chapter 10), da = 2.70, and de = 8.89 
g . cm -3, we obtain 

Hence, aluminum conductors weigh one-half of 
cop per conductors for the same power loss and 
conductor length. 

3-21. Hot-spot Design Considerations 

The so-called hot-spot phenomenon due to 
reverse biasing of solar cells (as described in 
Seetion 2-45) may lead to solar cell failures and 
associated solar cell array power losses (as de­
scribed in Seetion 4-25). 

The magnitude of the hot-spot problem, if 
it exists at all for a given design, depends upon 
both the electrical and the thermal solar cell 
array designs. Potentially damaging reverse 
voltages can occur only if the difference be­
tween the load voltage and the solar cell string 
open-circuit voltage is sufficiently high. Poten­
tially damaging heating of reverse biased solar 
cells can occur only if the he at dissipation in 
the cell or cells is of sufficient duration and of 
sufficient magnitude relative to the quantity 
of heat conducted and radiated away from the 
cell or cells. 

If a given design is suspected to be subject 
to a hot-spot problem, it should be analyzed 
according to Seetion 2-45. Seetions 2-46, 
2-54, and 2-56 permit the solar cell tempera­
tures to be determined. 

If an analysis shows that areal or a potential 
hot-spot problem exists, the design changes 
listed below should be considered to re du ce 
the magnitude of the reverse voltage and/or 
heat dissipation. 

• Eliminate operational short-circuiting of an 
array or array section (Le., let shunt regula­
tors shunt the array to the load voltage 
rather than to near short-circuit). 

• Reduce the number of solar cells connected 
in series, or install shunt diodes across each 
parallel group of cells. For example, the 
splitting up of the array into two equal­
sized, series-connected arrays, tied together 
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by a common bus connected to a shunt 
regulator, effectively reduces the number 
of cells in series by one-half. 

• Use single cell series strings rather than 
parallel-connected groups of cells in the 
series strings. 

• Increase the number of cells connected in 
parallel (at the cell level) until unfailed 
cells can carry just a little more current 
than a failed (open-circuited) cell originally 
carried. (This typically requires about ten 
or more cells in parallel.) 

• Increase the lateral heat conduction and/or 
he at dissipation from solar cells and the 
substrate. 

3-22. Designing for Reliability 

Array design for reliability, as defmed in Sec­
tions 2-59 through 2- 61, involves two aspects: 
oversizing the array and providing redundancy. 
Oversizing of the array by one or more series 
strings of cells compensates for potential string 
failures that may occur during a mission due to 
statistically estirnated failure rates of solar cells, 
interconnectors, soldered or welded joints, con­
nectors, etc. Redundant current paths through 
soldered or welded joints, interconnectors, 
wires, connectors, etc., can significantly im­
prove the array reliability. 

3-23. High-Voltage Design 

High-voltage solar cell arrays, attractive both 
for minirnizing 12R losses in higher-power level 
arrays (in excess of 10 kW), and for direct 
operation of ion-thrust engines, have been 
studied for voltage ranges between 2 and 16 
kV. High-voltage effects become increasingly 
pronounced as the array voltage increases above 
100 V and as the available array output current 
level decreases correspondingly (assuming a 
fIXed power output array). 3,4 

Specific high-voltage effects on the ground 
and during space flight include plasma leakage 
currents and insulation material damage. Leak­
age currents of significant magnitude can be 
carried by the plasma or air surrounding the 
array (see Section 9-44 through 9-49), thereby 
shunting a significant portion of the solar cell 

array output. High-voltage stress and corona 
can deteriorate or destroy insulating materials 
(see Section 10-17). 

Design Practices. Design practices presently 
envisioned to be required for successful high­
voltage array operation include the following: 

• Complete insulation of the high-voltage 
array solar cell circuits, including solar 
cells, interconnectors, and joints, from the 
surrounding plasma or air 

• Minimization or complete avoidance of 
pinholes and voids in the insulating layers 

• Provisions for shunt diodes to both in­
crease the array reliability and ,to minirnize 
hot-spot (reverse biasing) effects. 

THERMAL DESIGN 

3-24. Temperature Control in Space 

Temperature control of solar cell arrays in 
space is by radiative heat transfer only, as 
described in Sections 2-53 and 2-56. From 
these discussions, the steady-state operating 
temperature is given by Eq. 3-33. 

= [ (Cis - FpT/op)AF S cos r] 1/4 
Top 

(€HFA F + EHBAB ) a 

(3-33) 

The transient eclipse temperature as a function 
of eclipse time, te , is given by Eq. 3-34. 

(3-34) 

The symbols (defined in the sections indicated) 
represent the following: 

Qs = average solar cell solar absorptance 
(Section 2-53) 

Fp = solar cell packing factor (Section 2-53) 
T/op = solar cell operating efficiency (Section 

4-17) 
AF = array total front side area 
AB = array total back side area 

€ HF = hemispherical emittance of the array 
front side (Section 2-53) 



e HB = hemispherical emittance of the array 
back side (Section 2-53) 

S = value of the solar constant (Section 
9-3 or 9-6) and, in case of concentra­
tor solar arrays, times the actual con­
centration ratio 

a = Stefan Boltzmann's constant (Appen­
dix C) 

mcp = array thermal mass (Section 2-56) 
r = angle of incidence of the sunlight on 

the solar cells (Section 2-49). 

Common to both of the above equations are 
the emissivity of the array's front and back 
sides and the emitting areas. From this, it 
follows that a lowering of the operating tem­
perature through enhanced heat emission also 
causes an undesirable lowering of the eclipse 
exit temperature. Therefore, the best approach 
is first to lower the array's average solar absorp­
tance (increasing the solar cell efficiency), and 
then to improve the heat emission. 

A low eclipse exit temperature can be raised 
by increasing the thermal mass of the array by 
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Fig. 3-10. Solar cell array temperature as a function 
of solar distance. (Flat panel and spin axes are perpen­
dicular to sunlight; cylindrical arrays are spinning) 
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either increasing the total mass of the array, or 
by substituting materials having higher specific 
heat capacitances. The metal beryllium has 
been used for this purpose because it can absorb 
about twice as much heat per unit mass as 
aluminum can absorb near room temperature. 
At low temperature, however, the advantage of 
beryllium is diminished. 

The strong variation of Top with solar dis­
tance according to Eq. 3-32 is illustrated in 
Fig. 3-10. In the equation, the cells are non­
operating (T/op = 0), the sun intensity S varies 
with distance from the sun according to Eq. 
2-63, and r = O. The ale ratio shown on the 
graph is for € HF = € HB and should be divided 
by 2 when used in the calculation of Top ac­
cording to Eq. 3-33. 

The variation of an oriented flat solar cell 
panel in earth orbit as function of altitude is 
illustrated in Table 3-7. The temperature rise, 
arising from the earth albedo and infrared 
radiation, diminishes with increasing distance 
from the earth. 

3-25. Temperature Control on Earth 

For thermal design purposes of terrestrial mod­
ules, it can be assumed that the amount of heat 
removed by radiative cooling is roughly the 
saMe as that removed by convective cooling. 
The thermal network given in Section 2-58 
illustrates the heat flow paths. The applicable 
equations of Sections 2-54 through 2-56 in-

Table 3-7. Flat Solar Panel Temperature 
Variation as a Function of 
Orbit Altitude. 

Circular Solar Panel 
Orbit Stead y- State 

Altitude Temperature 
(km) (0C) 

370 67 

740 65 

1.110 64 

1.850 62 

7.410 57 

14.820 55 

22.240 54 

35.880 53 
I 
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dicate that, from strictly a thermal point of 
view, the module window should be made from 
as thin and thermally conductive and highly 
emitting material as can be found, and that the 
solar celIs should be bonded to that window 
with as thin a bondline as practical. The sub­
strate should preferably be metallic and carry 
fins for effective convective cooling and should 
be coated with a highly emitting paint. The 
bond line between the celIs and the substrate, 
including the thickness of the cell-to-substrate 
dielectric, should be as thin as possible. The 
front (cell-mounting) side of the substrate 
should have low solar absorptivity. 

3-26. Decreasing Absorptance 

The average effective solar absorptance as, (de­
fined in Seetion 2-53) of the array can be 
lowered by any one or combination of the 
folIowing: 

• Using spectrally selective reflecting mters 
rather than absorbing mters to reflect all 
sunlight that cannot be converted into 
electrical energy (see Seetion 5-9) 

• Minimizing cover and cover adhesive dark­
ening at end-of-life (see Chapter 5 and 10) 

• Covering all array areas not covered by 
solar cell active areas with highly sunlight­
reflective materials 

• Maximizing the end-of-mission solar cell 
operating efficiency (defmed in Seetion 
4-17). 

A decrease in the absorbing area Aa also 
reduces the operating temperature without 
significantly affecting the eclipse exit tempera­
ture. A decrease in the absorbing area can be 
achieved by any of the methods given in Sec­
tion 3-29. 

The sensitivity of the solar array temperature 
to changes in any of the parameters that affect 
the celI temperature can be studied by differen­
tiation of Eq. 3-33 or 3-34 with respect to the 
parameter that is of interest. If the differentiated 
equation is divided by the original equation, 
the result permits evaluation of the fractional 
change in absolute temperature. 

Illustrative Example No. 3-6 

Problem: What is the change in operating tem­
perature of aspace array due to a change in the 
solar absorptance, as, from 1.00 to 0.95? 

Solution: Eq. 3-33 can be restated as 

T4 = k(as - Fp'Y/op) 

where k is a constant representing alI other 
symbols in Eq. 3-33 (k is of no further interest). 
Differentiating this equation, we obtain 

4T3dT= k(das)· 

Dividing the second equation by the first and 
rearranging terms, 

Substituting numbers, assuming Fp . 'Y/op = 0.1, 
and letting dT = I:..T and das = I:..as = aS2 - aSI> 
we obtain 

I:..T 0.95 - 1.00 
T 4(0.95_0.1)=-0.0147. 

For an operating temperature of 3000 K (23°C), 
I:..T= -0.0147 X 300 = -4.4°K. For an oper­
ating temperature of 3300 K (53°C), I:..T = 
-0.0147 X 330 = -4.9°K. Hence, a lowering 
of as from 1.00 to 0.95 reduces the array 
temperature by approximately 5°K or 5°C. 

3-27. Increasing Emittance 

The average, effective emittance, € (defmed in 
Seetion 2-53), of the array can be increased by 
increasing the emittance of the solar cell covers 
(for example, ceria-stabilized microsheet has a 
higher emittance than fused silica, but also a 
higher absorptance), by covering all frontal 
array areas not covered by solar celI active areas 
with highly emitting (but also reflecting) ma­
terials (such as white thermal control paint), 
and by covering the array back sides with 
highly emitting material (white or black paint). 

A decrease in the solar cell operating te m­
perature can also be achieved by increasing the 
emitting area,A€, as discussed in Seetion 3-29. 



Illustrative Example No. 3-7 

Problem: What is the change in the operating 
temperature of an oriented space array due to a 
change in the front side emittance, €HF, from 
0.90 to 0.95? Assurne EHB = 0.95. 

Solution: Restating Eq. 3·33 as 

T4 = k'(€HFA F + EHBABf l 

and differentiating with respect to € HF yields 

3 k'AFd€HF 
4T dT=- 2 

(€HFA F + EHBAB) 

Dividing the second equation by the first and 
letting the differentials become increments 
results in 

t::.T AFt::.EHF 

T 4(€ HFAF + EHBAB) . 

For a flat plate array,AF =AB, so that 

t::.T t::.EHF 
= 

T 4(EHF + EHB) . 

Substituting numbers, 

t::.T 

T 
0.95 - 0.90 = _ 0.0068. 

4(0.90 + 0.95) 

For an operating temperature of 3300 K, 
t::.T = -2.2°K = -2.2°C. Hence, increasing the 
front side emittance from 0.90 to 0.95 de­
creases the operating temperature by approxi· 
mately 2°C. 

3·28. Increasing Convection 

Convection cooling of terrestrial modules can 
be accomplished either by increasing the sur· 
face areas from which he at is carried away, by 
increasing the flow rate of coolant, or by chang· 
ing the coolant type. 

For naturally cooled modules, the addition 
of cooling fins to the back side of the modules 
is helpful only for wind velocities greater than 
about 1 m/second. Iilting the modules and re· 
moving all possible obstructions to air flow is 
also helpful. Ihis includes providing spacings 
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between adjacent modules, as discussed in Sec­
tion 7·5. 

3-29. Improving the Geometry 

High·temperature control problems are typically 
encountered on spacecraft that approach the 
sun or the inner planets. Reduction of the solar 
cell operating temperature is typically achieved 
by increasing the emitting areas, and the subse­
quently encountered low-temperature problems 
may have to be tolerated.s Solar cell operating 
temperatures can be reduced by any one or 
combination of the following: 

• Offpointing-non-normal angles of inci­
den ce reduce solar heating proportional to 
the eosine of the angle of incidence 

• Mosaic array-highly reflecting and emit­
ting thermal control elements are inter­
spersed with the solar cells to decrease both 
Ci and A a and increase both € and A c 

• Partially reflective covers-a portion of the 
area of each solar cell cover carries a highly 
reflective coating, thereby reducing both Q 
and Aa while keeping EHF and Ac constant 

• Semi-transparent covers-the solar cell 
covers carry a partially reflecting, partially 
transmitting coating applied uniformly 
over the cover areas, thereby reducing Ci 
without affecting €HF 

• Cooling fins-flat or curved solar cell panels 
carry radiating fins, thereby increasing the 
emitting area on the array back side 

• Non-flat array geometry-solar panels hav­
ing conical or other shapes exhibit greater 
effective emitting areas than absorbing 
areas 

• Spinning array configurations-the emitting 
array is approximately rr times as great as 
the absorbing area. 

High temperature control problems related 
to sunlight concentration are handled essentially 
similarly to flat plate temperature problems, 
except that, in addition, the concentrated heat 
must be conducted from the solar cells to radi­
ating surfaces. For he at concentration, see Sec-
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tion 5-20. Reat conduction is discussed in Sec- equation can therefore be simplified to 
tions 2-54. 

3-30. Minimizing Eclipse Exit Temperatures 

The rate of heat transfer by radiative cooling 
decreases significantly at lower array tempera­
tures (see Eq. 2-70 in Section 2-53), so that the 
governing parameter becomes the thermal mass 
of the array, mcp , as given by Eq. 2-83 in Sec­
tion 2-56. Also, in actual practice for any eclipse 
durations of greater than approximately 30 
minutes, the eclipse exit temperature as given 
by Eq. 3-34 becomes rather independent of 
Top, further illustrating the importance ofmcp. 
Of course, the easiest solution to low tempera­
ture eclipse problems is to solve the associated 
thermomechanical or electrical problems so 
that there is no constraint on the permissible 
eclipse exit temperature. Rowever, if this is not 
achievable, increasing the thermal mass may be 
required. 

Illustrative Example No. 3-8 

Problem: What is the change in eclipse exit 
temperature due to a change in mcp by 1O%? 

Solution: Restating Eq. 3-34 as 

+ €HBAB)T~pteCmcp)-l 

and differentiating with respect to mcp yields 

3 
- T-3 T;4dTe = -3(€ HpAp + €HBA B) 

op 
3 -- -2 --. T opte (mcp) d(mcp). 

Dividing the latter equation by the former and 
letting the differentials become increments 
results in 

ATe {_ _ [ (mcp) ]}-l 
- = (mcp ) 3 + 3 
Te (EHpAp + €HBAB)Topte 

. A(mcp)' 

For most cases, the operating temperature Top 
is between 100° and 4000 K, so that the term 
containing Top is small compared to 3. The 

For a 10% change inmcp,A(mcp)/(mcp) = 0.10 
and ATe/Te = 0.10/3 = 0.0333. For an original 
eclipse exit temperature of 1 OOoK (-173°C), 
ATe would be 100 X 0.033 = 3.3°K or °c. An 
increase in mcp results in an increase in Te; for 
the example, Te increases from 100° to 103.3°K 
(from -173° to -169fC). 

RADIATION SHIElDING DESIGN 

3-31. Solar Cell Radiation Shielding 

Radiation shielding design is concerned with 
the protection of solar cells from the partieu­
late radiation environment found in space. Since 
complete protection of the solar cells is not 
feasible, the typieal radiation shielding design 
activities involve making trade-offs and fmding 
optimum compromises between at least the 
following major parameters: 

• Solar cell end-of-life power output 
• Solar cell array mass (especially as deter­

mined by the substrate and solar cell cover 
masses) 

• Solar cell array component and assembly 
cost. 

The natural space radiation environment, 
described in Chapter 9, affects solar cell arrays 
(as discussed in Chapter 4,5, and 9). Depending 
upon the orbit, the space radiation environment 
may require implementation of two distinctly 
different radiation shielding design approaches: 

1. Shielding against radiation penetration of 
the solar cell cover and the solar cell 
beyond the cell's junction to minimize 
the reduction in minority carrier lifetime, 
as discussed in Sections 4-35 through 4-37; 
and 

2. Shielding against low energy protons that 
become absorbed at or near the solar cell 
junction to prevent electrical shunting of 
the cell, as described in Section 4-38. 



3-32. Damage-Equivalent Fluence in Orbit 

The space radiation of significance in solar cell 
array design is characterized in Table 3-8. In 
addition, man-made radiation may exist (see 
Section 1-8). This space radiation may affect 
the array in transfer and temporary parking 
orbits as weIl as in its final, operationa1 orbits. 
(The conversion of the natural environment 
into damage-equivalent 1 MeV fluence is dis­
cussed in Section 4-36.) 

Circular Earth Orbits. The 1 MeV fluence aris­
ing from the trapped environment is given in 
Appendix E and illustrated in Figs. 3-11 and 
3-12. 

Synchronous Orbit. The 1 MeV fluence arising 
from the trapped environment is given in Ap­
pendix E (altitude = 3.34 X 104 km). A typical 
reduction in the fluence due to coverglass shield­
ing is illustrated in Fig. 3-13 for a number of 
different radiation partic1e types. 

Elliptic Earth and Transfer Orbits. The total 
1 MeV fluence in elliptic and spiral (transfer) 

orbits, tjJT' can be determined from Eq. 3-35. 

tjJT = lT tjJ(h)h(t) dt (3-35) 

where 

tjJ(h) = 1 MeV fluence at altitude h as given 
approximately in Appendix E 

h(t) = solar cell array altitude as a function 
oftime, t 

T = time at which tjJT is sought; typicaIly, 
T = EOM (end-of-mission). 
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Equation 3-35 can be evaluated numerically by 
using one of the following two procedures. 

1. Graphical procedure. a) prepare a graph 
of altitude versus time, h(t); the range of t for 
spiral orbits is from shroud ejection (t = 0) to 
reaching the on-station orbit (t = T), and for 
elliptic orbits from any point in orbit (t = 0) 
through the same point for one period (t = T)­
note: use Keppler's second law, described in 
Section 2-64; b) multiply the h values in the 
h(t) graph from Step a with the tjJ(h) values for 
all particles [obtain tjJ(h) from Appendix E] to 
obtain a tjJ(h )h(t) graph;c) numerically integrate 
under the 1 MeV fluence/time graph and enter 
the resulting data in Table 3-9; d) repeat steps 
a through c for all front shield thicknesses of 
interest, assuming infinite back shielding, and 
for all back shield thicknesses of interest, as­
suming infinite front shield thickness. 

2. Tabular procedure. Proceed as described 
in the graphical procedure above except instead 
of using a graph, prepare a table of average alti­
tudes, h, for constant time intervals, Ät; mul­
tiply the h values by the tjJ(h) values; and sum 
the tjJ(h)h(tjJt) tabular entries to obtain tjJT' 

Interplanetary Trajectories. The 1 MeV fluence 
in interplanetary space is due to solar flare 
protons and potentially due to solar flare alpha 
particles only. (The values of the fluence com­
ponents are given in Section 9-45.) 

3-33. Shielding Thickness Determination 

To a first-order approximation, the shielding 
effectiveness of a solar cell cover is proportional 
to the mass density of the shielding material. 

Table 3-8. Earth Orbit Radiation. 

Approxin1ate Attitude 
Range Ikm) Radiation Particles 

o to 250 Negligible 

250 to 1600 Trapped clectrons and protons 

1600 to 50,000 lincludes Trapped electrons and solar flare 
synchronous altitude of protons and alpha particles 
35,786 

Above 50,000 Solar flare protons and alpha 
partie les 
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Fig.3-11. Damage equivalent I-MeV fluence in circular earth orbits due to trapped electrons for [sc and Pmp of 
silicon cells protected by O.IS-mm thick fused silica covers and infinitely thick back shields.6 

However, no simple relationship exists for the 
effect of shie1d thickness (Figure 3-14). Shield 
thickness is usually expressed in units of 

(mass density) X (shield thickness) 

or mass per unit area. Convenient conversion 
tables are given in Tables 3-10 and 3-11. 

The total front and back side shield thick­
nesses, dSf and dsb ' are calculated by adding the 
shield thickness (in g/cm2 ) of all i front ele­
ments and of all j back side shield thicknesses, 
Eqs. 3-36 and 3·37, respectively. 

n 
dsf = L: dsi 

i=1 

m 
dsb =L: dsj 

j=1 

(3-36) 

(3-37) 

For substrate materials not listed in Table 
3-11 and for composite substrates, the total 
shield thickness, dst' of a multilayer sandwich 
structure can be found from Eq. 3-38, where 
dst is in units of g/cm2 , the Pi are the material 
densities in g/cm3 , and the ti are the corres­
ponding thicknesses in cm. 

n 
dst = Pl t ! + P2 t2 + ... + Pntn = L Piti 

i=1 

(3-38) 

All material must cover the same substrate areas; 
for honeycomb core, use the expanded co re 
density, and for interconnectors, use an average 
interconnector density per total substrate area 
considered. 
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Fig.3-12. Damage equivalent I-MeV fluence in circular earth orbits due to trapped protons for Pmp of silicon 
cells protected by O.15-mm thick fused silica covers and infinitely thick back shieIds.6 

Balancing Front and Back Side Shielding. For 
minimum-weight solar cell array designs, it is 
important to approximately balance the quanti­
ties of the 1 MeV fluence components that 
damage the solar cells from the front side 
(through the cover) and from the back side 
(through the substrate). A balance of radiation 
damage is achieved when the shielding thick­
nesses of the solar cell cover and of the substrate 
are equal. 

Shielding by the Solar Cell. Radiation ineident 
on the solar cell back side also reduces the solar 
cell output. This occurs due to two mechanisms: 
reduction of the minority carrier lifetime by all 
particles, and introduction of a mild junction at 
the cell back contact by protons of certain 
energies. The exact cell degradation due to back 
side irradiation is presently not weIl established 
so that it may be safest to assume that back 
side-irradiation is not shielded at all by the 
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Fig.3-13. Solar cell 1 MeV fluence after penetration 
of a fused silicon cover of given thickness.6 

solar cell silicon base layer thickness. For more 
optimistic assessments, the shielding thicknesses 
of Table 3-12 have been used. 

F or so-called field or p + solar cells (described 
in Chapter 4), the back side radiation damage 
may be considerably greater than for other, 
non-field cells. Therefore, detailed design ap­
proaches should be based on actual test data 
of the solar cells contemplated for a specific 
mission_ 

3-34. Procedure For 1 MeV Fluence Analysis 

The 1 MeV fluence must be determined for 
specific front and back shielding thicknesses 
because the shielding effectiveness changes with 
the incident radiation particle type and particle 

Table 3-9. Tabulation of 1 MeV Fluence Components. 

1 MeV F1ux 1 MeV F1uence 
(e· cm-2 . yr-l) (e· cm-2) 

Orbit Particles Front Back Front Back 

Transfer Trapped electrons ---

Trapped protons 

___ orbits Subtotal 

On-station Trapped electrons 

Trapped protons 

Fiare protons 

___ years Subtotal 

Other --

Subtotal 

Total Sum vertically 

Grand total Front + back X X [XJ rx 
Shield thickness 

Front: __ 
Back: __ 
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Fig.3-14. Typical solar cell shielding. 

energy, and the mix between different particles 
as weIl as their energy distributions change with 
orbit altitude and orbit inclination. Different 
1 MeV fluence values arise for each shielding 
thickness from the environment. Table 3-9 pro­
vides a convenient format for recording and 
summing of the computed 1 MeV fluence values. 
For detailed design work, the same fluence 
components shown on Table 3-9 should also be 
determined for [sc' (See Section 4-36 for a dis­
cussion of the different 1 MeV fluence values.) 

Procedure. The general procedure for estimat­
ing the solar cell damage-equivalent 1 MeV 
fluence is as follows: 

• Determine the required inputs (see below) 
• Determine the 1 MeV fluence components 

as defined in Table 3-9, entering the solar 
cell from the front side for infinite back 
side shielding 

• Determine the 1 MeV fluence components 
entering the solar cell from the back side 
for infinite front side shielding 

• Enter all 1 MeV fluence components in 
Table 3-9 and sum up. 

Analysis Inputs. The information required to 
prepare an estimate of the solar cell damaging 

1 MeV fluence is typically available from the 
cognizant project office, from mission planners, 
or from satellite system designers. The mini­
mum information required is given below. 

Requirements tor all missions: 
• Launch date (affects solar flare proton 

fluence) 
• Mission duration (defmes end-of-mission, 

EOM) 
• Characteristics of transfer or parking orbits 
• Number of transfer or parking orbits 
• Design data, as described below. 

Additional requirements tor earth orbits 
only: 

• Apogee (farthest point from earth) 
• Perigee (nearest point to earth) 
• Inclination (angle between the orbit plane 

and the earth's equatorial plane). 

Additional requirements tor interplanetary 
probes only: 

• Array-sun distance variation with time 
after leaving par king orbit. 

Design data: 
• An additional required input is the solar 

cell front and back side shield thicknesses. 

Table 3-10. Variations in Fused Silica Shielding Thickness with Actual Thickness. 

g/cm 
2! 

1. 68E-2 3.35E-2 6.71E-2 1. 12E-1 1. 68E-1 3.35E-1 

g/cm 
2 

0.0168 O. 0335 0.0671 0.112 0.168 ~ 0.335 

inch 0.003 0.006 0.012 0.020 O. 030 0.060 

I mm 
I 

0.075 O. 15 0.30 0.50 0.75 1. 50 
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Table 3-11. Variation in Shielding Thickness with Material. 

Density 
Material (g fcm 3 ) 

Coverg1ass - Fused Silica 2.20 

Coverg1ass - Microsheet 2.51 

G1ass /Cell Adhesi ve 1.0 to 
1. 70 

Silicon Wafer 2.4 

Solar Cell Back Solder 7.82 

Cell/Substrate Adhesive 1. 10 

Fiberg1ass Insu1ator 1. 87 

Substrate Al Facesheet 2.82 

Honeycomb Core 0.026 

Thermal Contro1 Paint 1. 55 

*E - 3 = 10-3 , etc. 

(The method for calculating the equivalent 
shield thickness is given in Section 3-33.) 

3-35. Shielding Against Low Energy Protons 

To prevent excessive power degradation due to 
low energy proton damage, three approaches 
for completely shielding the active solar cell 
area are possible: Approach I employs an 
oversized coverglass which positively protects 
the entire active cell area; Approach 11 uses a 
coverglass overhanging the active solar cell 
area in one direction only, and one adhesive 
mIet for protecting a gap between the cover 
and the contact bar; and Approach III uses a 
cell stack with the cover being flush with two 

Table 3-12. Solar Cell Base Thickness Shielding 
Effectiveness for Particulate 
Irradiation Incident on the Cell 
Back Side. 

Cell Thic kne s s Shielding Thickness 

(inches) (rnrn) ("/0 of thickness) (g/crn2 ) 

0.014 0.35 86 0.0734 

0.012 0.30 83 0.0608 

0.010 0.25 80 0.0488 

0.008 0.20 75 0.0366 

Shie1ding Thickness Shie1ding Thickness 
per 25 flm (0.001 in.) Relative to 
Thickness (gfcm2 )* Fused Silica 

5.59E-3 1. 00 

6.38E-3 1. 14 

2.54E-3 to 0.45 to 
4.32E-3 0.77 

6.1E-3 1. 09 

3.38E-3 0.60 

2.79E-3 0.5 

4.75E-3 0.85 

7.16E-3 1. 28 

6.60E-5 O. 0118 

3.94E-3 0.70 

cell sides and adhesive fillets covering each of 
the two otherwise unprotected gaps. These 
three approaches are illustrated in Fig. 3-15 
together with an undersized cover baseline 
design, identified as Approach IV. 

Approach I. The desired low energy proton 
protection is obtained by installing coverglasses 
on the solar cells so that the entire active cell 
area, as weIl as a portion of the n-contact 
areas, are protected from the proton flux. In 
one version of this approach, the cover is 
installed with one edge indexed 1.00 ± 0.05 
mm off the outer cell edge which runs along 
the n-contact strip, as shown in Fig. 3-16. In 
another version of this approach, a slightly 
larger cover than shown in this figure also 
overhangs the left-hand cell edge. 

APPROACH 1 

APPROACH IV 
BASELINE 

APPROACH 11 NO PROTECTlQN 

ONE ADHESIVE FllLET APPROACH 111 
TWO ADHESIVE FlllETS 

~
COVER 
GlASS 

EDGE 
GAP 

BAR GAP 
SOLAR CElL 

Fig. 3-15. Description of alternate approaches (gaps 
and glass overhangs grossly exaggerated for illustra­
tion). 



The assembled cell stack always exhibits 
overhanging coverglass on at least two sides. 
For perfect1y square-cut cells and covers, this 
overhang may range from 0.02 to 0.5 mm in 
the worst case, and is estimated to fall within 
0.1 to 0.2 mm most of the time. This minimum 
overhang is required because cells may have as 
much as 0.15 mm run-out (covers 0.10 mm) 
due to non-square cutting. However, due to 
the center indexing in the glassing operation, 
only one-half of this total 0.25 mm run-out will 
probably cause cover overhang. The chipping 
problem of the overhanging glass may be 
minimized by allowing an adhesive fillet to 
form und er the glass overhanging the cello 

Approach 11. In this approach, low energy 
proton protection, shown in Fig. 3-17, the 
covers are smaller than the active cell area in 
one dimension, but overhang the cell area in 
another dimension. An adhesive bead is ap­
plied over the active cell area gap between the 
n-contact collector bar and the edge of the 
coverglass. 

Approach 111. In this approach, the covers 
are smaller than the active cell area. An ad­
hesive bead is applied over the active cell 
area between the n-contact collector and the 
edge of the coverglass, and a natural adhesive 
fillet is allowed to form along the outer ceH 
edge normal to the collector bar. 

r 
20.14 
MAX 

I 

L 
CELL 

N·CONTACT 
BAR 

COVER "" 

~ ~ ! 
11 11 11 

11 11 11 

I! I! 11 

:1 11 I1 

11 j 
" 

11 I1 ,I 
11 11 

" 

11 !i 11 
I- - .JI ___ U - - ~I_-

,. 
V 

.1 e20.14MAX 

20.32 MAX 

li 
19.35 
MAX 

J 
lL 
±O.O5 

20.4 2 
X MA 

DIMENSIONS 
IN MM 

Fig.3-16. Cell stack of approach I, Example. 
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'r--- 20.19 i 0.05 --- ----I 
I 111 11,_1 

! 

8 

n : 

I 

18.67 ± 0.05 

Jr0.20 ± 0.36 

[I 
1·14±o.25 

~- DIMENSIONS IN MM 
20.02 ± 0.08 - ---

Fig.3-17. Design for approaches 11 and III, Example. 

Requirements for Adhesive Fillets. After glass­
ing and solde ring the cells, an adhesive bead is 
applied across the unprotected active area strip 
between the n-contact bar and the cell cover 
edge. The width of this strip is nominally 0.20 
mm and may vary to 0.6 mm in extreme cases. 
The outside strip will be protected by an ad­
hesive fillet, as shown in Fig. 3-18. Care should 
be taken not to overc1ean this edge fil1et which 
forms somewhat naturally . A maximum fillet is 
desirable. 

Suitable materials for coating uncovered 
active solar cell areas must be compatible with 
other materials and adhesive systems already 
in use on the solar panels. For example, some 
adhesives will not cure in the presence of other 
cured adhesives. 

Adhesive and flexible epoxy fillets for low 

COVER GLASS MINIMUM FILLET 

SOLAR CELL 

TYPICAL ADHESIVE FILLET 
COVER GLASS 

SOLAR CELL 

MAX IMUM ~ ILLET 

COVER GLASS 

SOLAR CELL 

Fig.3-18. Adhesives fillets in approach 111. 
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energy proton protection have been used success­
fully by several solar cell array manufacturers. 
As an example, one process was adopted using 
Dow Corning RTV-3140 protective coating 
with 0.1 % by weight of Calcofluor White 
fluorescent material added. The process re­
quired that the material be applied with an air­
actuated resin dispenser (hypodermic syringe) 
and that visual examinations be made in a 
darkened room under ultraviolet light. 

Most modern array designs now use fully 
overhanging covers because of lower in-orbit 
degradation and lower assembly and inspection 

10 
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~ 
o 
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w 
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fit q 
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// 
4 
~ 11 
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cost than can be achieved with the adhesive 
bead approach. 

3-36. Absorbed Dose in Cover and Cover 

Adhesive 

Some of the energetic radiation particles enter­
ing the solar cell covers will lose all of their 
energy in the covers and become absorbed, 
while others will penetrate the covers and exit 
with reduced energy. Some of these partic1es, 
in turn, will be absorbed by the cover adhesive, 
while others will penetrate into the solar cells. 

/ /0 

/ V [/30 ORBIT 
INCLlNATION r; " 

10- (DEG) 

t-~ 1\ I ty 0 I 
30 

1'- lL ...l. 
l1L .L 60-rt - V 

~r ~ rt 90-

I'-' '\ l\.' 
I~ 

ALTITUDE (KM) 

Fig.3-19. Average absorbed dose in O.15-mm thick covers in circular earth orbits due to trapped electrons. 
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Fig.3-20. Average absorbed dose in O.15-mm thick covers in circular earth orbits due to trapped protons. 

Since the radiation particles in space can 
have energies over a wide range, and the particles 
having lower energies tend to be more numer­
ous, the number of particles that come to rest 
in a solar cell cover (i.e., the absorbed dose) is 
greatest near the front surface of the cover and 
diminishes with increasing distance from the 
front surface. The resultant dose-depth profile 
is similar to the I MeV fluence-depth profile 
illustrated in Fig. 3-13. The average dose in the 
cover, accumulated in circular earth orbits, is 
illustrated in Figs. 3-19 and 3-20. 

The amount of cover and cover adhesive 

darkening associated with the absorbed dose 
is at the present time unclear. Therefore, it is 
suggested that the test data in Chapter 8 and 
the orbital performance data in Chapters 1, 4, 
and 5 be consulted. 

ELECTROMAGNETIC DESIGN 

3-37. Electrostatic Shielding 

Certain satellite experiments require that the 
plasma in which a satellite moves does not 
become disturbed in the vicinity of the satellite. 
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An electrically neutral satellite can be designed 
approximately when the entire satellite, inc1ud­
ing its solar cell array, is made equipotential. 7,8 

This can be achieved with conductive coatings 
placed over all non-grounded and dielectric 
surfaces connected to spacecraft ground. A 
typical requirement for a maximum potential 
difference of 0.5 V between any two points 
on the satellite can most likely be achieved by 
sizing the conductive coatings for a maximum 
resistance of lOs ohms to ground. Typically, 
pinholes and voids up to 5 mm in diameter 
and expansion gaps up to 2 mm in width and 
of any length are permissible. 

Conductive coatings over the solar cell array 
must reach over all solar cells, contact bars, and 
wiring. Two different approaches have been 
used. For the Explorer 31 array, the solar cells 
were mounted to a transparent "superstrate" 
which not only carried on its outer surface the 
conductive coating, but also served as the 
mechanical holding device for the solar cells 
within an array frame structure. For the Helios 
array, the solar cells were mounted to a con­
ventional substrate and were covered with 
individual coverglasses, each of which carried 
a conductive coating and coating terminal pads. 
The individual covers were interconnected by 
welding ribbons to the terminals, in a fashion 
similar to the interconnection of solar cells. 
Additional design efforts to achieve an e1ectro­
statically clean solar cell array inc1ude minimiz­
ing the array voltage and the electromagnetic 
fields it produces. Minimizing the voltage 
level of any circuit element can be achieved by 
the use of low bus voltage or by grounding the 
center of the array. Stray fields are minimized 
by cancellation of the electromagnetic fields 
by back-wiring to achieve a counterflow of 
currents, and by shielding all wiring and circuits 
electrostatically. 

Candidate materials for conductive coatings 
are indium oxide (In203-used on Explorer 31 
and GEOS), beryllium oxide (BeO), and tin 
oxide (Sn02). Currently, only indium oxide has 
been qualification-tested and used on space 
flight programs. Contact reinforcements may 
be silver, gold, or other metals compatible 
with both the conductive coating and an as­
sembly process. Special considerations must­
be given to the design and fabrication process 

control of conductive coatings. The conductive 
coating must adhere to the substrate over the 
entire environmental range of exposure (ultra­
violet and charged particle irradiation, tempera­
ture cycling) without subliming, cracking, or 
being eroded away. Light transmission to the 
solar cells should be maximized. The long 
wavelength emittance should be maximized 
and the solar absorptance minimized (an 
CI: = 0.93 was achieved on Explorer 31 for a 
coating conductivity of 1 to 3 X 103 ohms 
per square). Metallic contact areas on the 
outer surface should be minimized because 
metals gene rally have low emittance and can 
cause significant increases in array operating 
temperature. 

3-38. Magnetic Cleanliness 

Magnetic cleanliness may describe any one of 
three design features of a solar cell array: 1) a 
solar cell circuit topography that minimizes 
the magnetic field about a net current loop 
which encompases the entire array surface and 
leads to a magnetically induced torque on the 
spacecraft; 2) a solar cell circuit arrangement 
that minimizes the local magnetic field at a 
given position relative to the array; and 3) a 
solar cell circuit design that minimizes the 
overall magnetic field intensity and direction 
of the magnetic field vectors such that low­
energy charged particles in the plasma through 
which the array travels are disturbed as little as 
possible. The first condition is of concern to 
the spacecraft attitude control system,9,10 the 
second to the location of magnetometers on the 
spacecraft, and the third to the measurement of 
low-energy charged particles. 

Magnetic cleanliness is affected both by the 
e1ectrical current patterns of the array and by 
the presence of magnetic materials on the array. 
The effect of the electric current through il­
luminated solar cells and the associated array 
wiring can be assessed with reference to Fig. 
3-21. The magnetic field contribution dB at 
a point (x, y, z) in a Cartesian coordinate sys­
tem, due to a current 1 in an elemental con­
ductor (or in an e1emental solar cell) of length 
dl is given by Eq. 3-39.* 

*For a defmition of vectors see Appendix A. 
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Fig. 3·21. Magnetic field due to current-carrying 
conductor. 

/10 Idl X r 
dB= ----

41T r3 
(3.39) 

where /10 is the permeability of empty space 
and r is the vector from the current element ldl 
to the point (x, y, z). The total field B, obtained 
by summing over all current elements IdI, has 
three directional components, Bx ' By , and Bz • 

A current-carrying conductor element produces 
no magnetic field component in the direction 
of the current. For example, a conductor ele­
ment lying parallel to the y-axis produces field 
components Bx and Bz , but none along the 
y-axis (Le., By = 0). By "mirroring" the current­
carrying conductor elements of an array, cer­
tain degrees of magnetic field cancellations may 
be achieved, as illustrated in Fig. 3-22. Applying 
the principles illustrated in this figure to a 
hypothetical, two-wing solar cell array, the 
different solar cell string layout options shown 
in Fig. 3-23 suggest themselves (12 strings per 
wing were chosen arbitrarily for illustration). 
Figure 3-23c illustrates the most effective 
wiring for minimizing the array's magnetic 
fields. ll 

Further reductions in the magnetic field are 
possible by "back-wiring" the array: the return 
lines of the solar cell strings are routed along 
the substrate backside or "underneath" the 

ARRAY DESIGN 147 

wires are used, they should be spaced symmet­
rically to the solar cell strings (the spacing is 
critical) and should carry the same current as 
the adjacent solar cells whose fields are to be 
cancelled. This can be aided by collecting the 
currents from the solar cell strings centrally 
rather than offset (Fig. 3-25) and otherwise 
balancing the currents. Open-circuit failures in 
the solar cell strings or in the back-wiring may 
cause imbalances in the current patterns and 
thereby cause the original magnetic c1eanliness 
to be lost. Twisting of wires also reduces the 
magnetic field.14 ,15 

The use of materials which may become mag­
netized should be avoided in design situations 
which require extreme magnetic c1eanliness. 
However, under normal circumstances, the use 
of soft magnetic materials such as Kovar or 
Invar as a solar cell interconnect material may 
be entirely reasonable. For example, NASA­
GSFC evaluated Kovar as a candidate inter­
connector material for the ATS-6 satellite solar 
array. The proposed application consisted of 
approximately 1.4 kg of the material distributed 
over a total area of 20 m2 in 8000 separate con­
nections. The ATS-6 solar panels are each 2.44 
m long and are located at their nearest point 
about 6.40 m from a magnetometer. The results 
of the evaluation perforrned by the GSFC Mag­
netic Test Facility showed that by comparison 
with similar configurations, the maximum field 
at the magnetometer would be a few tenths of 
a gamma if the Kovar were magnetized to a 
fairly high level (e.g. 300 gamma at 0.46 m). 
However, there would be little likelihood of 
the Kovar becoming magnetized. Spacecraft 
demagnetization ("deperm") would eliminate 
magnetization. Furthermore, the Kovar would 
not distort the earth's magnetic field in the 
immediate vicinity of the magnetometer. Al­
though Kovar was approved for this applica­
tion, the material was not selected for the fmal 
design for other unrelated reasons. 

3-39. Minimizing Magnetic Moments 

solar cells such that the direction of the current The minimization of magnetic fields ansmg 
in the back-wires is opposite to the direction of from solar cell array currents as described in 
current in the solar cells. Figure 3-24 illustrates Seetion 3-38 gene rally also minimizes the 
several back-wiring concepts. 12 , 13 Figure 3-24d array's magnetic moment. However, the layout 
illustrates the most effective method. If several of solar cell strings may result in the formation 
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Fig. 3-22. Cancellation of magnetic field components of elemental electric currents. (From Ref. 11) 
a) X-directed current elements mirrored about the y = 0 plane produce By and B z fjelds, except Bz = 0 every­

where in the y = 0 plane. B x = 0 everywhere. B y may be zero somewhere, but in general B y * O. 
b) X-directed current elements mirrored about the x = 0 plane produce B y and B z fields. B y = B z = 0 every­

where in the x = 0 plane. B x = 0 everywhere. 
c) Y-directed current elements mirrored about the x = 0 plane produce Bx and Bz fields. Bz = 0 everywhere in 

the x = 0 plane; B x may be zero also but in general B x * O. 
d) Y-directed elements mirrored about the y = 0 plane produce Bx and Bz fields, except B x = B z = 0 ev~rywhere 

in the y = 0 plane. B y = 0 everywhere. 
e) X- and y-directed current elements mirrored about the x = 0 and y = 0 plane produce several planes in 

whichBx =By =Bz = O. 
f) X- and y-directed current elements mirrored about the y = 0 plane and anti-mirrored about the x = 0 plane 

also produce several planes in which B x = B y = B z = O. 
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Fig. 3-23. Several solar cell string configurations for magnetic field cancellation. (From Ref. 11). 
a) Mirror configuration about x = 0 plane pro duces zero magnetic field only in y = 0 plane. Bx and Bz field 

components provide both contaminant fields and interactions with planetary magnetic fields, resulting in 
torques on spacecraft. 

b) Mirro-mirror configuration about the x = 0 and y = 0 planes and anti-mirror configuration about the y = 
± (d + L) planes provides irnproved magnetic field cancellation over Fig. a). 

c) Mirror-mirror configuration about the x = 0, y = 0 and y = ± (d + L) planes provides irnproved magnetic field 
cancellation over Fig. b). 

of an uncompensated current loop along the 
array's perimeter, as illustrated in Fig. 3-26. 
Io minimize the effects of such current loops, 
the mirror image properties discussed in Section 
3-38 can be utilized advantageously, as illus­
trated in Fig. 3-27. 

3-40. Electrostatic Charging Control 

During geomagnetic substorm activity, as de­
fined in Section 9-49, dielectric surfaces of the 
solar array are subject to electrostatic charging 
and subsequent sudden discharge effects, result-
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Fig.3-24. Solar cell string back-wiring. (Strings and conductors extend into the plane of the paper) 
a) One back wire. 
b) Two back wires. 
c) Three back wires. 
d) Conductive sheet back wiring. 
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Fig.3-25. String connections located offset (a) and 
cen tral (b). 
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Fig. 3-26. Uncompensated current loop of folded 
string. 
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00 

+ 

ing in electromagnetic interference (EMI) and 
potentially in the destruction of materials and 
electronic components, unless appropriate pre· 
cautions are taken. Figure 3-28 illustrates an 
example of a solar panel made with dielectric 
facesheets and the appropriate electrostatic 
charging model. As is seen in the figure, po­
tentials of up to 20 kV can be predicted. 

Substorm countermeasures for this design 
consisted of application of a conductive coating 
on the back side facesheet, grounded to the 
aluminum honeycomb core, and making the 
honeycomb core continuously conductive over 
the entire array area. 

Swarm tunnel tests verified the findings of 
others that discharges on the coverglass side 
(occuring during eclipses only) are neither 
violent nor damaging to the solar cells, ap­
parently because of the proximity of the solar 
cell interconnectors that lead to low current 
density discharges. 

Significant amounts of charge will not build 
up on the front Kapton facesheet because solar 
illumination reduces the Kapton bulk resistivity 
sufficiently to cause charge drainage. Under the 
worst case assumption that all ground points 
except for one have failed and that the maxi-

00 
00 

Fig. 3-27. Mirror-Mirror compensation of net current loops. 
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Fig. 3-28. Eleetrostatic eharging model. Array without eonduetive eoat. Sizes Not to scale. (Reprinted with per· 
mission of the IEEE)16 

mum voltage differential across a facesheet shall 
not exceed 100 V at a plasma current density 
of 10 nA/cm2 , a maximum conductive paint 
sheet resistance of 106 ohms per square is 
required. The actual paint used in 0.01 to 0.04 
mm thickness produced acceptable resistance 
values in the order of 103 to 104 ohms per 
square.16 

Electrostatic charge build-up can also be 
expected on the glass covers and on other di­
electric surfaces of terrestrial arrays, especially 
during high-wind and thunderstorm conditions. 
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4 
Solar Cells 

PHOTOVOL TAICS 

4-1. Solar Cell Devices 

Solar cells are relatively smaIl, wafer-like semi­
conductor devices. Also known as solar batter­
ies, solar cells produce an electric power output 
while being exposed to sunlight. Many indivi­
ual solar cells, properly electrically intercon­
nected, constitute an a"ay of solar ceIls, 
multiplying the output of an individual cell. 

Semiconductor devices constitute a family of 
solid-state electrical components that indude 
the weIl known transistors, rectifier diodes, 
light emitting diodes, and integrated eircuits 
that are used in modern electronic consumer 
products. 

Present-day solar cells may have sizes ranging 
from about I mm to ,over 100 mm in diameter 
(25.4 mm = 1.0 inch; I mm = 0.0394 inch). 
Solar cells may be round, square, rectangular, 
or of any desired shape. The smaller solar cells 
are used primarily in sensing and control eir­
cuits, while the larger cells are used primarily 
for producing electric power. 

Because semiconductor materials are rela­
tively costly, solar cells are made as thin as 
practical. The typical thickness range for the 
most common silicon cells is 0.2 to 0.4 mm. 

The power output of solar cells arises from 
solar energy in the form of sunshine falling 
onto the solar cells. The amount of energy 
contained in sunlight just outside the earth's 
atmosphere is about 1.4 kW/m 2 • Bright sun­
light on a dear day on the earth's surface con-

tains about 1.0 kW/m2 , to which about 10 to 
20% is added from sunlight reflected and 
scattered by the upper atmosphere. In actual 
use, solar cells convert between 5 and 20% of 
the ineident solar energy into electric energy, 
depending upon the specific solar cell construc­
tion and prevailing operating conditions. 

4-2. Direct Energy Conversion 

In the context of electric power generation, 
direct energy conversion processes are processes 
by which one form of energy is directly con­
verted (or transformed) into electrical energy. 
In contrast, indirect energy conversion utilizes 
one or more intermediate energy conversion 
processes, as exemplified by the fossil fuel 
burning power plant: chemical energy (oil or 
coal) is first converted into thermal energy 
(heated steam), then into mechanical energy 
(rotating steam turbine shaft) , and, fmally, 
into electrieity (electric generator). 

Direct energy conversion processes indude 
chemical, photochemical, thermionic, thermo­
electric, photoelectric, photovoltaic, and others. 
In all of these processes, chemical, thermal, or 
light energy is converted directly into electrieity. 

Solar cells operate onphotovoltaic prineiples. 
The term implies that the application of light 
(phot-Greek prefix, relating to light) results in 
the generation of a voltage, also known as 
light-generated electromotive force and photo­
voltage. In today's highly efficient solar cells, 
the photovoltage is capable of driving signifi-
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cant amounts of electric current through ex­
ternally connected circuits. All practical solar 
cells are solid-state semiconductor devices. 
However, feeble photovoltaic processes have 
also been observed in some liquids. 

Photoelectric energy converters utilize metal­
lic or semiconductor elements of different 
material compositions in intimate contact with 
each other; these are known as thermocouples. 
Upon heating of their junctions on one side and 
cooling of them at the other side, an electric 
current is genera ted. Another type of photo­
electric converter, known as a thermionic diode, 
utilizes a heated, electron emitting surface 
(cathode) in a vacuum or cesium atmosphere 
and an adjacent cooled electron collector 
(anode) instead of thermocouples. 

Photochemical energy conversion is found 
in all living plants in which a photosynthesis 
process is operating. Certain chemical reactions, 
activated by light, may be utilized directly to 
deliver free electrons to electrodes, thus making 
electric current available to flow in an external 
circuit. 

4-3. Discovery of the Photovoltaic Effect1 

The recorded beginning of photovoltaic re­
search dates back to 1839, when Becquerel 
published his work on photoelectric experi­
mentation with acidic aqueous solutions and 
noble metal electrodes. The first work on solid­
state, photovoltaie devices was reported in 
1876. Both photoconductive and photovoltaic 
effects in selenium and at selenium/metal 
oxide potential barriers were investigated. Com­
mercial exploitation, first of photoconductive 
and later of photovoltaic selenium cells began 
ab out 1880 and has continued through today. 
Even though the energy conversion efficiency 
of selenium cells has never been high-typically 
in the order of 1 to 2%-the elose match of the 
spectral ( color) sensitivity of selenium cells 
with that of the human eye made these cells 
desirable for a wide range of photometrie 
(light measurement) applications. 

Intensive research conducted on selenium, 
copper oxide, and many other semiconductor 
compound/metal oxide type barrier devices 
during the 1920's and 1930's provided the 

foundations for the theoretical understanding 
of photovoltaic potential barrier solar cells and 
their mathematical modeling. 

During the late 1930's and early 1940's, 
intensive semiconductor material research was 
spurned by the World War 11 effort on ger­
manium and silicon. This effort resulted in the 
development of the transistor and, in 1954, of 
the silicon solar cell essentially as we know it 
today. 

4-4. History of Contemporary Silicon Cells l - 9 

After considerable theoretical and experimental 
work, started in the 1930's and carried on with 
great vigor du ring the 1940's, the Bell Tele­
phone Laboratories produced the first practical 
solar cell in 1954. This cell was of the planar 
junction, single crystal silicon type and was the 
forerunner of today's solar cello Significant 
technological advances which permitted the 
development of such solar cells were break­
throughs in purifying the silicon material, 
growing crystals by the so-called Czochralski 
method developed during the late 1940's and 
early 1950's, and forming p-n junctions by 
high-temperature vapor diffusion in 1954. 

The early solar cells were of circular shape­
approximately 3 cm in diameter-that was 
determined mainly by the grown crystal diam­
eter. These cells were of the p-on-n, wrap­
around contact type and had relatively low 
conversion efficiencies (of up to 6%). This 
was mainly due to high internal series resis­
tance, in the order of 5 to 10 ohms, and exces­
sive material defects. The theoretical maximum 
efficiencies calculated at that time ranged from 
about 18 to 22% for a solar intensity of 1 
kW/m 2 of AMI (Air Mass I) spectrum (see 
Section 9-6). 

In the U.S., the original material used for 
solar cells was n-type silicon, while in the 
U.S.S.R. it was p-type material. Silicon of the 
p-type was used by the Russians (1956) for two 
reasons: 1) to scientifically contrast the U.8. 
work; and 2) because p-type material was 
cheaper in the U.S.S.R. than was n-type. It 
was later found that ceIls made from p-type 
silicon were more resistant to corpuscular 
radiation as found in space than were ceIls 



made from n-type material. Thus, after dis­
covery of the Van Allen radiation belts, U.S. 
solar cell production after 1960 switched over 
to diffusion of n-Iayers into p-type silicon. 

While the Bell Telephone solar cell was 
initially considered for terrestrial use only, the 
success of solar cells in space began in 1958 
when rectangular 0.5 X 2 cm cells (still p-on-n) 
were selected for Vanguard, the first U.S. 
satellite. Later, cell sizes were increased to 
1 X 2 cm, 2 X 4 cm, and larger. Contact grid 
lines over the active cell area were utilized to 
reduce cell internal resistance to between 0.1 
and 1 ohm; silicon monoxide anti-reflective 
coatings and improved processes increased peak 
cell conversion efficiencies below 13% at AMO 
(Air Mass Zero) conditions (by 1960), with the 
mean efficiency at around 10 to 11 %. 

Between 1961 and 1971 no major progress 
in silicon solar cell technology was reported. 
Emphasis was placed on achieving radiation 
resistance and weight and cost reductions. A 
large number of avenues to improve cell ef­
ficiency or reduce cost were attempted and 
abandoned. Foremost among those efforts 
were the developments of the dendritic cell 
and the lithium-doped cell, both utilizing single 
crystal silicon. 

Dendritic solar cells are fabricated from 
silicon sheet which has been produced by den­
dritic growth, rather than by cutting and slicing 
of large, cylindrical crystals for conventional 
silicon cells. In the dendritic growth technique, 
two coplanar dendrites from a single crystal 
seed are introduced into the molten silicon. 
As these seeds are pulled from the melt, a 
silicon web freezes between them, resulting 
in a continuous length of silicon ribbon having 
the proper finished solar cell dimension in its 
cross-section. Major difficulties were encoun­
tered with temperature control (better than 
±0.02°C at approximately 1420°C is required) 
to achieve uniform dendritic growth. Solar cell 
energy conversion efficiency of such cells has 
been nearly as high as that obtained during the 
same time period from conventional cells. 

The development of lithium-doped, single 
crystal silicon cells was initiated in the early 
1960's and continued through 1974 to improve 
the resistance of solar cells to corpuscular radia-

SOLAR CELLS 157 

tion. It had been discovered that the controlled 
introduction of sm all quantities of elemental 
lithium would anneal radiation-induced defect 
centers in the silicon lattice; thereby, in orbits 
where radiation levels were high, solar cell 
electrical output would degrade less. Lithium­
annealing of radiation damage was indeed 
achieved in cells produced in pilot line quantities. 

Lithium-doping was found to be most effec­
tive in annealing the cell's electrical degradation 
that was caused by protons and neutrons. For 
annealing to occur, solar cells manufactured 
from oxygen-rich silicon required temperatures 
of at least 50°C to operate, while those manu­
factured from float-zone processed silicon 
required at least 30°C. It was also found that 
the lithium concentration and doping profile 
had to be adjusted for a specific end-of-life 
charged-partic1e fluence for lithium-doped 
silicon solar cells to realize a net gain in power 
output over conventional 10 ohm· cm base 
resistivity silicon solar cells; the annealing rate 
(i.e., the rate of recovery of the electrical out­
put after irradiation) was not found to be a 
reliable indicator of cell quality. The recently 
developed families of high efficiency solar cells 
(Section 4-11) appear to have pushed the need 
for further development of lithium-doped 
silicon cells into the background. 

In 1972, the first step in solar cell efficiency 
improvement in ten years was announced. Ef­
ficiency was increased for space application 
cells by about 30% over state-of-the-art space 
cells. This improvement was achieved by 
critically examining and revising existing 
theories, increasing the cell blue response, 
decreasing the internal cell resistance to about 
0.05 ohm, and improving the charge carrier col­
lection process within the cello The resultant­
so-called "violet" -cell maintained its superior 
performance after electron bombardment with 
integrated fluences beyond 1016 1 MeV e/cm 2 • 

Another noteworthy development announced 
in 1972 was the Vertical Multijunction (VMJ) 
solar cell device. An experimental array has 
been assembled from these cells and tested. The 
VMJ device took its name from its construc­
tion: many alternate layers of n- and p-type 
silicon form a multilayer stack similar to a 
"layer cake." By turning the "layer cake" on 
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its side, the layers stand vertical, and sunlight 
impinges from above-on the "sides" of the 
"layers," so to speak. Each junction separates 
the charge carriers, and the junction voltages 
add up algebraically. A pair of ohmic contacts, 
one on each end of the stack, permit extraction 
of power. By its nature, the device produces 
high voltage at low current and has inherently 
a relatively low internal resistance. Also known 
as edge-illuminated multijunction cells, re cent 
developments using single crystal silicon at­
tempt to make this cell type practical for con­
centrator applications utilizing concentration 
ratios in excess of 600. 

Theoretical analyses had shown that VMJ 
cells would exhibit a higher radiation resistance 
than plan ar cells while the initial efficiencies 
would be comparable, but a practical fabrica­
tion process for such cells could not be found. 
A design modification, however, led to the 
concept of the single vertical junction cells. 
These cells consist of silicon wafers into which 
deep and narrow grooves are etched. After 
diffusion, the junction follows the surfaces 
up and down the walls, along the bottom of 
the grooves, and over the tops of the walls. 
Experimental cells fabricated in 1977 exhibited 
12.6% efficiency under AMO illumination, but 
significantly improved radiation resistance over 
planar junction, hybrid cells of the same ef­
ficiency class was not observed. 

Between 1972 and 1976 a variety of single 
crystal silicon solar cells were developed for 
space use and marketed under a variety of 
names. Blue-shifted, ultra-blue, violet, and 
super-blue cells appeared, indicating a shal­
lower diffusion and, hence, an improved 
sensitivity to the solar energy spectrum in the 
wavelength range between 300 and 800 nm. 
Drift field, field, and p+ cells exhibited higher 
output by virtue of an additional electrostatic 
field, built into the solar cell's back surface, 
that aided in the carrier collection process. Dif­
ferent surface treatments to minimize light 
reflections from the cell's front surface led to 
the development of non-rejlecting, black, 
velvet, textured, and texturized cells. More ef­
ficient anti-reflective coatings such as titanium 
oxide, and, later, tantalum pentoxide, replaced 
silicon monoxide. Various combinations of 

these cell improvements were traded as en­
hanced, augumen ted , intermediate, or hybrid 
high-efficiency cells, in addition to the Comsat 
Violet, Comsat Non-rejlecting, and Helios type 
cells. To take advantage of the enhanced short­
wavelength sensitivity of these high-efficiency 
solar cells, the cut-on wavelength of the ultra­
violet rejection fIlter on the coverslides was 
lowered from the earlier used range between 
400 and 435 nm to 350 nm. 

During the 1976 to 1977 time period, it was 
realized that the cell output gains achieved by 
surface texturing were accompanied by rela­
tive1y large increases in the solar absorptance, 
which, in space, caused the cells to operate at 
a higher temperature. The increased tempera­
ture nearly counteracted any efficiency im­
provement that arose from non-reflective cell 
surface treatment. Texturing for space cells 
was then mostly abandoned, but continued to 
offer potential advantages for terrestrial use. 

Another noteworthy achievement was the 
so-called ultra-thin single crystal silicon solar 
cello Starting in the mid-1970's, 0.050 mm 
thick solar cells of 2 X 2 cm size and larger 
have been developed and fabricated in pilot 
line quantities. In 1978, efficiencies of cells 
with p+ back fields reached 12.5%. Intended 
for space use, such ultra-thin cells are ex­
pected to exhibit high radiation resistance at 
high efficiency and at low weight. 

During the mid-1970's, the development of 
silicon solar cells for terrestrial applications was 
also pursued with great vigor. The prime em­
phasis was placed on lowering the cell fabrica­
tion costs rather than on improving cell ef­
ficiency. Attempts to replace the vacuum­
deposited metallic solar cell contacts with 
fired metallic paints and inks were only mar­
ginally successful. The major progress toward 
cost reduction was made in growing larger, 
purer, and more stress-free silicon crystals, 
using new silicon cutting techniques that pro­
duced less work damage in the silicon. Ad­
vanced process controls were developed for 
larger through-put in production equipment. 
However, by 1977, it became obvious that 
terrestrial array systems costs could not be 
brought in line unless high-efficiency solar 
cells would be available at low cost. It also 



became apparent that fabricating larger and 
larger solar cells would not necessarily lead 
to lower cell cost per unit power output, 
because larger cells tended to exhibit lower 
efficiencies than smaller cells. F or example, 
encapsulated solar cells having 4 cm2 area 
showed 19% efficiency at AM 1 illumination, 
while those having 25 cm2 are showed only 
15% average in larger production quantities. 
Even larger, 80 cm2 cells reached only 10 to 
12% in production quantities under the same 
conditions. The reason for this efficiency drop­
off lies in material defects that play significant 
roles in larger devices, but can be easier elimi­
nated by rejection of low-output devices from 
production lots of the smaller size cells. 

One potential approach to lowering the cost 
of solar cell array systems is to replace the 
rather costly solar cells with lower cost optical 
elements-such as plastic Fresnel lenses-that 
would concentrate the sunlight falling on 
larger areas onto relatively smaller solar cell 
areas. Early trade-off studies performed during 
1977 and 1978 indicate, however, that con­
centrator optical elements with their structural 
supports, and the associated electrical wiring, 
may offer no weight and cost advantages over 
non-concentrator, flat plate arrays for either 
space or terrestrial applications using silicon 
solar cells. Other approaches to reduce array 
costs currently being pursued are to reduce the 
costs of single crystal silicon cells or to utilize 
polycrystalline silicon. Ultirnately, other types 
of solar cells, such as gallium arsenide cells 
(see Seetion 4-5), may perform more favorably 
than silicon cells because of their potentially 
higher energy conversion capabilities. 

4-5. History of Non-Silicon Cells l - 9 

The intensive semiconductor material studies 
undertaken during the early 1950's were not 
restricted to silicon, but inc1uded germanium 
and many compound semiconductors. Unlike 
silicon, a group IV single element semiconduc­
tor, non-silicon solar cell materials belong to 
group III-V, group lI-VI, or other compound 
semiconductors. * (Germanium, another group 

*See Periodic Chart of Elements in Appendix C. 
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IV single element semiconductor, is not a 
suitable solar cell material.) Of the many 
compound semiconductor materials investi­
gated, gallium arsenide and cadmium sulfide 
have achieved prominent use for solar cells. 

Gallium Arsenide (GaAs) Cells. The photo­
voltaic effect in gallium arsenide material was 
first reported in 1954. In 1955, solar cell ef­
ficiencies of 1 to 4% were reported for small 
polycrystalline devices and of 6.5% for cadmium­
diffused GaAs wafers. At that time, it was 
shown that GaAs has the greatest efficiency 
and radiation tolerance potential of all group 
III-V compound cells. As the starting material 
technology improved and single crystal GaAs 
ingots could be grown, 2 cm2 p-on-n cells 
typically having 8.5% efficiency and 13 to 14% 
maximum were achieved in 1962. The theoreti­
cally predicted lower temperature coefficient 
and higher resistance to proton irradiation were 
confirmed. In 1962 and 1963, n-on-p cells of 
13% efficiency were found to be less resistant 
to proton radiation than were p-on-n cells, but 
electron radiation degraded both ~ll types 
equally. Low~(;l!sy-.p.I.QJons~ hoW~Ve! ... _wMe __ 
found to damage GaAs cells much more than 
silfconcells. As a consequence9f the differ~nt 
bandgaps, silicon cells lost red response arid 
GaAs cells lost blue response during irradiation. 
In 1964, the silicon technology surpassed the 
gallium arsenide solar cells for space use and the 
GaAs work eeased in the D.S. The inherently 
high material eosts and difficulties eneountered 
in working with this material made GaAs at­
tractive only for high-eoncentration and high 
operating temperatures, features that became 
ofinterest again in the mid-1970's. 

After Russian workers reported in 1971 on 
an GaAlAs/GaAs cell structure, world-wide 
activities sprang up in several research centers. 
A thin GaAlAs layer, known as the "window," 
is deposited on an p-on-n GaAs cell and signifi­
cantly reduces surface recombination losses. 
The new cell design paved the way for increased 
cell effideney, exceeding 16% in 1977 at AMO 
in 2 X 2 cm sizes. Efficiencies in excess of 23% 
under AMI illumination for 0.25 cm2 cells 
was c1aimed. Some workers showed inereasing 
efficiency with increasing eoncentration ra-
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tios, but others showed the opposite effect. 
Similarly, some workers showed higher radia­
tion resistance than silicon cells, others showed 
lower. Nevertheless, the GaAs cell type appears 
to become competitive with the silicon cell, 
especially since Ga and As material costs are 
decreasing rapidly. By 1990, the material costs 
for Si and GaAs cells will probably be equal. 

Cadmium Sulfide (CdS) Cells. The photovoltaic 
effect in single crystal cadmium sulfide and in 
thin CdS fllms was discovered in 1954. During 
the late 1950's, thin layers of semiconductor 
materials were sought to reduce solar cell ma­
terial costs and increase the power-to-weight 
and weight-per-unit-area ratios for space appli­
cations. Cadmium sulfide, as well as cadmium 
telluride (CdTe), GaAs, and other materials, 
were available for producing thin fllm semi­
conductor layers on glass, metal foil, or plastic 
fllm substrates. The semiconductor films were 
polycrystalline and promised to exhibit higher 
radiation resistance than silicon cells. By 1961, 
thin fllm CdS ceIls, having 5.2% efficiency and 
0.2 cm 2 area, had been developed. Larger ceIls, 
having 100 cm2 area, showed only 1.2% ef­
ficiency. It was found necessary to encapsulate 
the thin fllm cells completely to protect the 
semiconductor material from humidity. Manu­
facturing processes were not repeatable, fre­
quently resulting in low efficiency and shorted 
ceIls. Se1f-degradation, moisture attack, and 
degradation in temperature cycling were 
significant problems. A pilot line production 
attempt du ring 1966 and 1967 to improve 
both efficiency and ceIl stability was not 
successful. 

As a parallel effort during 1960 through 
1967, cadmium teIluride (CdTe) was hoped 
to eliminate the problems encountered with 
CdS. Work inc1uded first single crystal, and 
later thin fllm polycrystalline material. In 1967, 
4 to 5% efficient cells of 25 cm2 area had be 
fabricated, but the stability problem had not 
been solved. Gallium arsenide thin fllm cells, 
pursued between 1962 and 1967, resulted in 
3.5% efficient ceIls. 

CdS work, as weIl as other thin semiconduc­
tor research, was continued only on a small 
scale in the foIlowing years. Essentially every 

year, a group of workers announced the solu­
tion to the self-degradation and instability 
mechanisms of these cells, but by 1977, a last­
ing solution still had not been found. CdS 
cells, nevertheless, have been used successfully 
under controlled conditions. Protected by glass 
sheets and dry nitrogen gas, and electrically 
loaded to minimize self-degradation by internal 
ion migration, CdS cells have demonstrated a 
life capability of several years. 

The maximum CdS ceIl efficiency measured 
so far is in the order of 8% at room tempera­
ture; 15% has been calculated as the theoretical 
limit. This limited efficiency, however, does 
not detract from the potential attractiveness 
of CdS ceIls, because their fabrication cost is 
predicted to be at least one order of magnitude 
lower than the cost of silicon or GaAs ceIls. 
Therefore, research on CdS cells is continuing. 

SOLAR CElL TYPES 

4-6. Solar Cell Classification 

Solar cells may be c1assified into many different 
families or types. Even though, at present, there 
exists no universally agreed-upon nomenc1ature 
for most mass-produced or experimental solar 
cells, classification according to some important 
criteria, as follows, is useful (the parenthetically 
referenced seetions provide more detailed dis­
cussions): 

Cell applications (4-7) 
CeIl materials and processing (4-8) 
CeIl internal construction (4-9) 
CeIl optical characteristics (4-10) 
CeIl efficiency (4-11 , 4-12, 4-17, 4-26) 
CeIl size and shape (4-29) 
CeIl thickness (4-30) 
CeIl contacts (4-32,4-33) 
CeIl radiation resistance (4-35, 4-37). 

4-7. Classification According to Application 

Solar cells are intended either for terrestrial or 
for space use, and either for energy conversion 
or for electro-optical sensor applications. Any 
of these applications may require the solar cells 
to operate at low, medium, or high solar inten-



sities, usually requumg different, specifically 
optimized solar cell designs. 

Terrestrial Solar Cells. Presently designed, fab­
ricated, and tested involving less rigid quality 
control standards than space cells, the prime 
feature of terrestrial solar cells is low relative 
cost (dollars per peak watt). The cell's spectral 
response is optimized for slightly longer wave­
lengths than for space cells, owing to the absence 
of most of the ultraviolet solar energy that is 
found in space but it absorbed by the upper 
regions of the earth's atmosphere. 

Space Cells. Typically designed and fabricated 
according to rigid quality and process control 
standards, space cells are highly reliable devices, 
capable of withstanding extremes in tempera­
ture and other space environments. Since weight 
is usually critical for space applications, cells 
are designed to provide the greatest practical 
power output per unit weight (JI jkg). The cell 
design is optimized for space sunlight illumina­
tion and for achieving the lowest operating 
temperature in orbit, frequently coupled with 
high radiation resistance. 

1 AU Cells. Not actually designated as such, 
the vast majority of all space and terrestrial 
cells have been optimized for operation at solar 
intensities encountered near 1 AU (astronomical 
unit; see Section 9-3) distance from the sun. 
These ceIls typicaIly would not perform weIl 
under very low or very high illumination inten­
sities. 

Low-intensity Cells. These cells are optimized 
for operation at relatively low intensities. They 
may possess larger internal series resistance 
values than do higher-intensity cells, but they 
may not have relatively low shunt resistance 
values. In general, operation at low light inten­
sities is accompanied by operation at low tem­
peratures (see also Section 4-24). 

High-intensity Cells. Optimized for high solar 
intensity as found in elose proximity to the sun 
or in concentrator applications, these cells are 
characterized by high gridline density to mini­
mize the cell's internal series resistance. Typi-
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cally, operation at high light intensities is ac­
companied by operation at elevated temperature 
(see also Section 4-23). 

Concentrator Cells. These are the same type as 
high-intensity cells. 

4-8. Classification According to Materials and 
Processing 

Presently, solar cells can be elassified (for the 
convenience of the array designer) according to 
basic semiconductor material type, as follows: 

• Silicon cells 
• Gallium arsenide cells 
• Cadmium sulfide cells 
• Other cells. 

Silicon Cells. Silicon cells are divided into single 
crystal and polycrystalline cells. Single crystal 
cells are cut from silicon crystal ingots that can 
now be grown easily in 10 cm diameters or 
larger by approximately 50 cm in length or 
longer. Polycrystalline silicon, also known as 
amorphous silicon, is obtained by a casting 
process, followed by a heat treatment that 
causes very small individual silicon grains to 
combine and form larger grains having sizes of 
several millimeters in length and width. 

The material property of interest to solar cell 
users is the cell's base resistivity. Cells are elassi­
fied into typical resistivity ranges of 1 to 3 
ohm' cm, 7 to 14 ohm' cm, and others. Gen­
erally, cells made from lower base resistivity 
silicon exhibit higher efficiency but lower radi­
ation resistance than do cells made from higher 
resistivity material. 

The silicon cell's spectral response is affected 
by the diffusion process. Classified as deep­
diffused cells, having a junction depth of about 
0.5 11m, these cells have little response at wave­
lengths below 450 nm. Shallow-diffused cells 
exhibit greater short-wavelength response, but 
also greater internal cell series resistance losses. 
Therefore, shallow-di[[used cells, also known as 
blue-sensitive, or just blue, or violet cells, carry 
higher-density gridline patterns to minimize 
series resistance losses. 

Silicon cells may be made by different junc­
tion formation methods. Most cells are fabri-



162 ARRAY BUILDING BLOCKS 

cated by utilizing a diffusion process. In pilot 
line quantities, junctions have also been formed 
by ion implantation, a process by which the 
impurity atoms are "shot" into the semicon­
ductor base materials with ion guns. 

Lithium-doped Silicon Cells. These cells consti­
tute a dass of developmental devices that ex­
hibit a relatively high proton and neutron radia­
tion hardness, which is achieved by the addition 
of lithium to the n-base of p-on-n silicon cells. 
The lithium causes an apparent annealing of 
radiation-induced damage, and effects a partial 
recovery of cell output after irradiation. 

N-P and N-P-P+ Silicon Cells. The foregoing 
solar cell types are of the single p-n junc­
tion type. Their structure is illustrated in 
Fig. 4-1a (except for the lithium silicon cells, 
the p and n layers are reversed). A now com­
mon type, known alternately as driftfield,field, 
p+, and back surface field (BSF) cells, has an 
additional p + layer immediately adjacent to the 
cell's back contact, as illustrated in Fig. 4-1b. 
This field aids in the separation of photon­
generated electron-hole pairs and the collection 
of the minority carriers. The p + field is subject 
to degradation due to space radiation effects. 
At radiation levels of I X 1015 1 MeVelectrons/ 
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cm2 , most present BSF cell types show no 
greater efficiency than equivalent non-BSF 
cells. Solar cell device specialists differentiate 
between BSF and p + cells because of slightly 
different internal carrier collection mechanisms. 

Gallium Arsenide (GaAs) Cells. These cells con­
stitute a dass of experimental cells that some­
day may displace silicon cells in both space and 
terrestiral applications. The presently most 
promising cell utilizes a GaAlAs-GaAs struc­
ture, as shown in Fig. 4-1c. This p-on-n cell 
type has reached AMO efficiencies of up to 16%. 

Most present-day gallium arsenide solar cells 
are made-by -epitaxial groWili of the upper 
layers .. on a single 'crystaTGaAs wafer. Since 
GaAs is a very expensive and relatively scarce 
material, ways are sought to make the entire 
cell by epitaxiaHy growing all GaAs layers very 
thinly on low-cost substrates made of a different 
material. 

Cadmium Sulfide (CdS) Cells. These cells belong 
to the dass of thin film cells that are made 
from compound semiconductors. The most 
promising CdS cell type has a CuxS-CdS struc­
ture, as illustrated in Fig. 4-1d). Typically, x is 
approximately equal to 2 in the cop per sulfide 
layer, but many different forms of copper -sulfur 

1-----1-- JUNCT ION 

b. n-ON-p SI LlCON CE LL 
WITH p+ LAYER 

"SUBSTRATE" 

p-CONTACT 

I---=---+-- JUNCT ION 

d. CADMIUM SULFIDE GELL 

Fig. 4 -I. Solar cell construction (cross-section not to scale). 



compounds, known as chalcogenides, may 
actually be present. 

CdS cells are made by low-cost spray or dip 
processes rather than by crystal growing. The 
semiconductor layers are very thin and, when 
deposited on metal foH or plastic film substrates, 
are highly flexible. In more re cent fabrication 
processes, the semiconductor materials are de­
posited on window glass that is a much more 
effective humidity barrier than plastic film. 

Other Cell Types. These inc1ude compound 
semiconductor cells as well as metal oxide cells. 
Practical compounds can be formed from chem­
ical group III-V, group 11-VI, and other group ele­
ments. For example, GaAs and GaAlAs are 
group II1-V combination, CU2S is a group I-VI, 
and Cds is a group lI-VI compound. Many differ­
ent compounds can be formed, but most of 
them do not offer high theoretical efficiency 
potentials. 

Metal-insulator-semiconductor (MIS) cells are 
of the Schottky barrier type, with the excep­
tion that a very thin insulating layer is placed 
between the metal and the oxide, yielding im­
proved cell efficiency. In cells in which this 
insulating layer is an oxide, the cells are called 
metal-oxide-semiconductor (MOS) cells. 

4-9. Classification According to Construction 

Most solar cell types may be constructed in 
several different ways, as discussed below. 

Cell Polarity. Cells may be either of the n-on-p 
or of the p-on-n type, also written n-p and p-n, 
or n/p and p/n, respectively. The first letter 
indicates the dominant semiconductor material 
type nearest to the cell's upper, light-sensitive 
side, and the second letter that of the bulk, or 
base material, except when the term "p-n junc­
tion" is used generically, no such significance is 
attached. 

The n-material assurnes the negative, and the 
p-material the positive, polarity of the photo­
voltage. The p + or p ++ layers in certain cell 
design are synonymous with the p-Iayer in 
terms of device polarity. 

Planar Junction Cells. These are of the usual, 
flat, wafer-like type, as illustrated in Fig. 4-2. 
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Fig. 4 -2. Portion of a planar junction N-on-P silicon 
solar cello 

These cells may or may not utilize the so-called 
planar semiconductor device technology as 
developed for transistors and other components. 
The p-n junction is located just below the upper 
cell surface and extends over the entire upper 
cell area, inc1uding the area that is covered by 
the n-contact bar and the grid lines. 

Modern n-on-p solar cells, as illustrated in 
Fig. 4-2, are fabricated by Hrst growing single 
crystal p-type silicon ingots, and cutting and 
slicing them into thin wafers. An n-type impurity 
is then diffused at high temperature into the 
wafer surfaces, thereby forming a diode junc­
tion less than 0.5 Mm from the surface. The 
difused layer is subsequently removed from all 
but one large surface, which then is referred to 
as the cell's active, or light sensitive, area. Next, 
metallic contacts are applied to both the diffused 
n-Iayer and to the p-base layer. In a fmal step, 
an anti-reflective coating is deposited over the 
active area. Some cell contacts are also coated 
with lead-tin solder. 

On some cell types (known as "p +" and 
"back field" cells) a p + -region is created in the 
p-base region near the p-contact during an in­
termediate fabrication step. 

p-on-n solar cells are identical in appearance 
to n-on-p cells, as shown in Fig. 4-2, except 
that all n and p polarity indicators are reversed. 

Vertical Junction Cells. These cells consist of 
wafers into which deep and narrow grooves are 
etched, as shown in Fig. 4-3. After diffusion, 
the junction follows the wall surfaces up and 
down, along the tops of the walls, and along the 
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n-CONTACT 

JUNCTION p-CONTACT 

Fig.4-3. Verticaljunction silicon solar cello 

bottoms of the grooves. The junction surface 
area is on the order of ten times the area of a 
planar junction cell having the same wafer size. 

Homojunctions. These are p-n or n-p junctions 
between like semiconductor materials, except 
for some minute quantities ofimpurities present 
in them. Silicon p-n junctions are an example of 
homojunctions. 

Heterojunctions. These are p-n or n-p junctions 
between unlike semiconductor materials. An 
example of heterojunctions is the CdSjCuz S 
structure of the so-called cadmium sulfide cell. 

4-10. Classification According to Optical 
Features 

The highest cell efficiency that can be reached 
during the cell's actual operating conditions 
depends highlyon I) the amount of sunlight 
that penetrates into the photovoItaically active 
portion of the cell; and 2) the cell's operating 
temperature. Anti-reflective coatings on the 
cell's front surface promote entering of the 
photovoItaically useful sunlight into the solar 
cell, while wavelength-selective reflective coat­
ings, either on the cell's front or back surface or 
on the cell's coverglass, reject portions of the 
sunlight spectrum that contributes only to cell 
heating. The following optical characteristics 
are available on contemporary silicon solar 
cells. 

Polished Ce"s. The front surface of a polished 
cells is either mechanically or chemically fin-

ished and etched. The surface finish may range 
from a mirror-like quality to an almost matted 
appearance, depending upon whether acidic or 
sodium-hydroxide etches are used, or whether 
the parts are dipped in the etching solution or 
sprayed with it. Frequently, several different 
etching steps are used in sequence. The surface 
fmish also affects the minority carrier collec­
tion process and the adhesion strength of the 
contacts. Polished surfaces exhibit the highest 
reflectivity, but permit the most precisely 
tailored antireflection coatings to be applied. 

Matted Surface Ce"s. This surface, too, is 
achieved by chemical etching. These cells have 
a smooth, flat fmish that reflects light more dif­
fusely than polished cells. The majority of all 
silicon solar cells made before 1975 are of this 
type. 

Non-reflecting Surface Ce"s. These cells are 
also known as rough, textured, texturized, 
black, velvet, or sculptured cells, and they have 
the lowest front surface reflectance of all cell 
types. The non-reflecting surface is produced 
by an etching process that produces a pyramide­
like microstructure, as shown in Fig. 4-4. 

Anti-reflective Coatings. Anti-reflective (AR) 
coatings are applied to the cell's front surface 
of any roughness to reduce light reflection 
losses. Conventional cells have used silicon 
monoxide (SiO) coatings. Modern, high-effi­
ciency and hybrid cells use the more transparent 
tantalum pentoxide (Ta20S) or multilayer 
(ML) coatings. One attractive MLAR coating 
is Taz 05 over titanium oxide (TixOy ). AR 
coatings are very thin, less than 1 Jlm thick, and 
are usually applied by a vacuum deposition 
process. 

Back Surface Reflector Ce"s. Abbreviated BSR, 
these cells are provided with a highly reflective 
metal surface between the solar cell wafer back 
surface and the cell's back side contact. Any 
solar radiation having wavelengths greater than 
those absorbed by the cell for potential conver­
sion into electrical energy (about 1150 nm in 
silicon) penetrate easily through the semicon­
ductor material to the back side reflector. Upon 
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Fig.4-4. Textured nonreflecting surface. (Courtesy of 
COMSAT Corp.) 

reflection, this energy simply emanates from 
the cell into space. As a result of the BSR, the 
solar absorptance is reduced significantly over 
that of the more typical non-reflecting contact 
cells. A BSR is of limited value on non-reflect­
ing cells because of the internallight trapping 
by the textured surface. 

4-11. Contemporary Silicon Solar Cells for 
Space Use 

The different types of solar cells that have been 
fabricated or were under development during 
the mid- and late-1970's are described in Table 
4-1. Not all of these cells were successful in 
terms of long-term usage or power output per 
unit cell cost, and continuing developments can 
be expected. 

The oldest of the contemporary solar cell 
types is the so-called conventional or standard 
cello Produced in great quantities for space pro­
grams between 1964 and the mid-1970's, this 
cell type represents pre-1972 solar cell tech­
nology that was not standardized in design or 
in performance, and is not at all related to 
"standard solar cells" as discussed in Chapter 8 
in conjunction with solar simulator calibration 
and solar cell testing. Even though no longer in 
production, this cell type is still of interest, 
since many satellites still operating in orbit, and 

so me satellites still in ground storage awaiting 
launch, carry solar cells of this type on their 
arrays. 

Conventional cells were available in two base 
resisitivity ranges: 1 to 3 ohm· cm (nominally 
1 or 2 ohm· cm) for low radiation environ­
ments as found in low-altitude earth orbits or in 
interplanetary orbits, and 7 to 14 ohm· cm 
(nominally 10 ohm· cm) for high radiation 
levels as found in the Van Allen radiation belts 
or in long-duration geosynchronous orbits (see 
also cross-over fluence). 

4-12. Contemporary Silicon Solar Cells for 
Terrestrial Use 

The different types of solar cells that have been 
fabricated for terrestrial pro grams since the 
middle of the 1970's are described in Table 4-2. 
The earlier terrestrial cells were of the conven­
tional space type, as described in Table 4-1, for 
2 ohm· cm base resistivity. For cost reasons, 
non-reflecting surface cells are used for high­
performance systems, while chemically polished 
cells are offered as the lowest-cost cells. The 
greater junction depth of terrestrial cells opti­
mizes their spectral response for AMI to AM2 
sunlight compared to shallow-junction space 
cells optimized for AMO conditions. 

Solar cells with printed-on contacts are a 
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Table 4-2. Commercial Silicon Solar Cells For 
Terrestrial Applications. 

Efficiency 
Size Thickness 25°C AMI Concentration 

Geometry (mm) (mm) (%)* Ratio 

Circular 50 to 60 0.3 to 0.4 8 to 15 
75 to 100 0.3 to 0.4 8 to 13 

Rectangular 20 x 20 0.3 10 to 17 
20 x 40 0.3 10 to 13 
20 x 60 0.3 10 to 13 
54 X 47 0.3 14 to 15.5 20 

*Depends on specific ceJl design and processing parameters. For 
conversion of efficiency to power output, see Section 4-17. 

feature presently reserved for terrestrial cells 
because of instabilities observed on space flight 
experiments using printed contacts. Similarly, 
most concentrator cells have vacuum-deposited 
contacts as used on space cells. 

ELECTRICAL CHARACTERISTICS 

4-13. Solar Cell Polarity 

Solar cells can be fabricated as p-on-n or as 
n-on-p devices. The first letter denotes the 
semiconductor material type (see Section 4-9) 
of the uppermost or first layer into which the 
solar energy penetrates. Any solar cell's elec­
trical behavior is related to its semiconductor 
material characteristics as outlined below. 

• The polarity of the output voltage of 
an illuminated solar cell is such that 
the p-contact becomes positive and the 
n-contact becomes negative. 

• An illuminated solar cell connected to a 
load and delivering power is said to operate 
in itsforward mode. 

• A solar cell, illuminated or not, is said to 
be biased in its forward direction by an 
external sour ce when the positive terminal 
of the source is connected to the cell's 
p-contact and the negative terminal is 
connected to the n-contact. 

• A solar cell, illuminated or not, is said to 
be biased in reverse by an external source 
when the positive terminal of the source is 
connected to the cell's n-contact and the 
negative terminal is connected to the 
p-contact. 
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OUTPUT VOLTACE 

(bi 

Fig.4-5. Solar cell electrical output characteristics' 
(a) 1- V Curve, and (h) P- V Curve. ' 

4-14. Current-Voltage Characteristics 

Current-voltage characteristics, or, in brief, 1-V 
curves, describe the solar cell electrical terminal 
characteristics most completely. The term I-V 
curve has become customary even though the 
term should really be V-I curve, if one takes 
the term X-Y coordinate system as a reference. 
A solar cell I-V curve, illustrated in Fig. 4-5a, 
passes through three significant points: 

1. I sc , short-circuit current (cell terminal 
voltage is zero); 

2. Pmp , maximum power output point, also 
known as the optimum power output 
point, Pop; and 

3. Voc, open-circuit voltage (cell terminal 
current is zero). 

The maximum power point, Pmp , corresponds 
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to the maximum conversion efficiency, l1max. 

This point is located where the rectangle having 
the largest area can be drawn inside the I-V 
curve. The 1-V curve is tangent to a constant 
power curve, also called an iso-efficiency curve 
at the Pmp point at which dP/dV= 0 (Fig. 
4-5b). From a set of several constant efficiency 
curves drawn on the 1-V curve plot, the actual 
cell operating efficiency can be determined 
when the cell is operated off the maximum 
power point (Le., when the terminal voltage 
V* Vmp ). 

Corresponding to P mp there is a maximum 
power (or optimum power) current,lmp, and a 
maximum power voltage, Vmp . A straight line 
drawn from the origin through P mp (Fig. 
4-5a) represents the optimum load resistance, 
RLopt , for this cello The slope of this line is 

1/RLopt = Imp/Vmp. 
Frequently, the values for Pmp , Vmp , and 

I mp are to be determined from experimentally 
obtained 1-V curves. As seen from Fig. 4-5a, 
the point of tangency of the I-V curve and a 
constant power curve is not sharply defined; 
as an aid to more closely defining the P mp 

point, a P-V curve, as shown in Fig. 4-5b, 
can be constructed. P- V curves can be plotted 
during the solar cell test when 1-V curves are 
taken (a signal multiplier is required, as de­
scribed in Chapter 8 in connection with solar 
cell testing) or they can be computer-generated 
from 1-V curve data. 

The I-V curve shown in Fig. 4-5a is only the 
first quadrant portion of the entire 1-V curve. 
In general, the 1-V curve extends from the 
second quadrant through the first quadrant 
into the fourth quadrant, as discussed in 
greater detail in Seetion 2-33 and illustrated 
in Fig. 4-6. 

Sometimes the 1- V curve is shown rotated 
such that I is plotted on the abscissa and Von 

the ordinate. Such presentation is logical and 
correct except it is not conventional according 
to the solar cell theoretical model, in which 
output current is the dependent variable which 
usually is plotted on the ordinate. (Actually, 
the nomenclature "1- V" curve is reversed.) 

Sometimes the photovoltaic portion of the 
1-V curve is shown "upside down" in the 
fourth quadrant. This presentation originated 

+1 

QUADRANT 11 

-v 0,0 +v 
III IV 

-I 

Fig. 4 -6. 1-V curve in 3 qua<h:ants. 

during the 1950's, when rectifier diode curve 
tracing equipment was used to study solar cells. 
Such equipment displays the dark diode or 
solar cell forward 1-V curve on an oscilloscope 
screen in the first quadrant and illumination of 
the junction shifts the curve "downward" 
along the negative current axis into the fourth 
quadrant. As shown in Seetion 2-31, such 
representation, while logically self-consistent, is 
inconsistent with modern circuit analysis 
techniques and leads to unnecessary conceptual 
difficulties, such as negative power output. 

Another reason (but an incorrect one) for 
showing the output current as negative arises 
from the solution of the so-called continuity 
equation (see Seetion 2-30) which assigns a 
negative sign to the cell current. This calculated 
cell current is an internal cell current which 
must flow in a certain direction to maintain the 
conservation of electrical charges. According to 
modern circuit theory (see Chapter 2), when 
this internal cell current flows in an outside 
circuit, the "sign" of it reverses and it flows 
identically to the conventional current, from a 
higher to a lower potential. 

Typical averaged comparative solar cell I-V 
curves for contemporary space type silicon 
solar cells are shown in Fig. 4-7. The curves 
have been normalized to 25°C cell temperature, 
4.0 cm2 total cell area, and 3.8 cm 2 active area. 
Illumination is one solar constant of AMO 
spectrum. Cells are glassed with fused silica 
covers having 350 nm cut-on wavelength. 

4-15. Series Resistance 

The se ries resistance, Rs, of a solar cell is an 
idealization of internal dissipative electrical 
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Fig.4-7. 1--- V curves of contemporary silicon solar cells. (After refs. 10 and 11) 

losses which can be deduced to occur in the cell 
by observing its terminal behavior. Cell series 
resistance represents in lumped fashion all dis­
tributed resistance elements in the semiconduc­
tor, its ohmic contacts, and the semiconductor/ 
contact interfaces. 12 The largest contribution 
arises from the resistance of the diffused layer. 
Since Rs is a lumped quantity, it varies with 
practically every parameter, such as cell I-V 

characteristics, illumination level, temperature, 
and radiation damage. Nevertheless, its use in 
engineering design and analysis is expedient and 
eminently practical (for measurement tech­
niques, see Seetion 8-21). 

Small variations of Rs can have a profound 
impact on the energy conversion efficiency of 
the cell (Fig. 4-8). Such variations are usually 
caused by the manufacturing process, but 
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Fig. 4 -8. Effect of series resistance on 1-V curve shape 
of 2 X 2 cm solar cell. (Illustrative example) 

changes in Rs may also be caused by environ­
mental exposure, such as heavy-partic1e radia­
tion damage, temperature cycling, and humidity. 

Effects of Series Resistance. An interesting 
phenomenon (applicable to spinning arrays, for 
example) that results from reduced illumination 
(less than one solar constant) is that cells having 
higher series resistance (Le., "poorer" cells) 
show a greater absolute power output than do 
cells having lower series resistance (Le., "better' 
cells with "sharper" I-V curves). The reason 
for this is that cells are normally "graded" 
(Le., their performance is measured for flight 
acceptance) at one solar constant intensity, 
while at the lower, operating intensity, the 
I-V curve shifts toward higher voltages. Since 
the magnitude of this voltage shift is directly 
proportional to the magnitude of the series 
resistance, cells with higher series resistance 
will exhibit a greater voltage gain than will 
cells with lower series resistance. 

4-16. Shunt Resistance 

A portion of the electrical energy generated 
inside the solar cell is lost through internal 
cell leakage. Several such leakage paths have 

5HUNT RESISTANCE (n) 
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Fig. 4 -9. Effect of shunt resistance on 1- V curve shape 
of 2 X 2 cm solar cello (Illustrative example) 

been identified; they exist through the cell 
p-n junction (recombination current), along 
the outer cell edges (surface leakage), and 
through n-contact metalization shunting the 
junction at microscopic flaws (such as surface 
scratches). These leakage paths are neither 
uniformly distributed across the cell area nor 
uniform from one cell to the next. In general, 
they are non-linear, unstable, and not reproduc­
ible du ring testing. The effects of all leakage 
paths are conceptually combined for array 
design engineering in the so-called shunt resis­
tance,RSH ' 

The typical range of shunt resistance for 
I X 2 cm to 2 X 6 cm cells is from 103 to 105 

ohm. Shunt resistance is not controlled during 
the manufacturing process except that at times 
it may be monitored for production process 
control purposeS. The effects of shunt resis­
tance for array design purposes are usually 
negligible for operation near one solar constant 
(Fig. 4-9), but become significant at lower 
light levels. (See also section 4-31). 

4-17. Energy Conversion Efficiency 

Efficiency, f/, of a solar cell is defined in 
Eq.4-1. 



P out is the electrical power output of the cell, 
Pin is the energy input to the cell, Pin is the 
solar illumination level per unit area or the value 
of the solar constM.! and Ac is the active sola,r 
cell area upon which the solar energy is inci­
dent. A cell operates at its maximum efficiency, 
l1max, when its maximum power output capa­
bility is utilized by an optimized load at a 
particular illumination intensity and cell 
operating temperature. The cell's operating 
efficiency, l1op, is the efficiency at which the 
cell is actually being utilized. For example, 
solar cell arrays are frequently designed such 
that l10p = l1:nax at the end of mission life after 
the initial maximum solar cell efficiency, l1max, 

has degraded due to environmental exposures 
to l1:nax. If the load power requirement through­
out mission life remains constant, the actual 
operating efficiency at beginning of life is equal 
to the end-of-life operating efficiency (Le., 
... = ... ' ) notwithstanding the fact that l1max ',op "max 
may be considerably greater than l10p and may 
be degrading severely during mission life. 

The maximum solar cell energy conversion 
efficiency depends mainly upon the following: 
the solar cell intern al construction, dimension, 
active area, specific material properties, photo­
voltaic junction characteristics, anti-reflective 
coating, surface texture, contact and grid 
configuration, illumination level, cell operating 
temperature, particulate irradiation damage, 
temperature cycling, and other environmental 
exposure history . 

Of considerable interest is the u[timate, or 
theoretically possible, efficiency. This efficiency 
is related to a semiconductor material property 
known as the band gap. Figure 4-10 illustrates 
the calculated efficiency for several solar cell 
types as a function of temperature. The theo­
retically superior performance of GaAs cells, 
especially at higher operating temperature, over 
silicon cells is evident. 

4-18. Curve and Fill Factors 

The curve factor is used in theoretical work 
associated purely with the exponential junc­
tion characteristics and deviations therefrom 
observed in actual solar cells. The curve factor 
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Fig.4-10. Theoretical solar cell efficiencies. (After 
ref. 13) 

modifies the ideal junction characteristics and 
appears as the "A" factor in the theoretical 
model as defmed in Section 2-31. 

The [ill factor is a term that is used to 
quantitatively describe the "squareness" or 

Th " " "sharpness' of the 1-V curve. e squarer 
such a curve is, the greater the maximum power 
output, Pmp , may be for a given Isc and Voc . 

For example, "squareness" is reduced (Le., 
the 1-V curve "softens") as the interna! cell 
series resistance, R s , is increased. Many other 
cell parameters also affect the fill factor. The 
fill factor (FF) includes the alterations of the 
I-V curve shape which are caused by the curve 
factor, and is defined in Eq. 4-2. 

FF is always less than unity. Typical fill factors 
of contemporary solar cells range between 0.75 
and 0.80. 

The fill factor is a practical quantity to use 
when one wishes to compare different solar 
cells under the same conditions, as is required 
in manufacturing process control. Its use, how­
ever, may be misleading or even erroneous 
when one wishes to determine changes in the 
cell 1-V curve shape due to environmental 
degradation, for instance. It can be shown that 
when the solar cell operating temperature or 
illumination intensity is varied over a range in 
which the I-V curve shape does not change, 
the calculated value of the fill factor will 
change. 
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Illustrative Example No. 4-1 

Let a solar cell be measured at two different 
temperatures. Let the measured cell param­
eters at the first temperature be unprimed, 
and those at the second, higher temperature 
be primed. For simplicity, let only the cell 
output voltage change by LlV (Le., I~e = Ise ' 
I:np = Imp , V~e = Vae + LlV, and V:np = Vmp + 
LlV). For a hypothetical cell having Vmp = 0.45 
V, Vae = 0.55 V, Ise = 0.10 A, Imp = 0.09 A, 
and LlV= 0.05 V: 

FF - 0.45 X 0.09 _ 
- 0.55 X 0.10 - 0.736 

FF' 0.40 X 0.09 
= 0.50 X 0.10 = 0.720. 

At the higher temperature, the fill factor is 
lower even though the curve shape has not 
changed; the 1-V curve merely shifted by 
-0.05 V. 

4-19. Effects of Solar Intensity 

In practice, the solar cell operating tempera­
ture is always affected by the intensity of sun­
light incident on the solar cello Nevertheless, 
it is fruitful to study the changes in the cell's 
output characteristics while keeping the cell 
temperature constant. The sunlight intensity, 
technically known as the radiant solar energy 
flux density and measured in units of watts 
per square meter (W Im 2 ) that is directly 
incident on the solar cells depends upon the 
following: 

• Angle of incidence (Le., the angle between 
anormal to the solar cell array's surface 
and a light ray from the sun) 

• Solar distance (Le., the distance of the 
array from the sun; seasonal variations for 
terrestrial or near-earth space arrays, or 
variations in distance of space probes in 
interplanetary orbits) 

• Concentration ratio of solar concentrators 
(mirrors, lenses, or other devices; appli­
cable for concentrator arrays only) 

• Light transmission losses in coverglasses, 
cover adhesive, and other optical elements 

• Light transmission losses in the earth 

atmosphere (applicable for terrestrial ar­
rays only). 

Additional sunlight intensity modulations are 
caused by solar eclipses: obscuration of space 
arrays by planets and of terrestrial arrays by 
clouds. Furthermore, shadows of objects may 
fall on portions of an array. Shadows and 
eclipses may be of the umbra (fully dark) or 
penumbra (not fully dark) type. (A discussion 
of such shadows can be found in Chapter 2.) 

Changing the illumination intensity incident 
on the solar cells (keeping everything, else 
constant, such as the cell's temperature and 
the illumination's spectral distribution) changes 
the cell's output characteristics, as shown in 
Fig. 4-11. Each point on the cell's I-V curve 
translates very nearly along the cell's series 
resistance (Rs) line, so that the I-V curve 
shifts toward lower current and toward higher 
voltage values with decreasing intensity. Even 
though a lowering of the intensity causes a 
shift toward higher voltages, the open-circuit 
voltage actually decreases. 

For most solar cell types that were designed 
to operate at approximately one solar constant 
intensity, the 1-V curve shape is essentially in­
variant with intensity over the range from ap­
proximately 0.5 to 2 solar constants. The cell's 
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Fig.4-11. Typical 1- V curves of a 1 x 2 cm solar cell 
at three different illumination levels. (Constant spec­
tral distribution and temperature, illustrative example) 



I sc is practically proportional to the intensity, 
Vac changes logarithmically, and Rs is very 
nearly constant. The greater the intensity devia­
tion from the cell's design intensity becomes, 
the greater will be the cell's 1- V curve shape 
change, as described in Section 4-23. 

4-20. Reversible Effects of Temperature 

A change in cell temperature causes three 
changes in the cell I-V curve, two of which 
are evident in Fig. 4-12: 

" E 

1. A scaling of the I-V curve along the cur­
rent axis; 

2. A translation (shifting) of the 1-V curve 
along the voltage axis; and 

3. A change in the I-V curve shape affecting 
the "roundness" of the "knee" region of 
the 1-V curve. 

An increase in the cell operating temperature 
causes a slight increase in the cell short-circuit 
current and a significant decrease in cell volt­
age. The increase in short-circuit current is a 
function of illumination level. Its value, typi­
cally less than O.l%tc, depends upon the spec­
tral distribution of the illuminating light 
(ftltered sunlight) and the spectral response 
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Fig.4-12. Typical variations of solar cell current­
voltage characteristics with temperature before (solid 
lines) and after (dashed lines) irradiation. (Illustrative 
example) 
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of the solar cells (Le., the cell thickness, junc­
tion depth, anti-reflective coating, and state of 
radiation damage of the cell). 

Scaling of the 1-V curve along the current 
axis essentially corresponds to a change in the 
cell's energy conversion efficiency, which, in 
turn, is due to a change in the cell's collection 
efficiency with temperature (see Sections 4-27 
and 4-28). Scaling of the 1-V curve consists of 
multiplication of the value of the output cur­
rent at each point on the 1-V curve by a con­
stant; for an increase in temperature, this 
constant is greater than unity, and for a de­
crease in temperature, it is less than unity. 

The change in voltage with temperature is 
due to a change in the diode conduction 
characteristics. With increasing temperatures, 
the entire I-V curve translates toward lower 
voltages at a rate of approximately 2.2 to 2.3 
mvtC. This voltage change is nearly the same 
for all non-irradiated, thick base width solar 
cells (for Vac and Vmp ), as weIl as for general 
rectifier diodes made from silicon. 

With increasing temperature, the "knee" 
region of the I-V curve tends to become more 
rounded. This "knee softening" can be ac­
commodated analytically by either using 
separate temperature coefficients (see Section 
4-21) for Isc , Imp , Vmp , and Vac' by defming 
a temperature coefficient for Rs , or by defining 
aseparate "curve rounding" factor. Differences 
between the temperature coefficients of Vac 

and Vmp are usually indicative of changes in the 
1-V curve shape with temperature. 

With increasing temperature, the cell's re­
verse saturation current increases in the same 
way the reverse current of conventional diodes 
increases. However, this increase in true reverse 
current is usually not observable because it is 
masked by the much larger solar cell leakage 
currents. Cell leakage currents do not have a 
well-defmed temperature dependence. In the 
avalanche breakdown region, solar cells usually 
show decreasing breakdown voltages with 
increasing temperatures. 

4-21. Temperature Coefficients 

For analytical work, it is desirable, but not 
necessary, to expressthe temperature-related 
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changes of a solar cell's I-V curve via the so­
called temperature coefficients. The most 
straightforward definition of the temperature 
coefficient of any solar cell parameter P (where 
P may be Ise , Vmp , or any other parameter) is 
the instantaneous temperature coefficient, 
defined by Eq. 4-3. 

, dP 
ßp= dT (4-3) 

The normalized instantaneous coefficients is 
defined by Eq. 4-4. 

ßp =.!. dP 
P dT 

(4-4) 

Since ß~ and ßp are typically non-linear over all 
ranges of temperatures, the most practical 
average temperature coefficient is in use, de­
fmed by Eq. 4-5. 

where 

peT) - P(To) 
ßp = T- To (4-5) 

T = temperature at which the cell output 
parameter Pis sought 

To = reference temperature, usually 25° 
or 28°C 

peT) = parameter at temperature T 
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P(To) = parameter at reference temperature 
To 

P=Ise,!mp, Vmp , Voe,Pmp,Rs. 

As an example for short-circuit current, the 
normalized average temperature coefficient 
becomes ß; (Eq. 4-6). 

" Ise(T) - Ise(To) 
ßI=----­

Ise(To )(T - To) 
(4-6) 

The units of this normalized temperature coef­
ficient are °e l or, when multiplied by 100, 
%tC. 

Average temperature coefficients for several 
solar cell parameters of several solar cell types 
of current interest are shown in Figs. 4-13 
through 4-19. 

Illustrative Example No. 4-2 

Problem: Calculate ßp and ß~ for P = P mp and 
a solar cell having an output of Pmp = 300 mW 
at 28°C and 304.5 mW at 25°C. 

Solution: 

300 - 304.5 - 4.5 ° 
ßPmp = 28 _ 25 = -3- = -1.5 mWj C 
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Fig.4-13. Temperature coefficients for short-circuit CUIrent. 
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power. 53, 54 

I 1 - 4.5 ° -1 
ßpmp = 300 X -3- = -0.005 e 

= -O.5%te. 

The minus sign indicates that the power de­
creases as the temperature increases. 

It is seen that the instantaneous coefficient 

applies to a specific cell size only, while the 
normalized coefficient is valid for any cell 
size of the same type. 

Illustrative Example No. 4-3 

Problem: For a hypothetical 2 ohm' cm sili­
con solar cell, calculate its output parameters 
at 1000e when the 25°e test data is as fol­
lows: Isc = 0.25 A, Imp = 0.20 A,Pmp = 0.10 W, 
Vmp = 0.50 V, Voc = 0.60 V. 

Solution: The applicable temperature coeffi­
cient data is given in Figs. 4·13 through 4-17, 
respectively. The temperature coefficient values 
read off the graphs for 1> = 0 at 1000e are ß/sc = 
OD6%te, ßlmp = 0.015%te, ßPmp = -0.47%te, 
ßVmp = -2.25 mVte, and ßvoc = -2.25 mVte. 
The temperature difference tlT= T- To = 
100 - 25 = 75°e. At 1000e, 

I sc = 0.25 (I + 0.0006 X 75) = 0.261 A 

I mp = 0.20 (1 + 0.00015 X 75) = 0.202 A 

Pmp = 0.10 (1 - 0.0047 X 75) == 0.065 W 

Vmp == 0.50 - (0.0025 X 75) == 0.313 V 

Voc == 0.60 - (0.0025 X 75) == 0.413 V. 



176 ARRAY BUILDING BLOCKS 

> 
E 

u 

"' ;,,'" 

:::t-

~~ 
<Q. 

-1.-------,--------,--------, 

-2 

2 ohm'cm Si, Ti-Ag CONTACTS 

</>=0 

-1.-------,--------,--------, 
10ohm'cm Si 

</>=0 

Ti-Ag CONTACTS 

-2 

.:-.:.---:;=~;Z~-------
</>=0 -----__ 

</>=lXl015 

AI-Ti-Pd-Ag CO NT ACTS 

-3L-------~------~------~ -3L-______ ~ ______ ~ ______ ~ 
-200 -100 0 100 -200 -100 o 100 

TEMPERATURE (OC) TEMPERATURE (OC) 

Fig.4-16. Temperature coefficients for maximum power voltage.53,54 

Temperature Coefficients for Planetary Mis­
sions. For p1anetary missions where 1arge te m­
perature variations are accompanied by 1arge 
intensity changes, the current-voltage charac­
teristic can be transformed from a reference 
temperature and intensity (To, Ho) to a new 
temperature and intensity (Tj,Hj) using the fo1-
lowing equations; for short circuit, I sc' and 
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Fig.4-17. Temperature coefficients for open-circuit voltage.53,54 
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or 

ßlsc =lsc(To,Ho) (Z: -1) + aH/Tj - To). 

From these equations, expressions for any volt­
age (V) and current (I) along the I-V curve 
have been deve10ped: 

I(Tj, Hj) = I(To, Ho) (Z:)+ aHj(Tj - To) 

ßI=I(Ti,Hi) - I(To,Ho) 

=1(To,Ho)(Hj - 1) +aH.(Tj - To) 
Ho ' 

where 

aH' = average short-circuit current tempera­, 
ture coefficient from To to Tj at in-
tensity Hj 

ßH. = average open-circuit voltage tempera­, 
ture coefficient from To to Tj at in-
tensity H j 

Rs = interna1 cell series resistance 
KH . = average curvature correction factor , 

from To to Tj at intensity H j (this 
factor is stricdy a "geometrie" correc-
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Fig.4-19. Temperature coefficients for curvature 
factor. 54 

where 

tion factor to change the 1-V curve 
shape, and has nothing to do with the 
curve factor or the fill factor of Sec­
tion 4-18). 

ßPm = Pm (Tj,Hj) - Pm(To,Ho) 

KHj = ßPm/[t;,,(Tj, Hj)(Tj - To)] 

Pm(To, Ho) = maximum power at reference 
condition To , Ho 

Pm (Tj , H j ) = maximum power for translated 
current-voltage characteristics 
from TjHj to To,Ho 

Im = current at maximum power, 
Tj,Hj. 

The va1ue of K is positive for a softening of 
curvature (increasing radius of curvature) with 
increasing temperature. The product KH.I(Tj , , 
Hj ) is the voltage change per unit temperature 
change resulting from changes in the 1- V curve 
shape. Knowing K, the change in power output 
M m associated with the change in the 1-V 
curve shape can be ca1culated from the last 
equation. 55 

Polynomial Coefficients. Another approach for 
expressing the solar cell parameter changes as 
functions of temperature and intensity changes 
utilizes fifth-order polynomials which have 
been curve-fitted to the experimental data. 
The functions whieh describe the cell param-
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eters as functions of temperature T and solar 
intensity H are as follows: 

IscCT, H) = C(T)H 

where 

ceT) = Co + c1T+ C2T'1- + C3 T3 
+ C4T4 + csTs 

and, similarly, for voltage: 

Vac(T, H) = A(T) + B(T) loglo H 

where 

A(T) = ao + a1T+ a2 TZ + a3T3 
+a4T4 +asTs 

B(T) = bo + btT+ bzT2 + b3T3 

+b4T4 +bsTs. 

The numerical values for all of the coefficients 
ai, bi , and ci were determined with computer­
ized curve-fitting techniques from the experi­
mental data for intensityjtemperature ranges 
from 0.036 solar constants and -160°C cell 
temperature up to six solar constants and 
160°C cell temperature. S6 

Alternate Approach. The use of tempera­
ture coefficients is not mandatory to find 
the values of solar cell parameters at other 
temperatures: such data can be obtained by 
direct interpolation or extrapolation on a set 
of I-V curves measured at different tempera­
tures, as illustrated in Fig. 4-12. 

4-22. Irreversible Effects of Temperature 

Exposure of solar cells to elevated temperature 
may, under certain conditions, lead to perma­
nent electrical and mechanical damage to the 
solar cell contacts. In solder-covered silver­
containing contacts, solution of the silver 
occurs in the solder at temperatures above the 
solder melting point, potentially resulting in a 
reduction of contact pull strength and in elec­
trical output. Another potential degradation 
mechanism is corrosion of unprotected, non­
passivated Ti-Ag contact solar cells in the 
presence of high humidity for extended periods 
of time (see Section 9-9), potentially resulting 
in areduction of contact pull strength and elec­
trical output. 

Exposure of solar cells to low temperature 
may cause mechanical failures (such as silicon 
spalling) that are induced by thermomechanical 
stress (see detailed discussion in Sections 6-4 
and 6-9). Failures of solar cells assembled into 
an array may occur when the array temperature 
is below approximately -100°C; when thick 
solder coatings on cells in excess of 25 to 50 
JLm are used; when thick layers of adhesive 
having a relatively large mismatch of coeffi­
cient of linear expansion relative to those of 
silicon and glass are utilized; or when cover­
slide and cell-to-substrate adhesives, having 
relatively high glass transition temperatures, 
are selected. 

4-23. High-Intensity, High-Temperature 

Operation 

Most solar cells are efficiency-optimized for 
operation at approximately one solar constant 
and 30°C. Such cells perform poorly at very 
high illumination levels and even worse at the 
accompanying higher operating temperatures. 
High-intensity, high-temperature operation is of 
interest both for solar probes ("inbound" mis­
sions) and for solar energy concentrators. For 
example, the solar intensity at Mercury is 6.67 
solar constants; potentially practical solar con­
centration ratios of up to 3: 1 have been 
studied for space use, and ratios exceeding 
1000: I for terrestrial use. Such high-intensity 
operation requires special solar cell design. 

The major electrical loss in the solar cell, 
especially at higher intensities, is in the dif­
fused layer and contact resistances. Therefore, 
high-intensity solar cells have den se grid line 
patterns that are optimized for a specific con­
centration ratio and cell operating tempera­
ture. Figure 4-20 illustrates how the 1-V curves 
of silicon cells with 5 grid lines have become 
softer at an intensity of 20 solar constants, 
while the curves of cells with 13 grid lines re­
mained sharp. If any of these cells would have 
been optimized for a different intensity, their 
1-V curve changes would, of course, have 
shown a different trend. A cell's maximum 
power output capability and efficiency is 
highest at the design intensity, as illustrated 
in Fig. 4-21. 
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(Reprinted with permission of the IEEE). 

4·24. Low-Intensity, Low-Temperature 
Operation 

Many solar cell types perform inadequately at 
low solar intensity and low temperature, such 
as would be encountered, for example, during 
a Jupiter mission (as low as 0.03 solar constant 
and - 1200 to - 1700 C). This inadequate solar 
cell performance is due to the fact that only 
some cells behave as they are predicted to be­
have, while other cells exhibit one or more of 
the following anomalies (Fig. 4-22): a "rectify­
ing contact" (Schottky barrier); a low shunt 
resistance; and a "double slope" or "double 
break" I-V curve. 

All three of these anomalies are related to 
the design, construction, and fabrication tech­
nology of the cells. l6 Attempts to screen from 
conventional cells those cells which would 
operate satisfactorily at low-intensity, low-
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Fig. 4 -21. Efficiencies of concentrator solar cells. 1S 

temperature conditions have not been success­
ful. l7 Therefore, if solar cells were to be used 
for such missions effectively, special solar cells 
would need to be developed and fabricated, 
with the appropriate controls. 

4-25. Reverse Characteristics 

When compared with other silicon p-n junction 
devices, such as rectifiers, silicon solar cells 
generally exhibit large reverse leakage currents 
per unit junction area, even at relatively low 
voltages. Under test, the reverse current-voltage 
characteristics are frequently unstable and not 
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repeatable for reverse voltages exceeding ab~)Ut 
5 V (see Fig. 4-23). The reverse characteristics 
of gallium arsenide cells are presently not known. 

The solar cell reverse characteristics are 
typically not controlled during the cell manu­
facturing process except that they are occasion­
ally monitored for certain process control 
activities. The design of contemporary silicon 
solar cells is such that the exposed p-n junction 
area around the perimeter of the cell is totally 
unprotected and subject to surface contamina­
tion, ion migration, moisture accumulation, 
and other surface effects. The elose proximity 
of the metallic n-contact to the junction adds 
another source for potential contamination. 

When connected into an array, solar cells 
may become reverse biased (see Section 2-45). 
Depending on the circumstances and the 'mag­
nitude of the reverse bias, the reverse biased 
cells may experience excessive heating, a slight, 
permanent loss in power output, or permanent 
short-circuit failure. 18 

Cell Output Loss. A slight amount of cell 
power output (less than 1%) may be lost per­
manently as a result of subjecting solar cells to 
reverse voltages exceeding 15 V for 12 minutes 
or more. 

Permanent Short-Circuit Failure. Some silicon 
solar cells may permanently short when ex­
posed to a combination of high temperature, 
high reverse bias, and high power dissipation. 

Test results of conventional n-p, 2 ohm' cm 
cells of 2 X 4 cm size and 0.36 mm thickness 
having SiO anti-reflective coating and soldered 
Ti-Ag contacts, believed to be applicable to all 
currently available planar silicon solar cell 
types, have shown that for cell currents greater 
than 0.2 A and cell temperatures above -120°C, 
the probability of a cell shorting is given by the 
product of the two probability values taken 
from Figs. 4-24 and 4-25. The actual reverse 
voltage that may develop across a solar cell 
depends, of course, not only on the cell's 
reverse characteristics, but also on a number 
of operating conditions, as discussed in Section 
2-45. 

Similar test results to those described above 
have been obtained on 1977 vintage shallow 
diffused 10 ohm' cm hybrid cells of 2 X 4 cm 
size, 0.2 mm thickness, having Ta20S coating 
and solderless Ti-Pd-Ag contacts over an alu­
minum back surface reflector. 

OPTICAL CHARACTERISTICS 

4-26. Effects of Optica: Characteristics on 
Cell Efficiency 

The solar cell's optiCal characteristics play two 
distinctly different roles in optimizing operat­
ing efficiency. One role is related to maximizing 
the amount of sunlight that reaches the cell's 
active region; the other is related to minimizing 
the solar heating of the cello Cell characteristics 
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that affect cell-junction illumination include 
the following: front surface fmish (see Section 
4-10); anti-reflection coating; spectral response 
of cell; spectral distribution of sunlight (related 
to air mass) and wavelength-selective fIlters 
placed in front of the cell; and cell energy con­
version efficiency. Cell characteristics that 
affect cell heating include the following: spec­
tral response of cell; spectral distribution of 
sunlight; spectral reflectivity of glassed cell; 
cell efficiency; and back surface contact reflec­
tive characteristics. 

The details of the impact of the solar cell's 

optical characteristics on array design are given 
in Chapters 2 and 3. The optical characteristics 
of covers and fIlters are discussed in Chapter 5. 

4-27. Spectral Response Defined 

Solar cell spectral response curves appear in 
various forms in the literature. The cell output 
may be shown relative to either the energy 
falling onto the cell (constant energy input 
versus wavelength), or the number of photons 
incident on the cell (constant number of 
photons versus wavelength). 
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The cell output may be shown as a function 
of wavelength, (A), light frequency (f or 
w = 2rrf), wave number (N = A -1 or 2rr . A -1), 
or photon energy. 

The spectral response curve of interest to 
array design engineers is the cell output relative 
to constant energy input at all wavelengths. The 
cell output measured in an experimental set-up 
is typically the I se , while the energy input is 
measured with a radiometer-type of instrument. 
Radiometers (such as thermocouples or thermo­
piles) measure the product of the incident 
number of photons per unit of time and per 
unit area, and the energy of the incident 
photons. The solar cell I se output (in amperes) 
represents the number of minority carriers per 
unit time collected from the cell area. 

A spectral response curve relative to constant 
numbers of incident photons for all wavelengths 
is of special interest in solar cell device develop­
ment. Such spectral response curves are fre­
quently called quantum efficiency or collection 
efficiency curves. The nomenc1ature used by 
different authors is not uniform; however, the 
tendency is as follows: quantum efficiency 

denotes the number of electron-hole pairs or 
minority carriers created per photon (having 
an energy greater than 1.1 eV for silicon cells) 
incident on the cell or per photon absorbed in 
the silicon; and collection efficiency denotes 
the number of minority carriers collected by 
the junction per photon incident on the cell, 
per photon absorbed in the silicon, or per 
photon absorbed in a specified region in the 
cello 

The conversion of constant-number-of-photon 
spectral response curves into constant-energy 
curves is illustrated in Fig. 4-26. This figure 
shows highly idealized spectral response curves 
of a silicon cell covered with a fIlter having 004 
J,Lm cui-on wavelength. To convert the curve of 
Fig. 4-26a into that of Fig. 4-26b, the value of 
the cell output at each wavelength is simply 
divided by the photon energy corresponding 
to that wavelength. Thereafter, the newly ob­
tained curve is scaled to some convenient 
vertical scale. (Usually, the peak of the response 
curve is normalized to 100%.) The relationship 
between photon energy, wavelength, and wave 
number is given in Appendix D. 
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4-28. Spectral Response of Solar Cells 

The sensitivity of single-crystal planar junction 
silicon solar cells ranges from approximately 
0.3 to 1.2 /lm. In general, solar cell spectral 
response characteristics depend heavily on 
solar cell design, construction, material prop­
erties, junction depth, and optical coatings 
(see Fig. 4-27). Solar cells are practically never 
used without any fIlters or covers which further 
modify the cell response. The solar cell spectral 
response changes with both temperature and 
radiation damage. With increasing temperature, 
the red response of silicon cells increases while 
the blue response remains approximately con-

stant. This increase in red response is due to 
both a shift in the "absorption edge" of the 
silicon around 1.1 /lm toward longer wave­
lengths (below 1.0 /lm wavelength, the silicon 
is absorbent; above 1.2 /lm, the silicon is trans­
parent) and an increase in the minority carrier 
lifetime. The increase in red response results in 
the observed increase in [sc with increasing 
temperature (see Fig. 4-28a). 

Corpuscular radiation degrades the red re­
sponse of cells (Fig. 4-28b). The extent of 
degradation depends upon the particle species 
and energy. This phenomenon is related to the 
defect centers introduced into the crystal lat­
tice by the radiation, which, in turn, lowers 
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the mean diffusion length of the minority 
carriers. As a consequence of this, the electron­
hole pairs created by "red light" photons 
farther away from the junction than the dif­
fusion length are no longer collected. 

Similarly, red response of silicon cells is lost 
when the cell base width (Le., cell thickness) is 
made equal to or smaller than the mean dif-

,.~---------------, 

CIII CHANGES WITH TEMPERATUAE 

w 

"' z 

fusion length (Fig. 4-28c). However, after ap­
preciable corpuscular radiation damage, when 
the degraded diffusion length is less than the 
base width, thick and thin cells have the same 
output (everything else being equal). 

Changes in the spectral response of gallium 
arsenide cells with radiation damage are seen 
primarily in the blue response of deeper junc­
tions, but in the red response of shallower 
junctions (Fig. 4-29). Shallower junctions also 
generally exhibit greater radiation resistance.24 

MECHANICAL CHARACTERISTICS 

4-29. Solar Cell Sizes and Shapes 

Space Cells. Solar cells for space use have been 
square or rectangular in shape to maximize the 
number of cells that can be packed on a solar 
panel. The smaller 2 X 1 cm sizes gave way to 
2 X 2 cm cells in the mid-1960's. In the early 
1970's, 2 X 4 cm and 2 X 6 cm cells became 
available. Most larger solar cell arrays today 
utilize 2 X 4 cm cells; however, 2 X 2 cm and 
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2 X 6 cm cells are also used. Sizes u p to 10 X 10 
cm have been made experimentally. Smaller 
quantities of 1 X 1 cm, 2 X 3 cm, and 3 X 3 cm 
also have been produced; 2 X 6 cm is the largest 
currently practical size. Frequently, "nomi­
nally" 2 X 4 cm and 2 X 6 cm size cells are 
actually cut to 2 X 4.1 cm and 2 X 6.2 cm size. 
This "oversizing" in the long direction (Le., 
electrically in the parallel direction) permits the 
interchangeable use of either a larger number of 
smaller cells or a smaller number of larger cells 
connected in parallel for a particular solar cell 
layout drawing without having to change the 
drawing. The "oversized" cells either may be 
equivalent to the output of the number of 
2 X 2 cm cells which they can replace, or it 
may be greater by the ratio of the increased 
active cell area (typically 2 to 4% greater). Some 
relative solar cell sizes are illustrated in Fig. 
4-30. 

Terrestrial Cells. Solar cells for terrestrial use 
are shaped square, rectangular, circular, quarter­
circular, hexagonal, and circular with flats. Most 
terrestrial cells used today are either of the 
rectangular or of the Circular shape, but ap­
parently dimensions have not been standardized. 
Rectangular cells, built in quantities, measure 
50 X 38 mm and 20 X 20 mm. Round cells 
built in quantity are typically 25, 51, 54, 57, 
and 76 mm in diameter. 

Solar cells in the larger sizes tend to be lower 
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in cost per unit cell area, but also lower in ef­
ficiency. In the larger cells, material defects, 
leading to internal power losses, appear to play 
a greater role than in smaller cells; at least 
smaller cells permit more economical culling 
out the low-performance end of the manufac­
turing distribution. 

4-30. Cell Thicknesses 

Earlier space and terrestrial silicon cells were 
made as thick as 0.5 mm (0.02 inch). During 
the 1970's, most space cells ranged in thickness 
between 0.20 and 0.30 mm (0.008 to 0.012 
inch). Most current terrestrial cells range be­
tween 0.2 and 0.5 mm. Recently, silicon cells 
of nominally 0.050 mm (0.002 inch) have been 
developed and produced in pilot line quantities. 

As silicon cells are made thinner and thinner, 
power output and material costs decrease while 
handling costs and breakage increase. The lowest 
cost space cells having the highest power-to­
weight ratio are approximately 0.25 mm thick. 
The decrease in power output is illustrated in 
Figs. 4-31 and 4-32. This reduction in output 
arises primarily from areduction in the cell's 
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red response (see Section 4-28), but can be 
compensated for by introducing a p+ field at 
the cell's back side. 

Charged particle irradiation of solar cells 
decreases their minority carrier lifetirne. Hence, 
the cell thickness at which the effect on power 
output becomes noticeable moves toward lower 
values of cell thickness with increasing radiation 
dosage, as shown in Fig. 4-33. 

4-31. Active Area 

The active area,A c (or light-sensitive area), of a 
solar cell is always smaller than the junction area 
of a plan ar cello Some of the junction area, by 
necessity, is covered with electrical contacts 
and so-called grid fines or fingers, which aid in 
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the electrical power collection from the illumi­
nated active cell area. The quoted efficiency of 
solar cells is not a unique number, in that some­
times it is calculated based on the total overall 
cell area (4 cm2 for a 2 X 2 cm cell), while at 
other times it is based on only the net active, 
non-contact-bearing solar cell front area (3.7 
cm2 for a 2 X 2 cm cell). In most cases, how­
ever, it is based on the so-called "active" area, 
inc1uding the grid lines but exc1uding the n­
contact bar (3.8 cm2 for a 2 X 2 cm cell). To 
avoid such ambiguity, solar cell output should 
be quoted in terms of actual output power at a 
given cell temperature , light intensity, and spec­
trum, such as "50 mW at 28°C, one solar con­
stant, AMO (Air Mass Zero)," for example. 

The output of solar cells changes as both the 
active and the total area are changed. The 
parameters Isc , P mp, and I mp increase very 
nearly proportionately with an increase in 
active area, while V mp and Vac remain very 
nearly constant. Sma11 deviations from true 
proportionality occur because the active solar 
cell area is in practice shunted by two electrical 
paths: a non-illuminated forward biased diode 
path under the cell contact areas on the front 
(active) side, and a leakage path through the 
shunt resistance. 

CONTACTS 

4-32. Solar Cell Contact Types 

Solar cell contacts are metallizations on the 
solar cell p- and n-type semiconductor surfaces 
which permit the making of low-resistance elec­
trical connections to the cell, typically by sol-

dering or welding of solar cell interconnectors 
(see Chapter 5) to the cell contacts. 

To minimize internal electrical losses in the 
cell, the electrical resistance of the cell contacts 
should be low, the electrical resistance of the 
semiconductor-to-contact interface should be 
low, and the semiconductor-to-contact inter­
face should not form a junction (known as a 
Schottky barrier). Contacts that are free of 
Schottky barriers have the same linear current­
voltage characteristics in either direction of 
current flow; i.e., they are purely ohmic. On 
most cells, Schottky barriers become noticeable 
only at low temperatures causing non-linear 
temperature coefficients of voltage and power. 

The term ohmic contact or simply ohmic, is 
frequently used to describe the upper contact 
bar (but not the grid lines) of "gridded" solar 
cells. Sometimes, but less frequently, the back 
contact is also referred to as an ohmic. In this 
usage connotation, there exists no relationship 
to the electrical properties discussed above. 

Electl'oless Nickel Contacts. During the 1950's, 
the predominant contact application technique 
was electroless nickel plating of unmasked por­
tions of the otherwise finished silicon solar cell 
wafer and immersion of the plated cells in sol­
dering flux and liquid solder baths. 

Space Cell Contacts. The contacts currently in 
use on silicon solar cells for space use are vac­
uum-deposited titanium/silver layers. The tita­
nium, deposited fust on the weIl c1eaned silicon 
surface, is typically 0.1 11m thick. The following 
silver layer is typically 3 to 5 11m thick. Since 
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the titanium/silver contacts are sensitive to 
humidity, a thin-typically 20 to 50 nm thick­
palladium interlayer between the silver and the 
titanium is frequently used. This palladium 
layer has been found to passivate the contacts 
and grid lines. A thin, soft solder coating of at 
least 2 J1ill thickness also protects the contacts 
and grid lines from humidity, while solar cell 
anti-reflective coatings such as SiOx do not 
provide significant protection from humidity. 

Concentrator Cell Contacts. Contacts for ter­
restrial silicon solar cells to be used in conjunc­
tion with concentrators are usually of the 
chromium-palladium-silver type. These contacts 
are also applied to the cells by a vacuum deposi­
tion process. 

Printed Contacts. Contacts for non-concentra­
tor, low-cost terrestrial silicon cells are fre­
quently made by a printing process. A conduc­
tive ink or paint, typically containing silver 
particles, is printed onto wafers and fired into 
silicon at some elevated temperature. The heat­
ing process drives the silver particles through 
the natural oxide layer on the silicon to estab­
lish a good ohrnic contact. Experimental at­
tempts to utilize printed-on contacts for space 
cells showed that such contacts were not stable 
in the space environment, leading to early and 
anomalous cell output degradation. 

Other Contact Systems. Many other contact 
systems of interest have been developed, but 
have not been used on as large a scale as the 
electroless nickel and titatnium-silver contact 
systems described above. Except for evaporated 
and sintered aluminum contacts, all other sys­
tems used in the V.S. or in Europe use less 
economically attractive schemes, and provide 
only marginally superior contact adhesion and 
electrical conductivity over the titanium-silver 
system. The humidity resistance of the titanium­
silver system with either palladium passivation 
or protection by solder is more than adequate 
for space use, except that solder may impose an 
undesirable weight penalty. 

Solde red Contacts. Cell contacts are delivered 
either solder-free or solder-covered. Solder-

covered contacts may be dipped or pressed. 
Dipped solder is typically 75 J.Lm thick. It forms 
a meniscus when molten, and freezes, with the 
solder thickness peaking at about 150 J1ill. 
Machine or hand pressing of the solder-covered 
contacts at temperatures above solder melting 
squeezes out solder . Different solder thicknesses 
can be obtained, but thickness control is diffi­
cult. A clean-up process to remove solder flash 
mayaiso be required. (Solder thickness control 
may be required for low-temperature operation, 
low-energy proton protection, and assembly 
convenience.) 

Weldable Contacts. Certain solderless solar cell 
interconnector joining operations require a cer­
tain smoothness of the contact metallization, 
the underlying silicon surface, the interconnec­
tor material, and the interconnector plating (if 
a plating is used). The degree of the required 
smoothness depends upon the following (not in 
order of importance): stiffness of the cell inter­
connector, footprint area of the joining tool, 
joining method, joining schedule (joining param­
eters), and amount of soft metal available to fill 
crevices in the parts to be bonded. 

Various solderless interconnector joining 
techniques are discussed in Chapter 8. The sur­
face finish currently believed to be required for 
parallel-gap resistance welding of Ti-Ag and 
Ti-Pd-Ag contacts is 0.4 J1ill rms or bett er , both 
on the cell and on the interconnector. 

4-33. Contact Configurations 

Solar cell contact geometries differ from type 
to type and from one cell manufacturer to 
another. Each contact type provides advantages 
and disadvantages during the array assembly. 
Full-area contacts extend to the cell edge, while 
pieture frame contacts are slightly smaller than 
the cell area and expose active cell area all 
around the contact bar. Wrap-around contact 
cells have both the p- and n-contacts on their 
back sides to maximize the active cell area, or 
on their front sides to ease assembly. Figure 
4-34 shows some typical contact configurations. 

The original circular Bell Telephone cell had 
wrap-around contacts; that is, both the n- and 
p-contacts were on the same solar cell side, the 
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Fig.4-34. Some solar cell contact conflgUrations. 

back side. By 1958, space applications forced 
cell shapes to be rectangular or square for en­
hanced packing density, and cell internal resis­
tance forced the contacts to be placed on each 
of the respective cell sides; Le., the n-contact 
on the cell n-side, the p-contact on the p-side. 
By 1964, wrap-around contacts had reappeared, 
but this time for the purpose of utilizing more 
active cell area for energy conversion for the 
rectangular and square cells. However, signifi­
cantly increased cell efficiency did not materi­
aHze from wrap-around contact cells, because 
internal losses increased at nearly the same rate 
at which the active cell area was increased. For 
ultralightweight solar cell arrays, wrap-around 
contacts on the front side appear to offer ad­
vantages in controlling weight and speeding 
assembly. 

4-34. Contact Strength 

Contact strength is the capability of metalliza­
tions to adhere to the solar cell semiconductor 
material. The purpose of the metallic contacts 
is two-fold: to establish permanent, low-electri­
cal loss interfaces between metallic circuit 
conductors and the semiconductor material, 

and to provide convenient areas to which solar 
cell interconnectors can be attached. 

High mechanical contact strength is not 
necessarily synonymous with good electrical 
properties of the contact, but, in most cases, 
tests of contact strengths permit assessment of 
potential solar cell problems, which, in turn, 
can negatively influence the solar cell array as­
sembly processes and the array performance. 
For this reason, solar cell contact pull-strength 
tests have become one of the most important 
tests (next to electrical output testing) for 
monitoring and assuring adequate solar cell and 
array quality. 

Contact strength is measured in two ways: 1) 
during the cell manufacturing cyde, vacuum­
deposited metallizations are tape-peel tested; 
and 2) after the cell manufacture has been com­
pleted, pull-strength tests are performed. For 
pull-strength testing, wires or ribbons are sol­
dered or welded to the cell contacts and a force 
is applied to separate the wires or ribbons from 
the cello The direction of application of this 
pull-force relative to the cell surface ranges 
from 0° (shear loading) to 90° (peelloading for 
thin wires and ribbons, or tensile loading for 
thick wires and ribbons). A 45° pull test is be-
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lieved by some to cause the most realistic mix­
ture of shear and peelloading by soldered joints, 
simulating actual stresses of interconnectors on 
solar cells in service. At any rate, a good correla­
tion between the actual stresses on the cell con­
tacts when assembled in a solar cell array and 
the stresses imposed by pull test methods has 
not been reported. The practice has been to 
maximize the solar cell contact strength during 
the solar cell manufacturing process and, for 
array assembly quality assurance purposes, to 
establish certain minimum strength require­
ments using speeific test methods and proce­
dures. These test methods usually have meaning 
only in the context for which they were estab­
lished. As a consequence, most pull test data 
are presented in the literature in units of force 
rather than force per unit area, and the size of 
the bond area is usually not stated. This is justi­
fiable, since in most practical tests, a reasonable 
uniform contact loading cannot be achieved. 
The factors which can affect the contact pull 
strength are presented in Table 4-3. 

The true contact strength of solderless welded 
joints is very difficult to measure, in that even 
small ben ding moments applied by the test 
equipment via the interconnector to the typi­
cally very small weId nugget in many cases 
caused the tensile strength of the silicon to be 
exceeded and the silicon to spall during the 
test. For this reason, shear loading of the con­
tacts leads to more realistic contact integrity 
assessment. 

Effects of Temperature. The contact test 
pull-strength varies with temperature. This 
phenomenon is of interest because most solar 
cell arrays operate at temperatures other than 
room temperature, and the stresses and material 
properties under actual operating conditions 
may be quite different from those observed in 
near room temperature pull-strength testing. It 
was found 27 that the 900 pull-strength is great­
est between 00 and -IOOoe and falls off rapidly 
below -IOOoe and above oOe (Fig. 4-35). The 
fall-off at higher temperatures is expected due 
to a reduction in the strength of solder . The 
fall-off at lower temperatures is also expected, 
but is due to an increase in the strength of sol­
der and associated prestressing of the silicon. 

Table 4-3. Factors Influencing Contact Pull 
Strength. 

Soldered Joints Welded Joints 

Sold er joint area Weld nugget area 

Solder thickness on Metallization thicknes s on 
contact contact weld nugget area 

Sold er fillet cross Ribbon thickness, 
section ductility, and stiffness 

Wire or ribbon thick- Ribbon surface roughness 
neu and stiffness i and plating thicknes s 

I 

Angle and rate of Angle and rate of pull 
pull force force 

Surface roughness of sili-
con wafer underneath 

i weld area 

This thermally induced prestress reduces the 
silicon's capability to support external tensile 
loads and leads predominantly to silicon spall­
ing during pul1 testing at low temperature. 

RADIATION EFFECTS 

4-35. Solar Cell Radiation Damage 

Solar cells, like all semiconductor devices, are 
subject to permanent electrical degradation 
when exposed to particulate radiation, also 
known as corpuscular radiation. Of interest to 
space array designers are the effects of elec­
trons and protons, and, to a lesser extent, of 
gamma rays and neutrons. Electrons and pro­
tons are also called charged particles. The com­
parative damage, expressed as degradation of 
short-eircuit current density (short-eircuit 
current per unit active cell area), is shown in 
Fig. 4-36. While this graph shows data for con­
ventional 10 ohm' cm cells, measured under 
simulated one AMO solar constant intensity, 
it can be taken as gene rally applicable for all 
contemporary n/p non-field and non-p + silicon 
cells of 0.2 to 0.3 mm thickness. 

Effects of Electrons, Gamma Rays, and X-Rays. 
Solar cells and other materials subject to elec­
tron, gamma, or X-ray radiation experience an 
atomic process known as ionization. The inei­
dent particles or photons collide with atoms in 
the crystal lattice and liberate otherwise bound 
electrons from them (see Section 2-27). Thus, 
the irradiation of solar cells by the above radia-
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Fig.4-36. Variation of silicon solar cell short-circuit current density with fluence for various radiations.28 

tion speeies gives rise to a photocurrent that is, 
like the light-generated current, proportional to 
the number of ineident particles or photons. 
The excess energy of the radiation species is so 
great, however, that their energy is not only 
converted into heat, but may dislodge atoms 
from their regular position in the crystallattice, 
causing displacement damage. In silicon, the 
displaced atoms undergo some other atomic 
processes that proceed at a rate depending upon 
the cell's temperature until, after some time, 
measured in ho urs or days, equilibrium is estab­
lished. The displacement sites are electrically 
active, causing a reduction in the minority car­
rier diffusion lengths and lifetimes in the cell's 
base region, manifested by a reduction in the 
cell's output current, voltage, and power. 

In organic material, the ionization process 
causes destruction of molecular bonds, resulting 
in the darkening (discoloration) of clear mate­
rials and generally a deterioration of the me­
chanical properties of the material. Coverglass 
materials darken similarly. 

Effects of Protons. Protons produce similar 
effects as electrons, except that the displace­
ment damage they produce is several orders of 
magnitude larger than that produced by elec­
trons. Furthermore, as the protons lose their 

energy inside a material by collision with its 
atoms and fmally come to rest, they produce 
the largest damage just before they reach the 
end of their travel. 

Effects of Neutrons. In silicon, neutrons do 
most of their damage upon ente ring the mate­
rial. Neutrons are of interest only in connection 
with warfare in space. 

Radiation Resistance. This is also known as 
radiation tolerance or hardness. The terms are 
frequently used in radiation studies of semicon­
ductors. Most often, these terms denote a value 
of particle fluence at which a device parameter 
has degraded to a specific fraction (usually 
75%) of its original value. This fluence is also 
known as the critical fluence. These terms are 
of little interest to solar cell array designers 
because the relative degradation (or lack thereof) 
is not important. Rather , the absolute values of 
the solar cell performance parameters, after the 
cell has received a speeific value of particle 
fluence, are important. 

4-36. Damage-Equivalent 1 MeV Fluence 

For analytical and test convenience, the con­
ce pt of damage-equivalent, normally-ineident, 



mono-energetic 1 MeV fluence, or, in brief, 1 
MeV f/uence, has been developed. Tbe actual 
damage produced in silicon solar cells by elec­
trons of various energies is related to the damage 
produced by 1 MeV electrons by the so-called 
damage coefficients for electrons. 

Similarly, the damage produced by protons 
of various energies is related to the damage 
produced by 10 MeV protons by the damage 
coefficients for protons. Tbe damage produced 
by 10 MeV protons is, in turn, related to the 
damage produced by 1 MeV electrons by a single 
damage conversion factor. One 10 MeV proton 
does approximately the same damage as 3000 
electrons of 1 MeV energy. Conversion factors 
ranging from 2000 to 7000 have been used for 
various silicon cell types by different investi­
gators; however, the value of 3000 was recently 
verified for bigh-efficiency hybrid cells. 

Electrons damage solar cells such that a single 
value of equivalent 1 MeV fluence can be used 
to describe the degradation of cell currents and 
voltages. 

Typical solar cell 1-V curves before and after 
exposure to a heavy dose (approximately 1015 

e . cm -2) of 1 MeV electrons are illustrated in 
Fig. 4-12. Tbis figure also illustrates an increase 
in the temperature coefficient for [sc and no 
change in the temperature coefficients for Voc 
and V mp with radiation. 

Protons damage solar cells such that two dif­
ferent values of equivalent 1 MeV fluence must 
be used; ODe value is used to describe the degra­
dation of cell currents and another value is used 
to describe the degradation of cell voltages. 

4-37. Effects of Base Resistivity 

Choice of the solar cell material base resistivity 
affects both the pre-irradiation energy con­
version effieiency (see Fig. 4-32) and the cell 
radiation resistance of non-field silicon cells. 
An increase in the base resistivity lowers the 
efficiency while it increases the radiation 
resistance. A consequence of tbis cell behavior 
is that for low-fluence missions, low-base 
resistivity (1 to 3 ohm' cm) cells provide the 
largest output; while for high-fluence missions, 
high-base resistivity (7 to 14 ohm' cm) cells 
provide the highest output at end-of-life. 

SOLAR CELLS 193 

18 

2.!CM 

L ~ 10.·CM 

""I: 
~ 

~ , 
~ 1 

~ 
l-MEV ELECTRON FLUENCE I •• CM·2, 

Fig.4-37. Cross-over fluence of conventional, 0.25 
rnrn thick solar cells with SiO coating.26 

At the cross-over fluence (Fig. 4-37), both 2 
and 10 ohm . cm cells have the same power out­
put (cell area and thickness being assumed to 
be the same). The cross-over point generally 
falls within a fluence range between 1 X 1014 

and 1 X 1016 e' cm-2 of 1 MeV energy and de­
pends heavily on the initial output (effieiency) 
of the cells being compared. 

An optimum base resistivity can be defined 
at which the absolute cell output is greatest 
after a given radiation dose.29 Figure 4-38 
shows that absolute power output after irradia­
tion is a mild function of base resistivity. There­
fore, optimizing base resistivity is of littIe 
engineering significance, and rather broad 
tolerances of the base resistivity are permissible. 
Typical tolerance ranges are shown below. 

Nominal 

1 or 2 ohm' cm 
10 ohm' cm 

Range 

It030hm'cm 
7 to 14 ohm' cm 

4-38. Low-Energy Proton Damage 

Low-energy proton damage to solar cells causes 
shunting of the p-n junction, independent of 
minority carrier lifetime considerations. Low­
energy proton damage can occur in one of two 
ways: from medium- or higher-energy protons 
having sufficient energy to just penetrate the 
solar cell covers or contact metallizations, or 
from lower-energy protons ineident directIyon 
the solar cells in small gap areas that are not 
protected by the solar cell covers or contacts. 

The number of protons that can be expected 
to penetrate solar cell covers are USUallY of no 
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significance in most orbits except in those 
which are in the radiation belts. However, the 
number of low-energy protons that can poten­
tially darnage solar cells directly are available 
in great abundance not only in the radiation 
beits, but also above them and at synchronous 
altitude. The proton energy levels of concern 
are in the 100 to 500 keV range when incident 
on the silicon front surface, and up to approxi­
mately 5 MeV when ineident on the front of 
coverglasses. 

Protons which come to rest (Le. lose all their 
energy) near the solar cell p-n junction intro­
duce shunt paths across the junction. These 
shunts cause the cell output to degrade signifi­
cantly more than the ratio of the darnaged cell 
area to the total cell area may indicate. The 
shunt defect induced by low-energy protons 
has a diode-like current-voltage characteristic 

which leads to a relatively smallioss in [sc and 
to progressively larger losses toward P mp and 
Voc. 30 This is indicated by the 10ss [unction of 
Fig.4-39. 

The low-energy proton damage mechanisrn 
was discovered on several satellites in synchro­
nous orbit, and was verified by extensive ground 
testing_ Excessive orbital degradation due to 
low-energy proton darnage had been as large as 
approxirnately 20%. 

The results of numerous investigations with 
regard to low-energy proton darnage in geo­
synchronous orbit have shown the following: 

• Even srnall, unprotected areas (in the order 
of 1 %) can lead to excessive output degra­
dation (in the order of 10% atPmp) 

• Small, unprotected strips of cell area paral­
lel to the n-contact collector bar are several 
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times more damaging than unprotected 
strips away from the n-contact. 

• The entire active cell area not covered by 
metallic contacts should be protected by 
the coverglass. 

(For design implementation of full cell cover­
age by covers, see Chapter 3.) 

4-39. Radiation Damage Annealing and Output 
Instabilities 

In general, the crystalline damage and associ­
ated electrical degradation sustained by a solar 
cell du ring exposure to corpuscular radiation is 
not totally stable. Two phenomena have been 
obse~ on iFfadillted cells: damage annealing 
and further degradation during exposure to 
sunlightY' 32 

Damage annealing occurs only at tempera­
tures above approximately 20°C, and tends to 
be more significant for proton and neutron 
irradiated cells than for electron irradiated cells. 
The observed magnitude in recovery of the 
solar cell power output after 1 MeV electron 
irradiation ranges from zero to a few percent 
(typically less than 5%). Higher annealing 
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temperatures (up to approximately 100°C) 
accelerate the annealing process, but do not 
appear to change the amount of possible 
recovery. 

Damage annealing was found to occur only 
in solar cells made from crucible-grown silicon, 
the typical process used in the D.S. for produc­
ing solar cell material. 

Analysis of orbital flight data (Chapter 1) 
has verified that apart of the solar cell output 
lost due to solar flare proton events is regained 
after some time. 

Photon Effects. Solar cells that have experi­
enced electrical degradation during irradiation 
with charged particles may either degrade 
further or recover during subsequent long-term 
illumination (photon irradiation). A further 
electrical degradation can be expected in all 
solar cells fabricated from float-zone refined 
silicon that was typically used in Europe du ring 
the 1960's and early 1970's. Typical conte m­
porary solar cells can be expected to exhibit 
some sm all instability problems, both in un­
irradiated and irradiated solar cells. This may 
have an inpact on the ultimate solar cell calibra­
tion accuracy that can be achieved, especially 
with 1 ohm' cm, crucible-grown silicon cells, 
which may be unstable, and should therefore 
not be used as standard solar cells. 

The light (photon) induced degradation in 
the output of 1 ohm' cm and 10 ohm' cm 
float-zone silicon and of 10 ohm' cm crucible­
grown silicon cells (before particle irradiation) 
is typically less than 1 %, causing a loss in both 
the minority carrier lifetime and the cell's red 
response. This leads to the conclusion that 
lifetime is not a constant material property as 
heretofore assumed, but rather depends strongly 
on thermal and light exposure h~ of the 
material. Photon irradiation immediately after 
1 MeV electron irradiation to a fluence of 
1 X 1015 e . cm -2 resulted in the further degra­
dation of 10 ohm' cm float-zone and 1 ohm' cm 
crucible grown silicon cells, but led to re­
covery of the 10 ohm' cm crucible-grown 
and 1 ohm' cm float-zone silicon cells.31 

Recent tests of crucible-grown 10 ohm' cm 
silicon, n/p, shallow-diffused hybrid cells, 
made by OCU and Spectrolab, have shown 



196 ARRAY BUILDING BLOCKS 

between 0 and 5% recovery of power output 
after 48 hours exposure to light following ex­
posureto 1 X 1015 e' cm-2 of 1 MeV energy.33 

PRACTICAL CONSIDERATIONS 

4-40. Glassed Cell Output 

The power output from, or the efficiency of, 
solar cells measured in the unglassed condition 
becomes meaningful only when related to the 
glassed condition. For space arrays, glassing 
consists of the application of a coverslip. For 
terrestrial arrays, "glassing" consists of en­
capsulating the solar cell in the entire optically 
transparent package. To assess the effect of 
glassing, the so-called glassing factar, FG , has 
been defined as 

[sc (glassed) 
FG = . 

[sc (unglassed) 

(Numerical values for FG are given in Chapter 5.) 

4·41. Distribution of Parameters 

The solar cell performance data shown in this 
chapter is averaged data. Actually, in any lot of 
solar cells that is manufactured, some cells show 
lower-than-average, others high-than-average per­
formance. This variation is known as the 
statistical distribution of parameters (see also 
mismatch lasses). 

4-42. Handling Precautions 

Silicon solar cells of 0.2 mm thickness or 
greater, up to 2 X 4 cm in size, are relatively 
rugged devices; however, they require so me 
care in handling. Silicon is a brittle material 
and breaks approximately as readily as glass. 
The most damage-sensitive portions are the 
peripheral edge of planar junction cells where 
the junction is exposed. Even small scratches 
can reduce the fill factor and thereby degrade 
the cell output. 

Textured ("black") and vertical junction 
cells are more easily damaged than are planar 
junction cells and require extra care in handling 
and assembly, especially in parallel-gap welding. 
Even minor scratches can cause major power 
output degradation. 

Generally , soldering of silicon solar cell con­
tacts is easily and safely accomplished as long as 
the heat application process is controlled. (For 
potential contact damage from solde ring or 
welding, see Chapter 8.) 

4-43. Storage 

Solar cells may require storage precautions. 
Silicon solar cells can be stored indefmitely 
under almost any storage conditions except 
for precautions that must be taken to protect 
the solar cell contacts. The two potential 
problems with presently manufactured solar 
cell contact systems are 1) corrosion in high­
humidity, elevated temperature environments; 
and 2) silver tarnishing of solderless contacts 
prior to assembly. Corrosion protection for 
ten years or longer periods consists of desic­
cated containers or plastic bags that are limited 
to 50% relative humidity accumulation and 
storage at normal air-conditioned room tem­
peratures (typically 25°C maximum). Silver 
tarnishing is prevented by packing susceptible 
solar cells in sulfide absorbing materials such 
as "Silver Saver" paper. 

SOLAR CELL PERFORMANCE DATA 

4-44. Solar Cell Space Flight Experiments 

A number of spacecraft carried flight experi­
ments to study the environmental degradation 
ofsolar cells in space and compare it with 
degradation observed in laboratory testing. A 
summary of the results obtained in the flight 
experiments follows. 

Nimbus-2.34 This spacecraft was launched on 
May 15, 1966, into a near·circular, 1111 km, 
high-noon, sun-synchronous orbit. The solar cell 
radiation experiment consisted of two equally 
illuminated coplanar panels, each having 30 
series-connected solar cells bonded to an alu­
minum honeycomb substrate. The cells on the 
panel were provided with 0.15 mm thick 
fused silica covers; the other cells had 2.54 mm 
thick fused silica covers. The covers were bonded 
to the cells with Furane 15E adhesive. Each 
solar cell was loaded with a 1.46 ohm resis­
tance near the short circuit. Solar cells were 



1 ohm' cm, n-on-p silicon cells, manufactured 
for the Nimbus-2 solar array by RCA. 

Figure 4-40 shows that for the orbital degra­
dation of the cells with 0.15 mm covers follows 
the predicted curve reasonably weIl. For the 
2.54 mm covers, the orbital degradation is 
significantly above the prediction. Because 
slightly undersized 2.54 mm thick covers were 
used, this excessive degradation was attributed 
to low-energy proton damage. Neither the 0.15 
mm experiment, the 2.54 mm experiment, nor 
the satellite's solar cell array (also having 0.15 
mm thick covers) showed the expected 3 or 4% 
decrease in current during the first 100 hours of 
sunlight exposure due to ultraviolet degradation 
of the coverglass-filter-adhesive solar cell 
combination. 

ATS-'. 35,36 The ATS-l spacecraft waslaunched 
on December 7, 1966. The spacecraft executed 
one and one-half transfer ellipses (perigee: 185 
km; apogee: 42,600 km; period: 15 hours) be­
fore ente ring its final circular, near-synchronous 
equatorial orbit at 41, 190 km altitude. The 
final station was over the Pacific equator at 
157° west longitude. The spacecraft was spin 
stabilized at about 100 rpm. 

The solar cells of the experiment were all 
nominally 1 X 2 cm, conventional, 0.30 mm 
thick, silicon, boron-doped, n-on-p, Siü coated, 
and of nominally 10 ohm' cm base resistivity. 
Pairs of cells were fitted with 0, 0.025, 0.15, 
0.38,0.76 and 1.76, and 1.52 mm thick shields. 
Except for the 0.025 mm thick "integral" type 
(7740 glass powder melted to cover the cells) , 
all shields were Corning type 7940 fused silica, 
attached with Dow-Corning XR-6-3488 ad­
hesive. These shields had blue rejection filters 
with a 400 nm cut-on wavelength. 

The experimental data is shown in Table 4-4, 
averaged over the two cells in each pair. The 
initial values were read 0.064 days after lift-off 
and were assumed to be undegraded. Figure 
4-41 illustrates the rapid degradation of Cell 
No. 25 compared to the typical degradation of 
Cell No. 5, shown in Fig. 4-42. Degradation of 
Cell No. 20, shown in Fig. 4-43, was relatively 
high for its shield thickness. Figs. 4-44 and 
4-45 illustrate the observed data trends. The 
experimenter made the conclusions below. 
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lable 4-4_ AlS-' Flight Experiments Solar Cell Performance_ 
(Reprinted with permission of the IEEE).36 

2 3 4 5 6 7 8 9 10 II 

Shield Time After Isc Voc Pmp 

Cell Shield Thickness Lift·Off Isc Voc Pmp Fill Isco Voco Pmpo 
No. Material (mm) (days) (mA) (mV) (mW) Factor (%) (%) (%) 

25,26 None 0.0 0.064 70.3 548.3 26.7 0.694 100.0 100.0 100.0 
0.0 3.28 61.5 425.8 16.9 0.644 87.6 77.7 63.0 
0.0 20.3 (55.0) 330.6 10.3 (0.566) (78.3) 60.3 38.5 
0.0 100.7 (44.5) 311.9 6.3 (0.458) (63.4) 56.9 23.8 
0.0 270.4 (34.5) 305.1 4.0 (0.383) (49.2) 55.7 15.0 
0.0 416.8 (29.0) 301.6 3.1 (0.349) (41.4) 55.0 11.4 

15, 16 7740 0.025 0.064 62.4 544.0 24.5 0.722 100.0 100.0 100.0 
Glass 0.025 3.28 61.6 540.0 24.4 0.735 98.7 99.3 97.6 

0.025 20.3 60.8 538.7 23.8 0.729 97.4 99.0 97.4 
0.025 100.7 59.0 536.8 22.0 0.694 94.5 98.7 89.6 
0.025 270.4 57.2 531.8 21.4 0.702 91.7 97.8 87.4 
0.025 416.8 56.2 528.8 20.8 0.699 90.1 97.2 84.9 

5,6 7940 0.15 0.064 67.9 558.7 27.5 0.724 100.0 100.0 100.0 
Fused 0.15 3.28 67.0 560.3 28.1 0.749 98.6 100.3 102.1 
Silica 0.15 20.3 65.9 559.5 27.3 0.743 97.0 100.2 97.7 

0.15 100.7 64.9 555.4 26.2 0.727 95.6 99.4 95.5 
0.15 270.4 63.2 552.5 25.6 0.736 93.0 98.9 93.5 
0.15 416.8 62.2 552.4 25.4 0.739 91.7 98.9 92.5 

23,24 7940 0.38 0.064 67.7 560.0 27.1 0.714 100.0 100.0 100.0 
Fused 0.38 3.28 67.9 563.0 28.1 0.736 100.4 100.2 103.5 
Silica 0.38 20.3 66.4 560.3 26.3 0.707 98.2 99.7 96.9 

0.38 100.7 65.4 557.6 25.9 0.709 96.7 99.3 95.2 
0.38 27Q.4 63.8 555.6 25.0 0.704 94.4 98.9 91.9 
0.38 416.8 62.7 554.6 24.1 0.692 92.7 98.7 88.7 

21,22 7940 0.76 0.064 69.6 558.8 28.0 0.719 100.0 100.0 100.0 
Fused 0.76 3.28 69.1 561.2 28.2 0.729 99.3 100.5 10l.l 
Silica 0.76 20.3 67.6 555.7 26.9 0.715 97.2 99.5 96.1 

0.76 100.7 66.5 554.1 25.9 0.704 95.6 99.2 92.7 
0.76 270.4 65.6 554.0 25.2 0.695 94.4 99.2 90.3 
0.76 416.8 64.5 551.3 24.3 0.683 92.6 98.7 86.9 

20 7940 1.52 0.064 69.2 563.1 28.4 0.729 100.0 100.0 100.0 
Fused 1.52 3.28 68.6 564.0 28.2 0.729 99.1 100.2 99.3 
Silica 1.52 20.3 68.2 560.1 27.0 0.707 98.6 99.5 95.1 

1.52 100.7 66.9 557.5 25.4 0.681 96.7 99.0 89.4 
1.52 270.4 66.1 559.4 24.4 0.660 95.5 99.3 85.9 
1.52 416.8 65.0 553.5 23.8 0.660 93.9 98.3 83.5 

NOTE: Data normalized to 1.00 AU solar distance, 24.4°C, operating temperature, and perpendicular sunlight incidence. 

1. The solar cell degradation was greater by some action not ordinarily considered 

than that expected from the particle in radiation damage studies. 

environment. 5. Cells bearing 6 mil shields degraded, in 

2. Unprotected solar cells degraded signifi- power , less than cells bearing either thicker 

cantly during three passages through or thinner shields. 

the radiation belts during the launch 6. Thicker shields were effective in protect-

procedure. ing the cells against degradation in short-

3. The degradation in power of the more circuit current. 

heavily shielded cells was relatively large 7. Short-circuit current was not a valid in-
compared to degradation in short-circuit dicator of solar cell damage under the 

current or open-circuit voltage. conditions of this experiment. 

4. The above conclusion points to a damage 8. To qualitatively account for the shape of 

mechanism (among others) in which series the various voltage-current curves, it is 

resistance developed within the cell, pos- necessary to postulate various combina-

sibly at the unshielded areas near contacts, tions of a) illumination decrease; b) par-
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Cell No. 25.36 (Reprinted with permission 01 the 
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Fig.4-42. Voltage-current curves for Cell 5, with a 
0.15 mm silica (7940) shield.36 (Reprinted with per­
mission 01 the IEEE.) 

ticle radiation damage; and c) a mechanism 
introducing large power losses, in the 
maximum power region, for heavily 
shielded cells. 

LES-5. 37,40 The sixth Lincoln Laboratory 
Experimental Satellite (LES-6) was launched 
into a synchronous orbit on September 26, 
1968. Through 1975, I-V characteristics were 
measured on 30 experimental solar cells, none 
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of which are currently available from their 
manufacturers. Further research and develop­
ment on these cell types has been in progress 
for many years. For this reason, the flight data 
are not reproduced here. 

ATS_5.41 ,42 The ATS-5 satellite was launched 
into synchronous orbit on August 12, 1969. 
The experiment consisted of 65 solar cells 
whose I-V curves could be measured. Some of 
the cells were mounted on a rigid honeycomb 
substrate and others on a flexible Kapton/glass 
cloth film substrate that was exposed to radia­
tion from both sides. The satellite failed to 
achieve ifs intended gravity stabilized mode 
and, thereby, reduced the accuracy of the flight 
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Fig.4-45. Curve factor (F), maximum power (Pmp), 

open-circuit voltage (V oe)' and short-circuit current 
(/se) versus shield thickness, at 416 days after lift­
off. 36 (Reprinted with permission o[ the IEEE.) 

data. A large solar flare, 82 days after launch, 
caused significant solar cell degradation be fore 
a baseline output measurement could be made 
in orbit, causing an additional uncertainty in 
the orbital data. Failure of an on-board signal 
processor within the first month in orbit caused 
one-half of the solar cell data to be lost. Never­
theless, significant amounts of data could be 
gathered with only slightly impaired accuracy. 

The solar cells were conventional, production 
type single crystal, n-on-p, boron-doped silicon, 
representing 1967 technology. Junction depth 
was about 0.5 11m. The cells were SiO coated 
and had Ti-Ag contacts. Some contacts were 
solderless, others solder-dipped. Cells of 2 
ohm· cm base resistivity were 0.20 mm thick 

and were covered by 0.15 mm thick fused 
silica. Cells of 10 ohm· cm base resistivity were 
0.30 mm thick and were covered by 0.15, 0.30, 
0.51, or 1.52 mm thick fused silica. All covers 
carried anti-reflective coatings and ultraviolet 
mters having 410 nm cut-on wavelength. 
Cover adhesive was RTV-602. Some of the 
10 ohm· cm cells with 0.30 mm thick covers 
purposely had an 0.38 mm wide strip along the 
n-contact bar left unprotected by the coverglass. 

The cells mounted to the rigid substrate were 
essentially shielded from all radiation incident 
from the back side. The cells on the flexible 
substrate received radiation through the back 
side after having penetrated an 0.025 mm thick 
Kapton H-ftlm, which was bonded to an 0.025 
mm thick type 108 fiberglass scrimcloth. 

For comparison, unglassed solar cells of the 
same type were irradiated in the laboratory 
with unidirectional 1 MeV electrons. After an­
nealing for 5 minutes at 100°C, the cell output 
was as depicted in Fig. 4-46. The equivalent 
1 MeV fluence in synchronous orbit was ca1cu­
lated to be as shown in Iable 4-5, using the 
AE-4 trapped electron and AP-5 trapped 
proton environments (see Section 9-48). Low­
energy proton tests of glassed 10 ohm' cm 
cells with 0.43 mm wide bar contact gaps, 
sirnulating the AP-5 environment, showed the 
results given in Table 4-6. 

After 6.5 years of orbital data gathering, 
data reduction, and comparison with predic­
tions based on ground test data (Fig. 4-47), 
the following conclusions were made. 

1. The solar cells on the rigid substrate de-

70r--1>-----r-----,------,------, 

60 __________ /"IOQ-cm.o.JOmm 
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1 MEV ELECTRON FLUENCE •• 'cm2 

°c 42 (R . d . h .. Fig.4-46. Results of laboratory radiation tests at one solar constant AMO, 25. epnnte Wlt permlslJlon 
o[the IEEE.) 
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labia 4-5. Equivalent 1 MeV Fluence Components for lrapped and Solar Flare Radiation in 
Synchronous Orbit. * 

(Reprinted with permission of the IEEE.)42 

CoversIide Thickness (mm) 

o 0.025 0.15 0.30 0.51 1.52 

Trapped electrons from 
AE4 (e . cm -2 . year) 4.9 E + 13 4.4 E + 13 2.98E+13 2.14 E + 13 1.48 E + 13 3.58 E + 12 

Trapped protons from 
(AP5) (e . cm -2 . year) 1.43 E + 25 5.31E+02 9.15 E - 02 0 0 

8/4/72 Flare (e' cm -2) 2.6 E + 14 1.35 E + 14 6.6 E + 13 4.8 E + 13 3.7 E+ 13 2.3 E+ 13 

*The notation E + 13 means 1013 , etc. 

labia 4-6. Solar Cell Degradation Due to Irradiation of 
Partially Exposed Active Areas with 
Low-Energy Protons. 

(Reprinted with permission of the IEEE).42 

Gap = 0.011 mm near busbar 

Radiation Level 
(years) 

o 
0.5 
1.0 
7.0 

138.6 
136.3 
134.3 
133.4 

1 
0.983 
0.968 
0.964 

graded approximately as predicted, ex­
cept Voc degraded somewhat less, I sc and 
Pmp somewhat more than predicted. 

2. The solar cells on the flexible substrate 
degraded much faster than predicted. 
This was attributed to either deposition 
of a contaminant on the solar cell covers 
or proton damage on the solar cell back 
sides or edges. 

3. Thicker covers provided greater shielding 
than did thinner covers, as predicted. 

4. The cells with the exposed bar gap de­
graded faster than fully protected cells 
in consonance with low-energy proton 
ground test experience. 

5. No differences in degradation rates were 
discernible between solderless and solder­
dipped n-contacts. 

6. The rigid panel temperature increased at 
approximately lOC/year, while the flexi­
ble panel temperature remained constant. 

566.8 
560.4 
566.1 
559.2 

1 56.6 
0.989 54.6 
0.981 52.1 
0.987 52.2 

1 
0.964 
0.921 
0.926 

A IS- 6.43,44 The A TS- 6 satellite was launched 
on May 30, 1974 into synchronous orbit and 
carried a solar cell flight experiment. 1-V curves 
from 16 different solar cover assembly con­
figurations (shown in Table 4-7) were obtained 
from the three axis stabilized spacecraft. Sixty­
five of the solar cells were mounted on a rigid, 
6.3 mm thick aluminum honeycomb substrate 
and 15 of them were mounted on a flexible 
substrate. The flexible substrate consisted of 
a 25 p,m thick fiberglass cloth and a 25 p.m 
thick Kapton sheet and received space radiation 
from both sides. The cells on the rigid panel 
were essentially shielded from all radiation 
through the back side. 

The solar cells had thin solder-coated Ti-Ag 
contacts. The covers were installed without leav­
ing unprotected cell areas, and the n-constant 
bars were covered with a coating after assembly 
to provide additionallow-energy proton protec­
tion. Even though the experiment package 
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Table 4-7. ATS-6 Solar Cell Flight Experiments. 
(Reprinted with permission of the IEEE).43 

Cover Glass 
Configu- Resistivity , Cell Thick- Thiekness, 

ration (ohm' em) ness, (ern) (ern) 

1 10 0.030 0.0076 
2 10 0.030 0.015 
3 10 0.030 0.030 
4 10 0.030 0.076 
5 10 0.030 0.0076 

6 10 0.030 0.0038 
7 10 0.030 0.0076 
8 2 0.030 0.015 
9 2 0.020 0.015 

10 10 0.030 0.015 

11 10 0.020 0.015 
12 0.025 0.015 

13 10 0.030 0.013 

14 10 0.020 0.015 
15 2 0.020 0.015 
16 2 0.030 0.015 

developed several problems. so me significant 
da ta could be obtained. The orbital data was 
corrected using ground test data of tempera­
ture coefficients (Fig. 4-48) and angle of 
incidence effects. The angle of incidence 
data showed deviations from the eosine law 
that were related to cover thickness and the 
presence or absence of an anti-reflection (AR) 
coating on the cover (see Fig. 4-49). 

After two years of orbital operation and data 
reduction, the following conclusions were drawn 
(the data are shown in Table 4-8 and Figs. 4-50 
and 4-51). 

1. The higher cell I sc output at beginning-of­
life output observed in space, compared 
to the preflight laboratory measurements 
(Table 4-8) was attributed to a calibration 
error in the flight experiment equipment, 
rather than to an error in the solar simu­
lator calibration. Voltage errors of vari-

Remarks Loeation 

Rigid 
Rigid 
Rigid 
Rigid 

P1ain 7940 fused siliea Rigid 
cover; no filter or 
coatings on cover 

7940 integral cover Rigid 
7070 integral cover Rigid 

Rigid 
Rigid 

Cover without UV filter; Rigid 
cover adhesive of 
0.005 cm FEP 

Rigid 
COMSAT violet cell; Rigid 

cerium doped micro-
sheet cover without 
UV filter 

FEP cover without Rigid 
added adhesive 

Flexible 
Flexible 
Flexible 

able magnitude affected the results from 
the cells on the flexible panel; therefore, 
only the data for the rigid panel were 
presented. 

2. The violet solar cells exhibited about 26% 
greater output than the conventional 2 
ohm . cm cells initially, but a greater rate 
of degradation. 

3. Cells with covers having no MgF AR coat­
ing (Configurations 5, 6, and 7) had about 
3% to 9% lower I sc than those with AR 
coating. 

4. The average percentage I sc degradation 
due to ultraviolet radiation induced opti­
cal transmission losses was assessed as 
shown in Table 4-9. The statistically 
pooled data indicated that the ultraviolet 
radiation induced I sc degradation for all 
discrete covers with AR coating was 
about 2%; that for discrete covers without 
AR coating, the degradation was about 
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Fig.4-48. Cell parameter variation with temperature 
and fluence.44 (Reprinted with permission 01 the 
IEEE.) 
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CONFIGURATION 7 
I 

CONFIGURATION 8 

EFERENCE CELL INO COVER I 

5 10 15 20 
COVERGLASS THICKNESS, MILS 

25 30 

Fig.4-49. Normalized I c at 40° angle as a function 
of coverglass thickness.a (Reprinted with permission 
01 the IEEE.) 

3%; and that for integral covers, the deg­
radation was about 1 %. 

5. The degradation of FEP-Teflon, used as a 
cover-to-cell adhesive, was approximately 
the same as the degradation of Sylgard 
182, both under fused silica covers with­
out ultraviolet filters. 

6. The current and power degradation ob­
served on both the flight experiment and 
on the satellite main array were greater 
than predicted based on ground testing 
and 1 MeV electron irradiation and greater 
than observed on other arrays made by 
the same manufacturer with similar solar 
cells. The main array used 0.34 mm thick 
2 ohm . cm cells with Corning 0211 micro­
sheet covers. Its north wing had degraded 
by 20% and its south wing by 22% after 
two years. The corresponding experiment 
degradation is given in Table 4-10. 

NTS_1.45 The Navigation Technology Satellite 
(NTS-l) was launched on July 14, 1974 into a 
13,529 km circular orbit with an inclination of 
1250

• The orbit intersected regions of intense 
trapped radiation, causing solar cell degradation 
in one year that was equivalent to 4 X 1014 

1 MeV electrons. The number of thermal cycles 
was 1250/year. The highest solar cell tempera­
tures were 70°C, peaking at 98°C for aperiod 
of four months due to satellite instabilities. The 
solar cell flight experiment carried the solar 
cells and covers given in Table 4-11. The cells of 
Exp. Nos. 1 through 8 were mounted to rigid 
honeycomb panels. Even though the experiment 
package developed several problems, some sig­
nificant data could be obtained. 

The orbital data were corrected for tempera­
ture using the coefficients given in Table 4-12. 
The equivalent 1 MeV fluence was calculated 
for the cells ofthe main array, shielded by 0.30 
mm thick fused silica, to be 3.6 X 1014 e . cm -2/ 

year. This fluence was composed of 2.6 X 1014 

e . cm -2/year due to trapped electrons of the 
AE-5 environment, and 1.0 X 1014 e' cm -2/ 

year due to trapped protons of the AP-6 en­
vironment (see Section 9-47). 

After two years of orbital operation and data 
reduction, the conclusions below were drawn. 

1. The current output and power degrada­
tion was much greater than predicted, and 
a satisfactory explanation for this phe­
nomenon could not be found. The flight 
data are shown in Table 4-13 and in Fig. 
4-52. 

2. The performance of the Hellos (K-6) and 
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violet cell types was superior to that of all 
other cells. 

3. The lithium-diffused cells, having alumi­
num contacts, degraded severely due to 
an unknown mechanism. 

NTS_2_46 ,48 The second Navigation Technology 
Satellite (NTS-2) was launched on June 23, 
1977 into a 20,192 km circular orbit having 
63° inclination, with an orbit period of 12 
hours. The flight experiment consisted of 15 
solar cell experiments, including one involving 
gallium arsenide cells, as described in Table 
4-14. The 20 X 20 mm solar cells were mounted 
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to aluminum honeycomb panels and connected 
into series strings of 5 cells each. 

During orbital operations, the temperatures 
of the two body-mounted solar cell panels which 
carried the experiments increased as shown in 
Fig. 4-53. On day 69, the string of experimental 
low-cost space cells of Exp. No. 8 failed in 
open-circuit mode. After day 170, the output 
of the string of experimental vertical junction 
cells began to degrade rapidly (Fig. 4-54). A 
number of possible failure mechanisms have 
been postulated, but none has yet been verified. 
The peak solar cell temperature ,having increased 
from 71.5°C to 101.4°C on day 233, and the 
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Fig.4-50. Normalized results of ATS-6 experiments.44 (Reprinted with permission ofthe IEEE.) 
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Fig.4·50. (Continued) 

frequent temperature cycles, may have played 
a contributory role in the cell failures. After 
233 days in orbit and after orbital data reduc· 
tion, these four conclusions were drawn. 

1. The silicon solar cell degradation was 

greater than predicted, based on the cal­
culated equivalent 1 MeV fluence (see 
NTS-l, above). The orbital data are shown 
in Table 4-15. If non-anomalous cell deg­
radation were to be assumed, the actual 
fluence would be as given in Table 4-16, 
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Fig.4-51. Maximum power performance of six con­
figurations.44 (Reprinted with permission of the 
IEEE.) 

approximately twice to three tim es as 
large as the prediction. The degradation 
rate for Exp. Nos. 1, 2, and 10 are illus­
trated in Fig. 4-55. 

2. The experiments with fused silica covers, 
having no ultraviolet (UV) reflection filter, 
showed degradation comparable with that 
of the same covers with UV fIlters, except 
for the COMSAT CNR (Exp. No. 5) cell, 
which degraded severely (Fig. 4-56). 

3. FEP Teflon cover adhesive degraded ap­
proximately as the RTV adhesives did. 

4. The lithium-doped cells annealed weil 
after severe electron damage. The high 
cell temperature may have aided in the 
annealing process. 

4-45. Laboratory Test Data for Space Cells 

The electrical characteristics at different tem­
peratures and sunlight intensities for a number 
of unirradiated solar cell types of current inter­
est are presented below. 

Conventional 2 ohm' cm.49 Fabricated for the 
Mariner '71 program in 1968 to 1969 by Helio­
tek from cruicible-grown, boron-doped p-type 
silicon, they were phosphorous-diffused cells 
approximately 0.3 ~ deep. Cell size was 20 X 
20 X 0.46 mm; AR coating was SiOx ' Contacts 
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Table 4-9. Ultraviolet Induced Percentage 
Degradation of Ise•44 

Configuration After 50 days After 2 years 

1,2,3,4,8,9,11 1.6 ± 0.7 
5 3.3 ± 0.1 6.3 
6, 7 0.8 ± 1.1 
10,13 1.8 ± 0.1 4.8 
12 2.3 ± 0.9 5.3 

Table 4-10. ATS-6 Solar Cell Degradation in 
Two Years. 

Configuration 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

(Reprinted with permission of 
the IEEE).44 

Average Percentage Loss 

I se Voe Pmp 

14.7 ± 2.0 1.8 ± 0.5 16.3 ± 2.6 
15.3 ± 3.9 2.0 ± 0.9 17.4± 4.3 
12.7± 1.7 1.1 ± 0.4 14.1 ± 1.6 
14.2 ± 1.3 1.3 ± 0.6 15.3 ± 2.2 
17.2 ± 0.4 2.4 ± 0.5 20.0 ± 1.9 
13.0 ± 2.2 2.2 ± 0.5 15.6 ± 2.3 
12.8 ± 2.8 1.4 ± 0.4 13.7 ± 3.5 
16.1 ± 1.0 2.6 ± 0.8 18.0 ± 1.4 
15.0 ± 1.5 1.9 ± 0.3 17.1 ± 1.7 
16.8 ± 1.3 1.8 ± 0.3 17.6 ± 0.2 
14.0 ± 3.2 1.1 ± 0.7 14.7±3.5 
19.4 ± 2.0 4.2 ± 0.1 24.4 ± 2.2 
18.6 ± 2.4 15.7 ± 1.4 43.2 ± 3.5 

were Ti-Ag, solder dipped, with six grid lines. 
The data for a sampIe of seven unglassed cells 
are shown in Fig. 4-57. 

OCLI Violet.so Manufactured from 1976 to 
1978 by OCLI from cruicible-grown, boron­
doped p-type silicon of nominally 2 ohm . cm 
base resistivity, they were 20 X 20 X 0.25 mm 
in size and generally available for space use. 
AR coating was Ta20S' The top contact was 
solderless Cr-Au-Ag with a 3 X 19 fmger grid 
pattern. Cells were glassed with 0.38 mm thick 
7940 fused silica covers having a UV reflective 
coating with 350 nm cut-on wavelength. Cover 
adhesive was Dow Corning 182. The data for 
a sampIe of 14 glassed cells are shown in Fig. 
4-58. 
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fable 4-12. Voltage- and Current-lemperature Coefficients for NlS-1 
Solar Cell Experiments. 
(Reprinted with permission of the IEEE).45 

dVoc (mVrC) dI 
~ (mArC/4 cm2) 

dT dT 

Ground Space Ground Space 
Exp.No. Measurement Measurement Measurement Measurement 

1 2.114 2.139 ± .178 .045 .197 ± .064 
2 2.082 2.144 ± .113 .058 .213 ± .137 
4 1.941 1.871 ± .149 .096 .271 ± .093 
5 2.191 2.098 ± .117 .046 .139 ± .047 
6 2.082 1.989 ± .140 .058 .170 ± .041 
7 1.973 2.089 ± .149 .076 .231 ± .055 
8 2.082 2.098 ± .127 .058 .225 ± .061 

Solarex 50 11m. 51 Presently under development, 
these are early data on 20 X 20 X 0.050 mm 
cells fabricated from cruicible-grown p-type sili­
con of nominal resistivity of 2 ohm' cm. An 
aluminum alloy p + back surface field was dif­
fused through the phosphorus-diffused layer on 
the back side. AR coating was Taz 05. Front 

contacts were a 3 X 10 fmger grid pattern. The 
data for a sampie of unglassed cells are given in 
Fig.4-59. 

OClI Hybrid MLAR.52 Manufactured by OCLI 
and generally available for space applications, 
the cells were made from cruicible-grown boron-

Table 4-13. Output and Percentage Loss After Two Years 
in Orbit.45 

Initial Percentage 
Output* Loss** 

Exp. No. I sc (mA) Pmp (mW) I sc (%) 

1 149 59 24.8 
2 176 74 26.1 
3 144 65 t 
4 146 61 19.8 
5 172 73 23.8 
6 168 71 25.0 
7 143 64 28.7 
8 187 84 32.6 

*Measured at day 9. Output is for 20 X 20 mm cells. 
**Between day 753 and day 9. 
tSolar cell string failed in open-circuit mode after day 261. 

Pmp (%) 

33.9 
32.4 

t 
47.5 
35.6 
38.0 
39.1 
41.7 
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Fig. 4 -52. Results of NTS-l flight experiments, normalized to 25° C.45 (Reprinted with permission o{ the IEEE.) 
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Table 4-14. NTS-2 Solar Cell Experiments. 
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EXP 4 CENTRALAB LlTHllM PlN 

100 

90 

1.. 80 
(mAI4 cm2) 70 1 

200 60 ~ 
E 

180 50 'J 
160 40 

140 30 

120 20 

(Reprinted with permission © 1978 Society of Automotive Engineersl.48 

~xp. 
Thick- Coverslip Coverslip Bond Efficieney 

Cell Type ness Interconneet 28°C (%) No. (ern) (ern) (ern) 

1 OCLI Conventional, 2 ohm-ern 0_025 Coming 7940, AR R63-489 Cu/Ag 10.7 
and UV, (0_030) 

2 Speetrolab "Helios" p + 0.0228 Ceria microsheet DC 93-500 Moly/Ag 11.5 
15-45 ohm-ern w/o AR, (0_025) (.0025) 

3 Speetrolab Hybrid Seulptured 0.020 Coming 7940, AR DC 93-500 Moly/Ag iO.5 
7-14 ohm-ern and UV, (0.0152) (.0025) 

4 Spectrolab Hybrid Seulptured 0.020 Coming 7940, w/o FEP Teflon (0.0051) Moly/Ag 11.1 
7-14 ohm-ern AR or UV, (0.0152) (.0025) 

5 Comsat Non-Reflecting, p+ 0.025 Coming 7940, AR, R63-489 Ag; thenno- 14.5 
Textured, 1.8 ohm-ern w/o UV (.030) eompression 

bonding 
6 Comsat Non·Refleeting, p+ 0_025 Coming 7940, AR R63-489 Ag; thenno- 14.6 

Textured, 1.8 ohm-ern and UV (.030) eompression 
bonding 

7 Solarex Vertical Junetion, p + 0.030 Ceria microsheet Sylgard 182 Agmesh 13.0 
1.5 ohm-ern w/o AR (.0152) 

8 Solarex Spaee Cell, p + 0.025 Ceria mierosheet Sylgard 182 Agmesh 12.8 
2 ohm-ern w/o AR (0.0152) 

9 Speetrolab "Helios" p+ 0.030 Coming 7940 (.030) FEP teflon (.003) Ag mesh (.003) 14.2 
Seulptured, BSR, 10 ohm-ern w/o AR or UV 

10 OCLI Violet, 2 ohm-ern 0.025 Coming 7940 (.030) R63-489 Cu/Ag 13.5 
AR and UV 

11 Speetrolab P /N Li-doped 0.020 Coming 7940, AR Silicone Aluminum 10.8 
15-30 ohm-ern, Al eontacts and UV, (0_015) (.0025) Ultra-

sonic welding 
12 Spectrolab Planar Diode NA NA NA NA NA 

in series with Exp. 11 
13 OCLI Conventional, 2 ohm-ern 0.025 Coming 7070 (.028) Electrostatie Cu/Ag 10.2 

Spectrolab HESP, no p + , 
bonding 

14 0.030 Coming 7940, AR R63-489 Moly/Ag (.0025) 13.6 
Seulptured, 2 ohm-ern and UV (0.0305) 

16 Hughes Gallium-Aluminum 0.0305 Coming 7940, AR DC 93-500 Aluminum GPD 13.6 
Arsenide and UV, (0.0305) (.0025), epoxy 
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Fig.4-53. Average temperature of NTS-2 solar cell 
experiments.46 (Reprinted with permission of the 
IEEE.) 

doped silicon of 10 ohm . cm nominal resistiv­
ity. CeHs were 20 X 20 X 0.25 mm and carried 
a multilayer anti-reflective (MLAR) coating. 
Front contacts were Ti-Pd-Ag with 8 grid lines. 
The back contact was Ti-Pd-Ag with picture 
frame. CeHs were glassed with 0.15 mm thick 
7940 fused silica covers, having a 350 nm cut­
on wavelength. Adhesive was Dow Corning 
182. The ceH data for a sampie of 14 ceHs are 
shown in Fig. 4-60. 

Hughes GaAs.24 Currently under development 
by several organizations, the Hughes Aircraft 
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70 
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VERTICAL JUNCTlON SOLAR CELL 
AT 50'C 

O~--~ __ ~ __ -L __ ~ __ ~I __ ~ 
o 40 80 120 180 200 240 

DAYS IN ORBIT 

Fig.4-54. Power degradation of Experiment No. 7.46 

(Reprinted with permission of the IEEE.) 

Company ceH data are shown as one example of 
the performance of GaAlAs·GaAs solar ceH 
types. These ceHs were designed for 1 to 20 X 
concentration ratio space applications and were 
20 X 20 mm in size and had 24 grid lines. The 
GaAlAs window had thicknesses between 0.5 
~m and 2 ~m, with the thicker ones required 

Table 4-15. Solar Cell Parameters and Degradation at 25°C from Day 1 Through Day 223.46 ,48 

Short-Circuit Current Open-Circuit Voltage Maximum Power 

X·25 Day 1 Day 223 X-25 Day 1 Day 223 X-2S Day Day 223 
Exp.No. (mA) (mA) (% Loss) (mV) (mV) (% Loss) (mW) (mW) (% Loss) 

1 135.4 136.5 10.4 533 549 0.9 53.1 56.3 13.9 
2 154.5 155.5 6.6 527 546 3.3 57.9 60.0 12.7 
3 155.6 154.0 7.0 491 508 1.4 52.4 53.5 11.0 
4 151.0 149.6 4.5 491 505 1.4 54.6 55.4 8.8 
5 184.8 180.4 30.6 533 555 3.4 72.8 74.7 33.6 
6 180.8 178.7 8.1 533 549 1.6 70.1 72.0 12.2 
7 158.4 160.5 16.8 528 521 18.4 63.1 62.2 46.5 
8 155.9 158.8 100 535 541 100 60.6 63.1 100 
9 174.3 175.8 7.1 550 545 3.5 66.0 70.0 13.6 

10 165.1 164.3 10.0 550 552 1.6 67.5 66.6 13.5 
11 136.2 132.6 10.0 552 559 2.5 53.2 55.8 15.8 
12 134.5 132.4 9.9 523 523 2.3 42.0 42.1 16.2 
13 147.3 146.1 6.6 488 490 3.9 47.0 46.8 13.9 
14 166.2 165.8 7.4 533 528 5.1 63.3 63.8 15.5 
15 102.9 100.6 12.3 914 895 1.2 70.0 61.4 4.6 
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labre 4-16. Equivalent 1 MeV Electron Fluence for NlS-2. 
(Reprinted with permission of the IEEE).46 

Fluence 
BOL at 200 Days 

Fluence 
at 1 Year 

Fluence 
at 3 Years 

OCLI Conventional2 n-cm, 10 mll cell, 12 mll FS Coverslip 

Isc 136.0 mA 1.5 X 1014 2.7 X 1014 8.2 X 1014 

Voc 548 mV 3 X 1013 5.5 X 1013 1.6 X 1014 

Pmp 56.5 mW/4 cm2 1.3 x 1014 2.4 X 1014 7.1 X 1014 

Spectrolab Helios, 10 n-cm, 9 mll cell, 10 mll Ceria Coverslip 

I sc 154 mA 1.3 X 1014 2.4 X 1014 7.1 X 1014 

Voc 545 mV 1 X 1013 1.8 X 1013 5.5 X 1013 

Pmp 60.5 mW/4 cm2 9 X 1013 1.6 X 1014 4.9 X 1014 

Spectrolab Textured Hybrid, 8 mll cell, 6 mll FS Coverslip 

I sc 156 mA 5.0 X 1014 9.1 X 1014 2.7 X 1015 

Voc 522 mV 5.0 X 1014 9.1 X 1014 2.7 X 1015 

Pmp 53.8 mW/4 cm2 3.3 x 1014 6.0 X 1014 1.8 X 1015 

XxXx>sc 
~ ..... 
Dcm:tJ 

166mA 
552mV 

OCLI Violet 

1 x 1013 

2 X 1013 

67.5 mW/4 cm2 7.5 X 1013 

x x x XXX 
• • • •••• 0 0 o 0000 .. -

E 
u 

• C 
! 
-~ 

200 

110 

180 

140 

120 

1.8 X 1014 

3.7 X 1013 

1.4 X 1014 

~ x x 
XX~x • • ..... 

•• 

5.5 X 1014 

1.1 X 1014 

4.1 X 1014 

x x 

• • 

PM • SPECTROLAB HEllOS SOLAR CELL 

x XxX x 

• ••• • 
1 X OCLI VIOLET SOLAR CELL 

o OCLI 2 OHM-CM SOLAR CELL 100 COMSAT NON-REFLECTIVE SOLAR CEll 
AT 50·C 

10 I {X COVER GLASS WITH UV FILTER 
oe • COVER GLASS WITHOUT UV FILTER 

40 80 120 160 

DAYS IN ORBIT 

200 240 > 
O~--~--~--~----~ __ ~ __ ~ 
o 40 10 120 180 200 240 

Fig. 4 -55. Comparison of power degradation of tluee 
cell types on NTS-2 experiment.48 (Reprinted with 
permission © 1978 Society of Automotive Engineers.) 

DAYS IN ORBIT 

Fig.4-56. Degradation of CNR cell.46 (Reprinted 
with permission ofthe IEEE.) 
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Fig.4·61. Hughes GaAs cell output at one solar constant AMO.24 

for higher eoneentration ratios. Average data 
for unglassed eells are shown in Fig. 4-61. 

4-46. Radiation Test Data for Space Cells 

Data are shown for a variety of eurrently avail­
able experimental and production cells (Fig. 
4-62). Data with an asterisk is lower than should 
be expeeted in the future. The aetual output 
available from specific production lots may 

differ signifieantly from the data shown here. 
Nevertheless, the trends may be used for extra­
polation prior to the availability of new test 
data. The data trends due to irradiation with 
1 MeV eleetrons shown here may not be paral­
leled by data due to proton irradiation. How­
ever, very little proton degradation data for the 
newer solar cell types presently exists. In Figures 
4-63 through 4-73, typical data for cell types 
of eurrent interest are given. Test conditions 
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Fig.4·73. Experimental gallium arsenide cells.24 

were one solar constant AMO and 28°C. Cur· 
rent and power densities were based on total 
cell area. 
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5 
Optical Elements 

FUNCTIONS OF OPTICAL ELEMENTS 

5-1. Flat Plate Optics 

Non-concentrator type solar cell arrays, com­
monly referred to as planar or flat plate arrays, 
utilize transparent covers and thin coatings for 
three reasons: 1) to protect the solar cells and 
their assoeiated wiring from deleterious envi­
ronmental influences; 2) to enhance the amount 
of sunlight reaching the active portions of solar 
cells; and 3) to aid in the heat rejection from 
the solar cells to reduce the cell operating tem­
perature and thereby achieve a higher cell 
operating effieiency. 

The development of silicon solar cells in the 
1950's was accompanied by great optimism 
that such cells would last indefinitely, because 
silicon is one of the hardest and environmentally 
most stable materials. In practice, however, the 
metallic contacts of solar cells are subject to cor­
rosion in the terrestrial environment. Therefore, 
solar cell modules for terrestrial applications 
must be fully encapsulated and hermetically 
sealed to prevent the entry of moisture into 
the module package. The package's front win­
dow fulftlls a tripIe function, providing a 
hermetic seal, low-Ioss sunlight transmission, 
and effieient heat rejection. The window ma­
terial may be glass or plastic. Anti-reflective 
coatings can improve their light transmission 
characteristics and improve the scratch resis­
tance of plastics. Wavelength-selective reflection 
coatings may be used to reflect all energy hav­
ing wavelengths outside the solar cell's range of 
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sensitivity, thereby redueing the he at input to 
the solar cells. Window materials having higher 
long-wavelength infrared emission characteristics 
and higher thermal conductivities will provide 
for a more effieient solar cell cooling. However, 
most window materials and some coatings 
exhibit degradation of their optical charac­
teristics with time that is caused primarily by 
the solar ultraviolet radiation. 

Covers and coatings are also required on solar 
cells for space applications. While hermetic 
sealing of solar cell modules is not required, 
the space radiation environment requires full­
area protection of the solar cells by coverglasses. 
The intense ultraviolet radiation in space quickly 
darkens most transparent glasses and all trans­
parent plastics. The covers are usually cemented 
to the solar cells, requiring ultraviolet light 
protection of the cement. Either ultraviolet 
reflecting or absorbing filters may be used for 
this purpose. 

5-2. Concentrator Optics 

The artifieial increase in the solar intensity in­
eident on solar cells by means of some optical 
or other device is called sunlight concentration 
or solar concentration. Optical concentration 
devices may consist of mirrors (reflectors), 
lenses (refractors), or a combination of both. 
Concentrators not only increase the amount of 
sunlight that is usable by the solar cells, but also 
increase the amount of heat that raises the cell's 
operating temperature. Therefore, wavelength-



selective coatings play a greater role in photo­
voltaic concentrator design than in flat plate 
module design. Both refractive and reflective 
optical concentrator elements are subject to 
deterioration from terrestrial or space environ­
mental causes. Because of their physical size, 
concentrators usually do not aid, but rather 
hinder , in the solar cell cooling process. 

5-3. Historical Developments 

The early terrestrial use of selenium and other 
photovoltaic devices had shown that such cells 
were not stable in the terrestrial environment. 
While most cells were either not protected at 
all or were just varnish coated, cells used as 
calibration standards were contained in her­
metically sealed, evacuated or dry nitrogen­
fIlled packages with soldered-in glass windows. 
Since their development in the mid-1950's, 
early silicon solar cells were used unprotected 
or with inadequate protection. This practice 
led to premature cell and system failures. 
Encapsulation by cIear plastic was somewhat 
more successful, but reasonable weatherability 
required a relatively thick layer of encapsulant. 
In the late 1950's, emphasis of solar cell en­
capsulation shifted toward the space program, 
but returned du ring the mid-1970's to terrestrial 
applications. 

Since the beginning of solar cell use in space, 
it has been recognized that in practica1 applica­
tions solar cells must be used in conjunction 
with other optical elements. Initially, trans­
parent solar cell covers were emp10yed for 
temperature control only, but by 1960 it 
was gene rally recognized that covers were also 
required to protect the solar cells from charged 
particle radiation found in space above a 400 
km altitude. Therefore, since 1960, solar cell 
array designers considered both thermal control 
and shielding from corpuscular radiation. A 
third consideration, also investigated since the 
late 1950's, has been micrometeoroid erosion 
of uncovered solar cell surfaces and, later in 
this period, of both the solar cell covers and 
their fIlters. However, losses due to micro­
meteoroids have never been observed clearly. 
Estirnates have put potentiallosses in the 0 to 
2% range for 10 year missions. 
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Solar cell protection was attempted in the 
late 1950's with silicon oxides applied by vari­
ous methods directly to the cells. These di­
rectly applied covers, now called integral 
covers, potentially offered weight and cost 
advantages over discrete covers that were 
fabricated separately and glued to the solar 
cells. Adequate infrared emittance, compara­
ble to that of discrete covers, could be achieved 
with integral covers only when their thicknesses 
were so great that they would either not adhere 
properly to the solar cell or not possess suf­
ficient transparency. 

Numerous efforts have been attempted to 
develop a successful method of applying the 
integral glass cover directly to the silicon solar 
cello However, as of this writing, success has not 
been achieved in the sense that fully developed 
and tested integral covers could be purchased in 
large quantities and used for operational hard­
ware with a high degree of confidence of mis­
sion success. Below, some of these efforts are 
described. 

Fused Glass. 1 A limited amount of success was 
achieved with coatings which were applied in 
glass"slurry form and fused to the cell at a tem­
perature between 850° and 950°C. The solar 
cell diffusion and contact application pro­
cedures had to be modified to prevent this 
high-temperature fusing cycIe from drastically 
degrading the cells. 

Thermal Decomposition. 1 The thermal decom­
position process involves passing of an inert gas, 
as a carrying vapor, from a deposition agent 
over heated solar cells. The decomposing vapor 
deposits a film on the cells. A large number of 
silanes have been used with deposition te m­
peratures in the range of 400° to 900°C. The 
high deposition temperature led to severe cell 
degradation and relatively poor fIlm quality for 
depositions thicker than 111m. 

Reactive Sputtering. 1 Si02 fIlms in excess of 
25 11m thickness have been deposited on silicon 
by reactive sputtering. Silicon was used as the 
cathode in this process and the sputtering oper­
ation in an oxygen-rich atmosphere deposits 
Si0 2 on the substrate. Reactively sputtered 
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Si02 can produce a thick film which is ex­
ceptionally smooth; however, the sputtering 
rate must be kept below 0.02 JIm/minute and 
the substrate temperature must be kept above 
500°C. At this temperature, however, severe 
cell degradation occurs. At higher deposition 
rates or lower substrate temperatures, this 
process produced unsatisfactory films. 

Electron Beam Deposition. Si02 films in excess 
of 0.125 mm have been depositedby focused 
electron beam techniques using quartz as the 
source material. A major advantage of this 
technique is the substrate's relatively low te m­
perature during deposition. Normally, the sub­
strate temperature may be below 50°C during 
the deposition to minimize thermal stress prob­
lems. A disadvantage of this technique is the 
degree of control required to maintain a low 
evaporation rate in order to keep large particles 
of quartz from being evaporated. Highly strained 
films, which readily strip from the silicon, are 
commonly deposited with this technique unless 
a very low deposition rate (normally less than 
0.03 JIm/minute) is utilized. Integral covers 
capable of withstanding typical space thermal 
cycling environments have not been produced. ' 

With a similar process, called electron beam 
evaporation, Corning Glass No. 1720 (an 
aluminosilicate glass) was deposited onto 
TiOx-coated silicon solar cells. Integral cover 
coatings of up to 0.15 mm thickness were pro­
duced, but only coatings of 0.05 mm thickness 
had sufficiently low internal stress to withstand 
limited space qualification testing. These coat­
ings exhibited relatively low light transmission 
below 0.5 JIm wavelength, but radiation induced 
darkening was only slight. These covers would 
not be suitable for modem, blue-sensitive, high­
efficiency solar cells.2 

High-Vacuum Sputtering.' This technique has 
reportedly yielded films with excellent optical 
and mechanical characteristics; however, the 
rate at which the films are deposited is very 
low. An average Si02 deposition rate is 0.01 
JIm/minute. No flight quality covers have been 
produced. 

Radio Frequency Sputtering. It has been dem­
onstrated that complex thin films, such as 

certain glasses and Pyrex (Corning 7740), 
deposited by radio frequency (RF) sputtering 
may have physical and chemical properties 
basically identical with the parent bulk ma­
terial. The RF sputtering process has the advan­
tage of high deposition rates (greater than I 
JIm/minute for Si02) and low substrate te m­
peratures (less than 200°C). RF-deposited 
integral quartz films of 25 to 50 JIm thickness 
have successfully passed five thermal shock 
cycles from -196° to + 100°C with no me chan­
ical or physical deterioration or delamination 
from the solar cello Again, acceptable coatings 
for space applications have not been produced.' 

A more recently developed RF sputtering 
process of Dow Corning Glass No. 7070 (boro­
silicate glass) onto TiOx-coated silicon solar 
cells has produced relatively low stresses. The 
light transmission loss in 0.12 mm thick covers 
occurred below 004 JIm and fell to 95% at 
0.35 JIm, making this cover useful for modern, 
blue-sensitive, high-efficiency solar cells. In a 
thickness of 50 JIm, the sputtered 7070 glass 
showed a 1 % broad-band transmission loss 
after irradiation with 10'5 e· cm-2 of 1 MeV 
energy.3 

Electrostatic Bonding.4 The most recent and 
most successful method of preparing integrally 
covered silicon solar cells utilizes an electro­
static field to bond (without adhesive) discrete 
covers to solar cells. The bon ding operation, 
known also as electrostatic [ield-assisted glass­
to-metal sealing technique, is performed at 
approximately 400°C and requires the presence 
of a strong electric field for several minutes. 
The bond is permanent and the bond strength 
is greater than the ultima te strength of silicon. 
The cover material, Corning Glass No. 7070 (a 
borosilicate glass) , can be bonded to SiOx and 
Ta205 solar cell coatings. Covers of 0.15 to 
3.0 mm thickness have been bonded. At the 
400°C bonding temperature, the solar cells 
degrade unacceptably. 

Environmental tests conducted on 0.15 to 
0.30 mm thick covers showed that the radia­
tion induced darkening of Corning 7070 glass 
is similar to that of Corning 0211 microsheet 
glass and not significantly worse than that of 
Corning 7940 fused silica, adhesive mounted 
to the cells with Sylgard 182 RTV and the 



corresponding Sylgard Primer. Ultraviolet radia­
tion was found to almost completely bleach 
the charged partide induced darkening of 7070 
and 0211 glass. 

Discrete Covers. The lack of success that had 
been had with the development of integral 
covers led to the early adoption and continued 
use through today of the economically less 
desirable method of mounting aseparate cover­
slide to the solar cells. Glass provides excellent 
emissivity and has high transmission for solar 
radiation. 

The two types of covers most frequently 
used between 1960 and 1974 were fused silica 
and microsheet. Fused silica was used in a 
thickness ranging from 75 J.lm (0.003 inch) to 
1.5 mm (0.060 inch), with the three most com­
mon thicknesses being 150, 300, and 500 J.lm. 
Microsheet was used only in a 150 J.lm thickness. 

To affect efficient heat transfer from the 
cells to space, the glass covers had to be ce­
mented directly to the cells. This created a new 
problem: all cements darkened under the strong 
ultraviolet radiation present in space, thus 
reducing the solar illumination reaching the 
cells. To reduce adhesive darkening, ultraviolet 
reflecting coatings were developed to keep the 
damaging ultraviolet radiation away from the 
cement. 

The proteetion of the coverglass adhesive was 
obtained through the incorporation of ultra­
violet reflective coatings having cut-on wave­
lengths of 450 nm initially. (The cut-on wave­
length is defined as the wavelength where the 
transmittance has reached its 50% value.) 
The good results obtained with these covers 
and filters, together with the more radiation 
tolerant silicone adhesives which became 
available, led to a gradual lowering of the 
cut-on wavelength to first 430 and then 400 
nm. Recent developments of more and more 
blue-sensitive solar cells pushed the cut-on 
wavelength to even lower values. Present 
"super blue" or "violet" sensitive cells require 
approximately a 350 nm cut-on wavelength 
to fully realize their improved energy con­
version capability. 

To optimize the solar cell cover and filter 
design and at the same time protect the ultra­
violet reflective coating from possible degrada-
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tion by low energy, heavy particles in space, the 
ultraviolet reflective coating was placed inside 
the solar cell/cover stack, while the outside 
surface of the cover was coated with an anti­
reflective coating. This outer anti-reflective 
cover coating, vacuum-deposited magnesium 
fluoride (MgF 2), reduced reflection losses on 
the first surface from approximately 4% to 
approximately 2%. 

Inside the cell/ cover stack, provisions were 
required to match the optical impedance of 
the cover to those of the cover adhesive and 
the silicon. Choice of a transparent silicone 
adhesive, instead of the originally used epoxy, 
and application of a silicon monoxide (SiO) 
coating to the silicon accomplished these ob­
jectives. The silicon monoxide anti-reflective 
coating on the solar cell was used beginning in 
the early 1960's, and throughout 1975. With 
this coating, cell output degraded in glassing 
by approximately 2 to 5% due to mismatches 
of the indices of refraction between the cover­
glass, the adhesive, and the silicon monoxide. 
Work was started in Europe in the late 1960's 
to reduce such glassing lasses by better match­
ing of the indices of refraction. Solar cell anti­
reflective coatings using TiOx , Ta20S, and 
others have improved glassed cell performance. 
Considerable development effort was required, 
however, before a repeatable process and opti­
mized electrical performance was obtained. 
Since late 1974, high-efficiency production 
cells have used a Ta20S coating almost ex­
clusively. New coatings are presently under 
development to further improve glassed cell 
performance for both space and terrestrial 
applications. 

OPTICAL ENERGY TRANSFER 

5-4. The Optical System 

Sunlight penetrates a number of optical media 
before it reaches the photovoltaically active 
region of a solar cello At each surface, the pene­
trating sunlight experiences reflection losses, 
and in each medium, it experiences absorption 
losses. Typically, reflection and absorption 
losses are not uniform over all wavelengths and 
over all angles of incidence. Hence, all the 
optical media that are applicable to solar cell 
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arrays constitute an optical system that requires 
careful consideration in design and analysis. For 
non-concentrator arrays, the optical system has 
the following components (in the order of 
penetration by the sunlight): 

• Space and/or planetary air 
• Anti-reflective layer on the cover (if used) 
• Cover bulk material 
• Ultraviolet-reflective layer on the cover 

(used only when the cover bulk material 
transmits ultraviolet radiation) 

• Cover adhesive (if used) 
• Anti-reflective layer on the active solar cell 

surface 
• Solar cell photovoltaically active region 
• Solar cell bulk material 
• Reflective, absorptive, or transmissive solar 

cell back surface contact. 

In the case of concentrator solar cell arrays, 
refractive or reflective components may increase 
the optical system's complexity. 

The radiant solar energy flux (sunlight) in­
cident on the solar cell array front surface is 
partly reflected from that surface, partly 
absorbed by it, and partly transmitted into 
deeper layers of the array (through the solar 
cell covers into the solar cells). When the 
incident flux is reflected from a smooth, 
polished surface, the reflected beam is referred 
to as specular reflection. Reflections from 
rough surfaces are termed diffuse. The ratio 
of the reflected radiant flux to the incident 
radiant flux is the reflectance. The same ratio 
for a specific wavelength of the flux is the 
spectral reflectance. The ratio of the reflected 
radiant flux to the radiant flux incident upon a 
specific surface is called the reflectivity of that 
surface. In practice, the terms reflectance and 
reflectivity are used interchangeably. 

The ratio of the transmitted radiant flux (at 
some distance measured from the front surface 
of the transmitting media) to the flux that 
entered the media is called the transmittance or 
internal transmittance. Frequently, the front­
surface reflectance is not subtracted from the 
transmittance. Transmission of flux may be 
specular or diffuse; in the latter case it is called 
scattered. The ratio of the transmitted to the 
entered flux at a specific wavelength is termed 

sP?ctral transmittance. Transrnittance at normal 
incidence through a flat plate is defined as 
transmissivity or percent transmission. In prac­
tice, the terms transrnittance and transrnis­
sivity are used interchangeably. The term elec­
trical transmittance is sometimes used to denote 
changes in the cover transmittance as determined 
by solar cell short-circuit current output. 

The ratio of the absorbed radiant flux to the 
incident flux is called the absorptance. The 
same ratio at a specific wavelength is the 
spectral absorptance. In practice, the terms 
absorptance and absorptivity are used inter­
changeably. The common logarithm (base 10) 
of the absorptance is termed the absorbance 
( or spectral absorbance, respectively). The 
absorptance in homogeneous media increases 
with thickness according to Eq. 5-1. 

(5-1) 

I is the flux density at a distance t from the 
front surface at which the density of the 
en tered flux is 10. The constan t e is equal to 
2.718 ... and a is the absorption coefficient (a 
is a function of wavelength). The wavelength at 
which the absorptance changes abruptly (in 
silicon at about 1.2 11m) is referred to as the 
absorption edge. 

The absorptance, a, reflectance, p, and trans­
mittance, r, are related such that at any point 
in a material under thermodynamic equilibrium 
and at any wavelength or in any wavelength 
band, Eq. 5-2 is true. 

a+p+r=l (5-2) 

F or normally incident light, traversing the 
interface between two optical media having 
different indices of refraction, the reflected 
portion is given by Eq. 5-3. 

(n2 - nd2 
p = (n2 + n,)2 (5-3) 

n is the index of refraction of an optical me­
dium, subscript 1 refers to the medium from 
which the light is approaching the interface, 
and subscript 2 refers to the medium into 
which the light is entering. For the special case 
of solar cell covers in air or in space, the index 
of refraction of n, = 1 and that of the cover, 
n2, is a material property. The value of p 



Table 5-1. Indices of Refraction and First-Surface 
Reflection Losses at Normallncidence 
from Several Solar Cell Cover 
Materials. 5- 13 

Index of 
Wavelength Refraction Reflectance 

Material A(llm) n (%) 

Empty space o 10 ~ 0 
Fused silica 0.5100.7 1.46 3.5 

(Corning 7940) 1.0 1.45 3.4 
Microsheel 

(Corning 0211) 1.531 4.4 
Ceria-doped 

microsheel 1.537 4.5 
FEP-Teflon 1.341 10 1.347 2.2 
R63-489 1.43 3.1 

adhesive 1.41 
SiO 0.4 10 1.1 1.8102.0 9.6 
TiOx 2.2 14.0 
Silicon 0.5 4.1 37.0 

1.0 3.5 31.0 
Sapphire 0.4 10 1.1 1.71 6.7 
Natural quartz 0.4 to 1.1 1.53 to 1.57 4.7 
MgF2 0.4 to 1.1 1.37 to 1.39 2.6 

Ta20S 0.4 to 1.1 2.15 13.3 

indicates the portion of light lost and not 
available for conversion into electrical energy 
by the solar cello Typical values of n are listed 
in Table 5-1 together with the corresponding 
calculated values of p. 

For non-normal angles of incidence (Le., 
when the incident beams make an angle cf> 1 

with the normal to the cell covers-see Fig. 
5-1), pis given by Fresnel's formula (Eq. 5-4). 

1 tan2 (efh - Q>2) 1 sin2 (Q>1 - Q>2) 
p=- +-

2 tan2 (cf>1 + cf>2) 2 sin2 (cf>1 + cf>2) 

(5-4) 

INCIDENT BEAM 
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REFLECTED BEAM 

REFRACTED 
BEAM 

Fig.5-1. Light beam incident on interface between 
two different optical media. 

for fused silica covers without any coatings and 
resulted in Fig. 5-2. This figure shows both the 
fraction of incident light reflected from the 
cover front surface and the fraction transmitted 
into the cover. A significant deviation from the 
cosine law at the larger angles is evident. The 
presence of an anti-reflective coating on the 
cover front surface modifies the front surface 
reflectance, reducing the reflectance at the 
sm aller angles and usually accentuating the 
increase in reflectance at the larger angles. 

The angle of the refracted be am with the 
normal, cf>2, is related to cf>1, by Snell's law 5-5. The Air (or Space)-to-Cover Interface 

(Eq. 5-5). To minimize reflection losses at the front sur-

The reflectance, according to Eq. 5-4, increases 
with increasing angles of incidence, cf> 1 (for 
normal incidence, cf>1 = cf>2 = 0), and is one of 
the reasons for the deviation of the solar cell 

(5-5) face, so-called anti-rejleetion or anti-rejleetive 
coatings have been developed. Such coatings 
are typically very thin and are made of vacuum­
deposited magnesium fluoride, MgF. The anti­
reflective coatings are one or several quarter­
wavelengths tIlick (typically at the solar cell 
peak spectral response under sunlight illumina­
tion, namely, approximately at 0.6 Jlill wave­
length). In addition to their natural index of 
re fraction , they utilize optical interference 
phenomena to provide an effeetive index of 

output from the eosine law. 
The reflectance at any surface (interface 

between two optical media having different 
indices of refraction) is given by Fresnel's 
formula (Eq. 5-3). This formula was evaluated 
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Fig.5·2. First-surface reflection for fused silica and effective intensity that would reach the cell in the absence 
of additional reflection and absorbtion losses versus angle of incidence.15 

refraction, neo Minimum reflection losses occur 
(at a single wavelength) when Eq. 5-6 holds 
true. 

(5-6) 

Replacement of a single quarter-wavelength 
layer by two or more such layers, each having 
a slightly different effective index of refraction, 
causes the minimum reflectance wavelength to 
broaden into a wavelength band. In actuality, 
it is not practical to fabricate homogeneous 
quarter-wavelength layers so that a broadening 
of the minimum reflectance band occurs 
naturally. 

The theoretical aspects of refraction and 
reflection are treated in most of the more com­
prehensive books on physics or optics. 

5-6. The Cover-To-Cellinterface 

The cover-to·cell interface contains two optical 
transition regions: from the cover bulk through 
the ultraviolet reflective interference fIlter (if 
such a filter is used) into the cover adhesive, 
and from the cover adhesive through the solar 
cell anti-reflective coating into the cell semi­
conductor material. 

The reflection and refraction equations given 
in Sections 54 and 5-5 apply also for the cases 
discussed in this section, except that the anti­
reflective coating on the solar cell also acts as a 
(multiple) quarter-wavelength thick interference 
fIlter. The cover adhesive is typically thicker 
than 20 Jlm and, therefore, c1assified as optically 
thick (that is, interference phenomena are not 
induced by it). 

The primary objective of the optical design 
of the cover/cell interface is to minimize losses 
at the interfaces between optical media having 
differing indices of refraction and to minimize 
absorption losses in the wavelength region in 
which the solar cell is responsive. 

A secondary objective is to minimize the 
solar absorptance and maximize the emittance 
of the covered cell assembly, thereby minimiz­
ing the solar cell operating temperature and 
maximizing the solar cell efficiency during 
operation. 

Minimization of the reflection losses can be 
achieved by selecting materials having indices 
of refraction that (according to Eq. 5·6) result 
in minimum reflection losses. 

In a practical sense, the indices of refraction 
of the silicon, adhesive, or coverslides cannot be 
altered. Instead, anti-reflective (AR) coatings 
must be used to provide an optical "impedance 
match" between the different media in contact 
with each other in accordance with Eq. 5-6. 
The UV reflective coating on the coverslide also 
serves as an AR coating between the cover and 
the cover adhesive while another AR coating is 
applied to the solar cello The AR coating on the 
cell also relies partlyon optical interference 
effects and partlyon the natural index of re­
fraction of the coating material. The theoreti­
cally expected reflection losses, p, arising from 
the differences in the indices in re fr action only, 
are given in Table 5·2. This table also gives the 
desired index of refraction, ne , which, accord· 
ing to Eq. 5-6, yields the lowest reflectance.9 •10 

If a minimum reflection is desired at a specific 
wavelength of light, the optical thickness of the 



Table 5-2_ Indices of Refraction and 
Reflection Losses at Interfaces 
between Two Optical Media. 

Material Interface 

Air/silicon 
Fused silica/adhesive 
Microsheet/adhesive 

NOTES: 

1.0/3.4 to 4.1 
1.46/1.43 
1.53/1.43 

r-reflectance without AR coating 

r (%) 

33.5 
0.01 
0.11 

1.94 
1.445 
1.48 

ne-effective index of refraction of an ideal AR 
coating which would give a minimum reflectance 
at the interface 

coating must be one quarter-wavelength. The 
optical thickness is defined as the product of 
the physical thickness and the index of refrac­
tion. Since a single layer AR coating typically 
has constant reflection properties over a fairly 
large wavelength range, it is possible to achieve 
a coating designed for minimum reflection at a 
specific wavelength (such as about 0.6 pm for 
space-type solar cells) while good AR properties 
over most of the solar cell response range can 
be maintained at a given angle of incidence. In 
general, the coating thickness on cells intended 
for operation near normal angles of incidence 
should be greater than that on cells intended 
for spinning satellites. 

5-7. Glassing Factors 

Installation of a cover on a solar cell, commonly 
called glassing, decreases or increases the amount 
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of light energy reaching the solar cello There­
fore, the solar cell output parameters change 
due to glassing as described in Section 4-19 
(effect of illumination). 

The properties and characteristics of AR 
solar cell coatings can be adjusted such that any 
of the following three parameters are maxi­
mized: I) the bare (unglassed) cell output; 2) 
the cell output increase due to glassing; or 3) 
the glassed cell output. 

Obviously, only the last parameter (absolute 
cell output after glassing) is of significance. 
Ta20S coatings, for example, can be "adjusted" 
to provide approximately from -2 to +6% out­
put gain due to glassing; however, coatings with 
about 1% gain yield the highest absolute power 
output after glassing (using fused silica covers 
with 0.35 pm cut-on wavelength and DC 93-500 
adhesive). 

The glassing factor is expressed as Eq. 5-7. 

I sc (glassed) 
Fg = Isc (unglassed) (5-7) 

I sc is the solar cell's short-circuit current. A 
numerical value of Fg greater than unity indi­
cates a greater cell output after cover installa­
tion (Le., a glassing gain), while a value smaller 
than unity indicates a glassing loss. 

Typical glassing factors for various AR coat­
ings are shown in Table 5-3. 

5-8. Angle of Incidence Effects 

At an oblique angle of solar illumination (i.e., 
when the angle of incidence of the illumination 

Table 5-3. Typical Measured Solar Cell Output Changes Due to Installation of Covers. 

Solar 
Cell Characteristics Cover Characteristics I sc Output Change (%)* 

Cut-on 
Anti-reflection Wavelength 

Type Coating Material (m) Adhesive Typical Minimal Maximal** 

n/p SiO Fused 0.41 R63-489 -2.5 -1 -4 
Silica 

n/p Ta20S Fused 0.35 DC 93-500 +1.5 -2 +6 
Silica 

* A positive change denotes output increase. 
**For controlled processes only; for uncontrolled processes the range may be significantly greater toward the 

low cell output side. 
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deviates from 0° -normal incidence), the power 
output capability of the solar cells will be re­
duced. The solar cell short-circuit current will 
fall off approximately according to the cosine 
of the angle of incidence, while the maximum 
available power will fall off faster than the 
cosine indicates. Deviations from the cosine law 
generally are of no consequence far off-point 
angles of about 30° or less, but are impartant in 
the design of cylindrical or paddle-wheel arrays. 
The deviations may be due to optical effects 
relating to apparent changes in the optical thick­
ness of coatings and mters, thereby causing 
apparent changes in the spectral transmittance 
and reflectance values. Edge effects may cause 
refraction, scattering, and additional light col­
lection by solar cells and covers, especially by 
thicker covers. Shadowing of solar cells by solar 
cell cover edges, solar cell interconnectors, 
wires, and other relatively small array compo­
nents may also cause power losses. 

Increasing angles of incidence on the solar 
cell cover front surface also cause varying re­
flection and transmission losses in the cover, 
cover adhesive, and solar cell and at the cover/ 
adhesive and adhesive/cell interfaces. These 
effects arise because at larger angles, the AR 
coatings on the solar cells increase their apparent 
optical thickness, the apparent spectral response 
of the solar cell changes (the cell appears to be 
mare deeply diffused), multi-Iayer blue-reflect­
ing coatings on the covers te nd to shift their 
apparent cut-on wavelengths toward shorter 
wavelengths, and absorbing mters (such as 
ceria-doped microsheet) increase their appar­
ent thickness and thereby shift the cut-on 
wavelengths toward longer wavelengths. 

Curved and Cylindrical Arrays. On cylindrical 
solar cell arrays, the angle of incidence of the 
solar illumination on the solar cells ranges from 
90° (grazing incidence) to 0° (normal incidence). 
An equivalent angle 0/ incidence can be postu­
lated far a hypothetical flat array that would 
contain the same number of solar cells as the 
illuminated side of a cylindrical array and would 
produce the same power output (assuming the 
same cell temperature). For an angle of 90° 
between the solar vector and the array spin 
axis, the equivalent angle of incidence is be­
tween approximately 60 and 70". The precise 

equivalent angle depends strongly on all the 
characteristics discussed previously. The con­
c1usion to be drawn from these effects is that 
solar cells and covers that were design-opti­
mized for normal angle of incidence illumina­
tion may not perform optimallyon cylindrical 
arrays. A considerable power output increase 
(in excess of 5%) can possibly be gained by 
optimizing the solar cell AR coating thickness 
in conjunction with the coating's index of re­
fraction, the cell's spectral response and the 
cover cut-on wavelength, the cover AR coating 
thickness, and the intercell spacing (actually the 
cover-to-cover spacing) in conjunction with the 
cover size (relative to the cell size) and the 
cover thickness.14 

Other angle of incidence effects inc1ude in­
creased cover adhesive darkening due to the 
sunlight striking the adhesive layer on the side 
of the cell stack and the adhesive. The entire 
adhesive area will be nearly uniformly illumi­
nated because the adhesive layer will act as a 
"light pipe," trapping the sunlight by internal 
reflection. 

5-9. Thermal Control 

The overall objective of solar cell array temper­
ature control is to maximize the solar cell's 
power output under actual operating tempera­
ture conditions. This objective is reached by the 
design and the selection of materials for optical 
elements and coatings that 1) minimize the ar­
ray's solar absorptance; 2) maximize its infrared 
emittance; and 3) maxirnize the broad-band 
transmittance of the optical elements. 

Ultraviolet Filters. The primary purpose of 
ultraviolet reflecting filters on space arrays is to 
keep the cover adhesive from darkening due to 
ultraviolet radiation. However, this mter may 
also be utilized to minimize the solar energy 
input to the solar cells which is not convertible 
into electrical energy, but rather only raises the 
cell operating temperature. For illustration, 
consider the solar cell spectral output curves in 
Fig. 5-3. The curve shape of each of the four 
curves (arbitrarily normalized such that the 
peaks of their responses coincide) can be de­
scribed functionally by Eq. 5-8. 

I(X) = k· SeX) . R(X, cf»' T(X, cf» (5-8) 
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Fig.5-3. Relative output as a function of wavelength 
of covered solar cells in sunlight (illustrative example). 

where 

I(A) = solar cell output current at wave­
length X 

k = scaling factors to normalize the 
curves to equal height 

SeX) = sunlight spectral distribution 
R (X) = solar cell spectral response 

r (X, ifJ) = combined cover and cover adhesive 
spectral transmission characteristics 

X = wavelength 
ifJ = combined ultraviolet and charged 

partide radiation flux that causes 
over darkening (solar cell damage 
oeeurs also, but is assessed sepa­
rately). 

Equation 5-8 describes the solar eell output 
as a function of wavelength when the eovered 
cells are illuminated by sunlight. Hence, the 
curves in Fig. 5-3 differ from the speetral re­
sponse eurves given in Section 4-28 by having 
been multiplied by the solar spectrum, SeX). 

The solar cell short-circuit current or maxi­
mum power outputs are proportional to the 
areas under the curves of Fig. 5·3 (See Eq. 5-9). 

11.2 /Jffi 

pIsc = qPmp = k S(A)' R(A, ifJ) 
0.3/Jffi 

'r(A,ifJ)dA (5-9) 

p and q are proportionality constants relating to 
the solar cell energy conversion efficiency at a 
given cell temperature. 
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Inspection of Fig. 5-3 reveals that installa­
tion of a cover on a blue-sensitive solar cell, 
having a cut-on wavelength at A2 , would reduce 
the cell output even before the cover and cover 
adhesive have darkened. The amount of output 
loss is given by the ratio of the area bounded by 
Al, A2 , and a to the total area under the curve. 
A darkened cover and cover adhesive with a 
cut-on wavelength at A2 would not affect the 
cell output over and above the light transmis­
sion loss which is caused by darkening (as given 
by the ratio of the area bounded by X2 , d, and 
a to the total area under the curve). A similar 
argument applies to the conventional cell illus­
trated in the figure. 

In practice, the cut-on wavelength for con­
ventional cells is not set to X3 or X4 , but rather 
to Xs . The reason for this is that the solar en­
ergy in the wavelength range below As causes 
more cell heating and associated cell output 
power loss than could be obtained from a cell 
with the cut-on set to X4 • A similar argument 
applies also to blue-sensitive cells except that 
the cut-on wavelength must be moved toward 
much shorter wavelengths in order to keep the 
cell output losses to aminimum. However, as 
the cut-on wavelength is moved toward shorter 
wavelengths, the degree of darkening of the 
cover adhesive may increase, thereby setting a 
practical lower limit on the cut-on wavelength. 
Increased darkening results in less light trans­
mission to the cell and increased light absorp­
tion, and hence in higher cell operating temper­
atures. 

Praetical cut-on wavelengths have been 450 
nm for earlier conventional eells, 400 nm for 
more reeent conventional cells, and 350 nm for 
modern high-efficieney and blue-sensitive cells. 

Infrared Filters. The purpose of infrared re­
flecting mters is to minimize solar cell heating. 
Therefore, such mters are also called hot mir-
7Ors, reflecting the "hot" (long) but transmit­
ting the "cold" (short) wavelengths. A similar 
type, known' as cold mirror, reflects the "cold" 
and transmits the "hot" wavelengths. Cold mir­
rors are used in medical operating lamps, film 
projeetors, and sunlight concentrators for 
photovoltaic energy conversion. Hot and cold 
mirrors belong to the dass of dichroic mirrors 
or beam splitters. 
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Blue-Red Filters. The ultraviolet and infrared 
reflecting properties can be combined into so­
called blue-red filters. The combination involves 
broad-band transmission compromises that, 
so far, have stood in the way of large-scale 
exploitation. 

Partial Mirrors. Partial mirrors may belong to 
one of two types: 1) partially transmitting and 
partially reflecting; or 2) nearly fully reflecting 
over so me areas and nearly fully transmitting 
over other adjacent areas. The former type is 
also known as the semi-transparent type, and 
the latter type is often referred to as a mosaic or 
as striped or halfmirrored. Partial mirrors are 
primarily of concern to the designers of arrays 
for solar probes, spacecraft that approach the 
sun very c1osely. 1S 

COVERS FOR SPACE APPLICATIONS 

5-10. Classification of Covers and Coatings 

Solar cell covers for use on current space type 
solar cell arrays are coated, transparent plates 
of inorganic materials which have approximately 
the same dimensions as the solar cells. Solar cell 
covers are also known as coverslides, coverslips, 
or coverglasses. The material from which the 
plates are made is referred to as the cover sub­
strate material. 

Solar cell covers with reflecting filters are 
typically coated on both sides. The "outer" or 
exposed side of the cover has a single layer AR 
coating which is designed to enhance the trans­
mission of light energy through the cover and 
into the solar cello The other or "inner" side of 
the cover has a UV energy reflective coating. 

Solar cell covers made of absorbing filter 
materials are typically coated on their outer 
sides only with an AR filter. The cover bulk 
material absorbs ultraviolet radiation and 
thereby protects the cover adhesive. Solar cell 
covers may be c1assified by the parameters 
shown below. 

• Substrate (or bulk) material 
Inorganic (glasses) 
Organic (plastics) 

• Method of attachment to solar cell 
Discrete (adhesive-mounted) 
Integral 

• Type of optical filter 
Filterless 
Reflecting 
Absorbing 

The c1assification of covers by substrate 
material is associated primarily with the cover's 
resistance to darkening under UV and corpus­
cular radiation. In general, more radiation resis­
tant materials are also higher in cost than lower 
radiation resistant materials. Inorganic covers 
exhibit much higher radiation resistance than 
do organic covers. 

Practically all solar cell covers used for space 
programs (not counting flight experiments) 
have been of the inorganic, discrete type. With 
few exceptions, these covers have been adhesive­
mounted to each individual solar cello 

Optical coatings on solar cell covers can be 
c1assified as follows: 

• Anti-reflective (AR) 
• Index-of-refraction matching 
• Adhesive protection 
• Thermal control 
• Conductive. 

Most solar cell covers used for space programs 
carried first-surface magnesium-fluoride AR 
coatings and second-surface UV reflecting fil­
ters. Since about 1971, the use of absorbing UV 
filters (ceria-doped glasses) has been spreading. 

Special solar cell covers, such as those using 
conductive coatings, have been used success­
fully, but only occasionally, to satisfy specific 
space mission requirements. 

5-11. Cover Materials 

Solar cell cover material properties of interest 
for space application inc1ude charged partic1e 
and UV radiation resistance, density, optical 
transparency in the wavelength range between 
approximately 300 and 1200 nm, infrared emis­
sivity, coefficient of linear thermal expansion, 
brittleness (relating to manufacturability), and, 
for certain applications, electrical conductivity. 

Covers have been fabricated from fused silica 
(Corning Glass 7940), microsheet (Corning Glass 
0211), ceria-doped glass (Pilkington Perkin­
EImer), and sapphire. Industrial grade fused 
silica has probably been used most widely, in 
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Fig_ 5-4. Transmission characteristics of Corning 7940 fused silica.16 

thicknesses ranging from 0.15 mm (0.006 inch) 
to 1.5 mm (0.060 inch). Microsheet has also 
been used extensively, but typica11y only in a 
0.15 mm thickness to limit radiation induced 
darkening. 

Fused Silica. Fused silica, also ca11ed fused 
quartz, is a synthetic, colorless, and highly 
transparent silicon dioxide glass. Typical trans­
mission characteristics are shown in Fig. 54. In 
contrast to natural quartz, industrial grade 
fused silica is nearly-and ultraviolet-grade 
fused silica is completely-free of impurities 
that result in transmission-impairing color cen­
ters during UV or charged particle radiation. 
Like other glasses, fused silica is a supercooled 

liquid, exhibiting a softening at elevated tem­
peratures (above 1000°C) rather than a well 
defined melting point. Due to its low coeffi­
cient of thermal expansion, it can endure severe 
thermal shock without shattering. 

Fused silica must be cut with a diamond saw 
and polished. The material is brittle but can 
withstand severe thermal shock treatments. 

Fused silica has exce11ent resistance to ordi­
nary weathering. It also has the typically high 
resistance of silica to attack by nearly a11 chemi­
cal reagents. Rapid attack occurs only on ex­
posure to hydrofluoric acid or concentrated 
alkaline solutions, the rate of attack being in­
creased at elevated temperatures. 

When exposed to weathering (corrosion by 
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atmospheric gases; Le., CO2 , H20), fused silica 
shows virtually no clouding of the surface or 
electrical surface leakage. 

Microsheet. Microsheet is thin, optical-quality 
glass sheet with a flame-polished surface finish. 
Hs transmission characteristics are shown in 
Fig. 5-5. It is made in several thickness ranges, 
from 50 to 610 J.lm. Microsheet is cut to size 
with a diamond saw, but could potentially be 
scribed and broken. 

Microsheet is available in cut rectangles, 

squares, circ1es, and in standard stock sheets, 
which measure about 33 X 35 cm. Stock thick­
nesses are as follows: Gage No. 00: 50 to 84 J.lm; 
Gage No. 0: 84 to 130 J.lm; Gage No. 1: 130 to 
160 Jilll; Gage No. 1!: 160 to 190 J.lm; Gage 
No. 2: 190 to 250 p.m. 

Ceria-doped Microsheet. The addition of a 
small percentage of cerium oxide to some 
glasses has been found to prevent the formation 
of color centers in these glasses during exposure 
to UV and charged partic1e radiation. 
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Ceria-doped microsheet, in 0.1 mm thickness, 
exhibits a natural, sharp, cut-on wavelength at 
approximately 0.35 J.lm (about 0.36 J.lffi for 0.3 
mm thickness) and thus does not require the 
application of a blue-reflecting coating, as 
illustrated in Fig. 5-6. 

5-12. Coatings and Filters 

Filters on solar cell covers block certain wave­
length bands and transmit others. Cover mters 
may be of the absorbing or reflecting type. 
Examples of absorbing mters are the ceria­
doped glass mters; they absorb the UV radiation 
which may damage the cover adhesive. Examples 
of reflecting mters are the so-called blue and 
blue-red reflecting, multilayer, interference­
type mters. The reflecting mters are located on 
the "inner" surface of the (mounted) solar cell 
cover to be protected from environmental 
damage. 

Figures 5-7 and 5-8 illustrate the nomencla­
ture for the commonly used blue-reflecting 
mter and a blue-red-reflecting filter which was 
developed for solar probes. 

The transmission characteristics shown in 
these figures are obtained when the cover is 
surrounded on both sides by air or vacuum. 
However, when the cover is cemented to a 
cell, its transmission characteristic changes 
because of the change in the index of refrac­
tion of the optical media (Le., cover adhesive) 
on the light exit side. Such a typical change is 
illustrated in Fig. 5-9. 

5-13. Mechanical Characteristics 

Cover Sizes. Discrete solar cell covers are fre­
quently referred to as undersize, same-size. or 
oversize covers. These designations describe 
the cover size relative to the cell size. Prior to 
1968, most covers were undersized by approxi-
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mately 50 to 500 Jlm for assembly tooling 
reasons. After the discovery of low-energy 
proton damage during 1967 and 1968, over­
sized solar cell covers began to be utilized for 
orbits through the radiation belts and at syn· 
chronous altitude. 

Same-size covers are somewhat of a mis­
nomer, in that in actual practice, solar cells 
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and covers-even when fabricated to the same 
dimensional and tolerance specifications-will 
not be of exactly the same size, owing to size 
and angularity variations that occur normally 
in the cutting and solar cell etching operations. 
With same-size covers, low energy proton 
damage is possible. 

For lower altitude orbits, where low-energy 
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protons are absent, undersize or same-size CORNER CROP ORIENTATION 

covers are acceptable. 
Oversize covers typically overhang the solar 

cells on three or all four sides by between 0 and 
Imm. 

Cover Tolerances. Typical cover tolerances are 
given below. 

Length and width 
Thickness 
Parallelism of edges 
Perpendicularity 

±50 Ilm 

±25 to ±50 Ilm 

±50 Ilm 
±30' 

Nonfunctional Defects. The workmanship-type 
defects that are typically permitted are described 
below. 

Edge chips 

Corner chips 

Bubbles 

0.25 mm maximum projecting into 
the cover 

0.25 to 0.50 mm maximum in any 
direction 

Cover 
Thickness 

(mm) 

Maximum 
Bubble Size 

(mm) 

Less than 0.18 0.08 
Up to 0.38 0.13 
Up to 0.63 0.25 
Greater than 0.63 0.38 

Orientation. Cell covers can be purchased with 
different coating orientation markings, as shown 
in Fig. 5-10. The markings assure that the 
UV reflective coating is facing down and is 
protected [rom the space environment, while 
the different marking types permit flexibilities 
in the glass/cell stack design and in assembly 
process automation. 

The light transmitting surfaces of solar cell 
covers, except for flame-polished microsheet 
covers, are typically cut from synthetic crystals 
and mechanically polished. The cover sides 
perpendicular to the light transmitting surfaces 
are rough cut only. 

5-14. Conductive Coatings 

Conductive coatings are thin (ab out 10 Jl.m 
thick) transparent, electrically conductive films 
that are deposited on the outer surface of solar 
cell covers and other optical elements to achieve 
equipotential outer surfaces of a spacecraft. 
Conductive coatings have been used only on a 
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Fig. 5-10. Solar cell cover orientation markings (shown 
in the positions in which they are to be bonded to the 
ceIls; UV-coating is down.)19 

small number of spacecraft, but for certain 
missions they are essential. 

Conductive coatings are metal oxides such 
as tin oxide or indium oxide. To date, only 
indium oxide (lnO) has been used for space 
hardware. Neither the chemical composition 
nor the electrical conduction mechanism of 
indium oxide are known exact1y. 20 However, 
the conduction properties of InD are primarily 
similar to those of a metal and secondarily 
similar to those of n-type serniconductors 
having a carrier density of 1019 cm -3 and a 
Hall mobility of 100 cm2 • V-I . seconds-1 • The 
temperature coefficient of electrical resistance 
is about 5 X 10-4 °K-1 (0.05% K-1 ). 

Design Requirements. The actually required 
surface conductivity is strongly mission and 
design dependent; however, as a general guide­
line, the resistance from any point on the solar 
cell array (or the spacecraft) to space.craft 
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ground may not need to be lower than 104 

ohms and may possibly be higher than 106 

ohms.21 The maximum permissible resistance 
must be calculated based on the maximum 
permissible voltage (electrostatic potential) 
gradient on the spacecraft/solar cell array, the 
maximum space plasma-induced current flow, 
and the potential erosion of the conductive 
coating by charged particle and UV radiation 
that may be expected during mission life. 
Depending upon the length' of the current 
path through the conductive coatings of a 
specific solar cell array design, the actually 
required surface resistance of the coating, 
in units of ohms per square, is then calculated. 

An increase in the electrical conductivity is 
achieved by an increased thickness of the con­
ductive coating. At the same time, however, the 
optical transmittance of the coating decreases. 
A compromise between electrical conductivity 
and optical transparency is required. The emit­
tance of the cover also diminishes as the con­
ductive coating thickness is increased. 

Solar Cell Substrate Covers for Explorer 31. 
Fused silica panels (Corning Glass No. 7940) 
of 250 mm length, 76 mm width, and 1.5 mm 
thickness served in a dual function as solar cell 
covers and as structural support members for 
the solar cells. The sheet resistance of the trans­
parent conductive layer on the outer side was 
specified to be no greater than 1000 ohms per 
square. A second, highly conductive, non­
transparent coating along the edge of the face 
of each panel served as current collector and 
facilitated electrical grounding.2 2 

On their inner sides, the panels carried a 
blue-reflecting fIlter with 0.41 J.1.m cut-on wave­
length. The overall (blue mter and conductive 
coating) average transmission characteristics (in 
air) were specified to be at least 85% in the 
wavelength band between 0.45 J.1.m and 1.10 
J.1.m, 85% between 0.60 J.1.m and 0.80 J.1.m, and 
76% between 0.50 J.1.m and 0.60 J.1.m. The typi­
cally achieved transmittance was about 95% 
between 0.45 J.1.m and 1.10 J.1.m. 

Second-surface Mirrors. A number of second­
surface mirrors, carrying conductive coatings 
on their first surface, were tested for the com­
bined effects of temperature, UV radiation, 

and proton radiation expected during a near­
sun mission. The test was conducted in vacuum 
at apressure of 10-5 N . m -2 or less. The 
sam pie temperature was 174 ± 5°C. Illumina­
tion was provided by 16 solar constants inten­
sity in the 0.25 J.1.m to 0.40 J.1.m wavelength 
band. The proton energy was 10 keV, the pro­
ton flux was 1010 P' cm-2 seconds-I , and the 
proton fluence 3 X 1016 P . cm-2 • The test 
continued for 13,000 equivalent UV sun hours. 

The test results showed that the resistance 
of parts, having an initial value of less than 
25,000 ohms per quare, increased by factors 
of between 1.5 and 5 for UV only, protons 
only, or UV and protons combined. The solar 
absorptance showed an increase of less than 
0.05 after 812 hours of exposure. 21 

Solar Cell Covers for HELIOS and GEOS. The 
solar cell covers were oversized fused silica 
covers of 0.15 mm thickness, and carried InO 
conductive and 0.35 J.1.m cut-on wavelength, 
blue-reflecting coatings. The InO coatings were 
electrically terminated in pairs of Ti-Pd-Ag con­
tact pads located on two opposite cover edges. 
The contact pads were sized to 1.05 mm X 1.80 
mm X 10 J.1.m. The covers were electrically inter­
connected in series and connected to spacecraft 
ground. Cover interconnectors, utilizing silver­
plated molybdenum, were parallel-gap resistance 
welded to the cover contact pads. 20,23 

The required sheet resistance for HELIOS 
was 104 ohms per square maximum; actually 
achieved values were 900 ± 50 ohms. The light 
transmission loss in the conductive coating 
caused a 2.5% loss in the solar cell I sc output. 
An additional 1 % power loss was caused by 
shadowing of the solar cells by the cover 
interconnect contact pads. The conductive 
coating was found undegraded after exposures 
to 95% relative humidity at 20°C for 200 hours, 
95% relative humidity for three 24 hour cycles 
between ';;;;;37°C and 52°C with two hours 
dweIl at the upper limit, and ten temperature 
cycles between -193°C and + 177°C with a 
rate of change of about 400°C/minute. 

5-15. Cover Adhesives 

Discrete solar cell covers are permanently at­
tached to solar cells using so-called cover ad-
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hesives. Cover adhesives must possess high 
light transmission in the 0.35 to 1.2 J.lm wave­
length band; a low degree of darkening from 
UV and particulate radiation; resistance to 
thermomechanically induced stresses (lack of 
debonding, crazing, etc.), especially stresses 
occurring at low temperature and during tem­
perature cycling; and low outgassing charac­
teristics. Transmission characteristics for a 
widely used cover adhesive are shown in Fig. 
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5-11. The effects of space environmental 
exposures are illustrated in Fig. 5-12. 

5-16. Integral Organic Covers 

Between the late 1950's and late 1970's, con­
siderable effort went into the development of 
spray-on and heat-Iaminated plastic covers. Prom­
ising considerable cost savings, such plastic 
covers would replace the conventional cover­
glass and its adhesive. A prime candidate for 
such coatings is FEP-Teflon, having good 
transmission characteristics, as shown in Fig. 
5-13. Both spray-on and heat-Iaminating pro­
cesses have been perfected; however, the 
material loses about 10% of its broad-band 
transmission after 5000 equivalent sun hours 
of solar UV radiation, and embrittles and 
delaminates from the solar cells du ring solar 
eclipses. 26 - 30 Nevertheless, organic covers are 
of continued interest for larger, lightweight, 
and low-cost solar cell arrays, or for use as 
thermoplastic cover adhesives for conventional 
coverglasses. 

WINDOWS FOR TERRESTRIAL 
APPLICATIONS 

5-17. Window Construction 

Solar cell covers for terrestrial solar cell arrays 
cover entire modules, rather than only single 
cells (as on space arrays). Terrestrial solar cell 
covers constitute windows in a hermetically 
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Fig. 5-14. Glass windows for terrestrial modules. (Reprinted with permission o[ the IEEE.31 ) 

sealed package, keeping moisture away from 
the solar cells. 

At its simplest the window is formed by a 
transparent potting compound or encapsulant 
that is poured over the interconnected solar 
cells. A more durable construction method 
uses a casting process by which the inter­
connected solar cells are encapsulated in a 
rather hard plastic. Another way to protect 
modules embedded in relatively soft plastic 
is to put a harder plastic or glass window 
right over the soft material. 

The use of hard windows over soft encapsu­
lants suggests an upside-down module construc-

tion: the interconnected solar cells are first 
mounted face down to the window; then the 
solar cell back sides are potted and an optional 
substrate material is placed over them. The 
substrate may be transparent or opaque, and 
may be made from glass, plastic, or metal. 

Windows made from glass and substrates 
made from glass or metal provide the greatest 
resistance to moisture permeation. However, 
adequate edge sealing is also required. Figures 
5-14 and 5-15 illustrate a number of different 
approach es. 

The moisture permeability of plastic materials 
can be minimized by using multiple layers of 
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Fig_ 5-15. Polymerie windows for terrestrial modules. (Reprinted with permission of the IEEE.31 ) 

different materials. Multilayer module construc­
tion can also provide greater impact strength 
of the window material and less impact trans­
mission to the solar cells. 

5-18. Window Requirements 

The windows of terrestrial solar cell modules 
are exposed to a variety of environments. At 
the present time, it is not totally c1ear how 
these environments interact with window 
materials, or precisely which material properties 
are required to provide sufficient protection. 
Material characteristics of in te rest are discussed 
below. 

Weatherability. A general material characteris­
tic, this is an indication of the relative resis­
tance of different materials to general outdoor 
exposure. Typical material deterioration in­
c1udes such phenomena as discoloration, loss 
of gloss, surface crazing, chalking, erosion, cor­
rosion, cracking, embrittlement, loss of strength, 

and loss of flexibility. In severe cases, the ma­
terial turns into a grainy or powdery mass and 
crumbles away entirely. Atmospheric oxygen, 
moisture, and light, especially UV radiation 
from the sun, aid in the destructive process. 
Local concentrations of ozone and industrial 
effluxes, as well as heat, usually add to the 
deleterious effects (see also Chapter 9). 

Transparency. This is the wide-band optical 
transmittance as required by the spectral 
response of the solar cells, and inc1udes both 
the effects of discoloration (darkening) of the 
material and surface deterioration. 

Index of Refraction. An optical material 
property, this determines the light losses in 
the module by surface reflection (see Sections 
5-5 and 5-6 for details). 

Moisture Permeability. This characteristic is a 
measure of the rate at which water vapor pene-



trates the encapsulation. All plastics and some 
glasses are permeable to some degree. Moisture 
penetrating to the solar cells and cell inter­
connectors may cause internal module cor­
rosion and power loss. 

Fungus Resistance. This is an indication of a 
material's ability to retard or inhibit the growth 
of fungus. Usually, plasticizers, lubricants, 
stabilizers, and other additives provide most 
of the nutrients for fungus growth. Surface 
attack by fungi results in surface etching and 
light transmission loss. 

Soil Accumulation. This measures a material's 
ability to attract and hold air-borne dust and 
dirt. 

Tensile Properties. These are required to calcu­
late the design stresses in the module, including 
the modulus of e1asticity, the yield strength, 
the ultimate strength, and the elongation (see 
Sections 10-7 through 10-12 for definitions). 

Coefficient of Linear Thermal Expansion. This 
characteristic may be of importance in cer­
tain module designs because it is responsible 
for relative motions in the package seals and 
their ultimate wear-out. 

Impact Resistance. The amount of stress/strain 
energy a material can absorb before fracturing 
is measured by this characteristic. Impacts can 
arise from transportation, installation, and 
vandalistic loads. Some plastics can withstand 
large impact loads. Some glasses can be treated 
to have greater impact strength than ordinary 
glass. 

Abrasion Resistance. This is an indication of 
the relative resistance to surface marring and 
scratching by abrasives such as wind-blown 
sand. A small amount of scratching usually 
does not impair the light transmission charac­
teristics, but heavy abrasion does. Plastic 
windows can be protected by hard, scratch­
resistant coatings. 

Insulation Resistance. The insulation resistance 
of covers is not of great importance for low-
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voltage systems, but becomes significant for 
higher-voltage systems. The voltage between the 
solar cells and the substrate or window frame 
may cause electrolytic corrosion or shunt 
excessive amounts of electric energy to ground. 
On the other hand, some finite (but high) 
resistance may be desirable for draining off 
static electric charges from the window, thereby 
reducing the soll accumulation problem. 

Flammability. This indicates a material's ability 
to ignite at some high temperature, to sustain a 
flame, or to burn at a certain rate. Flammability 
is usually related to the material's shape and 
thickness. Almost all plastic materials are clas­
sified as flammable. 

Thermal Conductivity. This characteristic de­
scribes a material's suitability for effective heat 
transfer (see Section 2-54). 

5-19. Window Materials 

Window materials may be glass or plastic. Some 
glasses have better weather resistance than 
others. The best plastics have a higher weather 
resistance than the worst glasses. The most 
resistant plastics found so far are poly tetra­
fluoroethylene and polymethyl methacrylate 
plastic materials. Polyethylene terephthalate 
and polycarbonate compounds have medium 
weather resistance. Polyethylene, polyvinyl 
chloride, cellulose, polystyrene, natural rubber, 
and nylon generally have low weather resis­
tance. However, many materials can be modi­
fied by the addition of anti-ozonants, UV 
stabilizers, and other additives that can signifi­
cantly improve their weather resistance. 31 

The most useful classes of materials for win­
dows are the fluorocarbons, silicones, and 
acrylics, all of which are on the higher material 
cost end of the scale. Kel-F, PF A, CR-39, and 
various Plexiglass formulations gene rally weather 
weIl, while Tedlar, C-4 polycarbonate, and 
Tenite 479 weather poody. Soil accumulation 
on hard surfaces is usually slight, resulting in 
broad-band transmission loss. Soft materials 
such as RTV 615, Sylgard 184, and Viton AHV 
accumulate large amounts of soil, resulting in 
20 to 60% transmission loss. In actual practice, 
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soft materials should be protected by harder 
ones. 

SUNLIGHT CONCENTRATORS 

5-20. Principles of Sunlight Concentration 

The intensity of the sunlight falling onto a 
solar cell can be increased over its naturally 
occuring value by the use of sunlight or solar 
eoneentrators. A concentrator possesses a larger 
entranee apperture area, Aa, and a smaller exit 
apperture, or target area, At. A geometrie 
eoneentration ratio, Cg , is defined in Eq. 5-9. 

(5-9) 

Because of unavoidable imperfections of, and 
losses in, optieal elements, the actually achiev­
able concentration ratio, Ca, is always less than 
the geometrie ratio. The degree of perfection 
of an optical system is given by its optieal 
efficieney, 1/0, such that the actual concentra­
tion ratio is as shown in Eq. 5-10. 

(5-10) 

The actual concentration ratio, as determined 
from the entrance apperture and target planes, 
can also be defined as the ratio of the solar 
intensity indicent on the entrance apperture, 
Si, to the intensity at the target plane, St 
(Eq.S-11). 

(5-11) 

The concentration ratio calculated from Eqs. 
5-10 and 5-11 is, of course, identical. In prac­
tiee, however, the accurate determination of 
Ca is quite difficult. A simpler efficiency to 
determine is the overall concentrator/array 
system efficiency, defmed in Eq. 5-12. 

Pout 

1/a = S A 
a a 

(5-12) 

P out is the electrical output (in units of W) 
from the array (or a cell); Sa is the solar in­
tensity at the entrance apperture (in units 
of W/m2 ); and Aa is the entrance apperture 
area, measured (in m2 ) perpendicular to the 
principle optical axis of the system. The sys­
tem efficiency defined by Eq. 5-12 implies 
that the solar cells operate at their equilibrium 

CONVENTIONAL LENS 
SPHERICAL 

ASPHERICAL 

FRESNEL LENS 
SPHERICAL 

ASPHERICAL 

Fig.5-16. Refractive concentrators (illustrative ex­
amples). 

temperature, and that energy requirements for 
cooling purposes are included (apportioned per 
cell or optieal unit) or are stated separately. 

5-21. Concentrator Types 

Sunlight can be concentrated by refraction, 
reflection, wavelength conversion, diffraction, 
and laser action. Refraetion is accomplished by 
lenses and refleetion by mirrors. Lenses may 
be of the planoconvex, biconvex, or Fresnel 
type (see Fig. 5-16). The lens surfaces may be 
spherical or aspherical. A variety of practical 
reflector types are illustrated in Fig. 5-17. 

Either refractive or reflective concentrators 
may be of the imaging or non-imaging type. 
Imaging elements project a reduced view of the 
sun onto the imaging plane (i.e., the focal 
plane) in accordance with the laws of geomet­
rical optics. Non-imaging elements simply 
"bundle" the sun's rays together onto a small 
spot without forming an image of the sun. 

Re flective or refractive components may 
be of the point-focusing or line-focusing 
type (whether they are imaging or not), as 
illustrated in Fig. 5-18. Point-focusing con­
centrators are also called axial, eoaxial, or 
three-dimensional concentrators. Line-focusing 
concentrators also known as troughs, linear, 
or two-dimensional concentrators. 

Point-focusing concentrators may be of the 
fully axi-symmetric (circular) or of a polygonal 
type. The four-sided type, illustrated in Fig. 
5-18, is frequently used for conveniently fitting 
a number of Fresnel lenses or mirrors into 
square or rectangular frames. 

Concentrators mayaiso be classified accord­
ing to the number of concentration stages they 
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Fig. 5-17. Reflective concentrators (illustrative exarnples). 
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Fig.S-18. Two-dirnensional and three-dirnensional concentrators (illustrative exarnples). 

utilize. Figure 5-19 illustrates two concentra­
tors, both of which are two-stage. One, also 
known as a Cassegrainian system (named 
after the teleseope of similar design) uses two 
mirrors to concentrate the light. A third reflec­
tor, not eounted as a coneentration stage, 
serves to "catch" beams reflected from imper­
feet portions of the optical surfaces and when 
the system's optical axis is imperfectly pointed 
toward the sun. The other two-stage system 
uses one externa! surface and one interna! sur­
face for refleetion. Internal reflection, also 
known as total refleetion, occurs when the 
light beam in a medium of higher index of 
refraction tries to leave into a medium of 

lower index of refraetion and when the angle 
of incidence on the boundary between the two 
media is sufficiently large. 

In sunlight concentration by wavelength 
conversion, the solar energy in the entire solar 
wavelength spectrum is "concentrated" into a 
single wavelength at which the solar cell exhibits 
its highest energy conversion efficiency. This 
wavelength eorresponds to the cell's bandgap 
energy (see Seetions 4-17 and 4-27). Wave­
length conversion can be achieved, for example, 
by incandescent bodies or by photoluminescent 
dyes. In the incandescent types, an element 
that is coated with wavelength-selective emitting 
material is heated by optical concentrators, 
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Fig. S·19. Two·stage concentrators (illustrative examples). 

while the element radiates energy in a narrow 
photon energy (Le., wavelength) band at or 
near the cell's bandgap. 

Photo-luminescent sunlight concentration 
(LSC) is also known as flat plate or planar con· 
centration (PSC). Sunlight falling onto a flat 
plate that contains luminescent or fluorescent 
dyes is absorbed by the dyes. In this absorption 
process, the incident photons excite the dye 
molecules such as to cause them to reradiate 
their acquired energy at the specific wavelengths 
that are characteristic of the dye composition. 
The reradiated energy is trapped inside the flat 
plate by total internal reflections and falls, after 
multiple reflections, onto solar cells mounted 
to the circumferencial edges of the plate. 32,33 

Sunlight concentration by diffraction and by 
laser principles has not been demonstrated yet. 
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6 
Electrical Elements 

SOLAR CELL INTERCONNECTORS 

6-1. Interconnector Terminology 

The electrical energy generated by the hundreds 
or thousands of solar cells on an array must be 
collected and conducted to the load and, fre­
quently, to an energy storage battery. Solar cell 
interconnectors conduct the e1ectrical current 
from one cell to the next and-at the end of a 
series string of solar cells-to a terminal or tie 
point. From these tie points, current conduc­
tors (wires) lead to other terminals or tie points, 
connecting increasing numbers of solar cell 
strings in parallel and-sometimes-in series. 

The terminology for solar cell array subas­
semblies and the various electrical circuit inter­
connecting elements used by the many workers 
in this field is quite diverse. The following no­
menc1ature is based on what appears to be the 
most frequent usage throughout the industry. 

Solar cell interconnectors, also known as 
interconnects, are conductive elements that 
electrically connect individual solar cells in 
series and/or parallel arrangements. Intercon­
nectors may simply consist of wires, but more 
typically, they consist of metallic mesh or 
shaped metal ribbons. 

Frequently, solar cells are pre-assembled 
(usually for manufacturing convenience) into 
modules consisting of between 2 and usually 
less than 100 cells. After installation of the 
modules on the solar cell panel or array sub­
strate, the modules are electrically intercon­
nected via module interconnectors (or module 
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interconnects). Module interconnectors may be 
identical to solar cell interconnectors or may be 
quite different in design. 

An "electrical string" of solar cells, also called 
a group or a circuit, consists of a number of 
solar cells connected in parallel and series that 
provides power output at a bus voltage (a sys­
tem may have several buses: shunt bus, primary 
power bus, battery charging bus, etc.). At each 
end of the electrical string, the solar cells are 
connected to apower collecting conductor, 
called the bus, via so-called string terminations. 
Bus conductors are typically insulated round 
conductors, stranded wires, or flat cables. 

"Electrical strings" are often physically longer 
than the solar cell array substrate dimension. In 
those cases, the electrical string must be "turned 
around" by 900 or in hairpin fashion by 1800 

so that two "physical strings" may be required 
to accommodate one electrical string on a 
substrate. 

Interconnectors used for U-turns or turn­
arounds may be similar to module interconnec­
tors or string terminations, or they may be of a 
different design. 

Connectors are cable termination assemblies 
designed for quick connecting and disconnect­
ing, usually referred to as mating and demating, 
respectively. The conductive portions of the 
connectors are referred to as contacts. Contacts 
may be male or female. Connectors with female 
contacts are also called receptacles and sockets. 
Connectors are available to be fitted to the ends 
of round cables or flat cables. 



Terminals are electrical elements, fastened to 
insulating terminal strips, terminal boards, or 
barrier strips, that permit repeated joining and 
unjoining of two or more wires from different 
circuits. For space applications, the joints are 
usually soldered. 

Wires may be round (circular or cylindrical) 
or flat (ribbon) conductors that may be used 
insulated or bare. A number of wires bundled 
together is called a cable. A number of flat 
conductors contained within sheet-like insula­
tors is called a flat cable or a printed circuit 
cable. 

6-2. Interconnector Types 

Solar cell interconnectors may be divided into 
different types according to Fig. 6-1. The printed 
circuit types on rigid boards were used primarily 
during the 1960's, while those on flexible sub­
strates (Kapton) have just been coming into use 
during the late 1970's. Most interconnectors 
used during the 1960's and 1970's were of the 
discrete mesh type, with formed piece parts fol­
lowing c1osely. The formed types, when made 
from low-expansion metals, have achieved the 
longest temperature-cyc1ing life capabilities 
when low temperature limits were involved. 
Aside from printed circuit types, mesh inter­
connectors are easiest to manufacture; they 
may be either etched from foil or die-cut in 
c10sed form, expanded into mesh, and rolled 

IN-PLANE EXPANSION LOOPS 
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flat. Etching is a practical process only if a single 
metal is involved or if the etching rates of each 
metal of multi-metal interconnectors can be 
properly adjusted. Multi-metal interconnectors 
must be made such as to avoid bimetallic bend­
ing of interconnectors during thermal cyc1ing, 
to reduce external stresses acting on soldered or 
welded joints. 

Out-of-plane expansion loops deform during 
temperature cyc1ing by changing their bend 
radii. In-plane expansion loops actually deform 
very little in-plane, but primarily warp out-of­
plane in the areas where high ben ding stresses 
occur. In-plane mesh interconnectors deform 
easily into one direction only if they are not 
restrained from deforming into the perpendicu­
lar direction; the deformation is also accom­
panied by out-of-plane warpage. 

6-3. Solar Cellinterconnector Design 
Requirements 

The purpose of solar cell interconnectors is to 
conduct electrical energy from the individual 
solar cells to the power collection wire harness 
throughout the defined life of the solar cell 
array. To fulfill this purpose, the interconnec­
tors must meet the following general require­
ments: 

• Electrical conductivity 
• Temperature cyc1ing endurance 

OUT -OF-PLANE EXPANSION LOOPS 

Fig. 6-1. Solar cell interconnector types. 
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• Manufacturability and repairability 
• For certain space array designs, consist of 

non-magnetic or low-atomic number metals 
• For certain roll-up or fold-up arrays, possess 

rollability or foldability 
• Vibration (transportation or launch into 

space) endurance 
• For certain array designs, fulfill other func­

tions, such as: 
Heat transfer from the cell 
Solar cell junction low energy proton and 

radiation shielding (for space only) 

• Reliability. 

Reliability considerations usually determine the 
required number of parallel-redundant current 
paths and interconnector-to-cell joints, and 
their location on the cell to permit maximum 
output utilization from accidentally fractured 
solar cells. 

For modern space arrays and terrestrial con­
centrator arrays requiring long life, temperature 
cycling endurance is one of the more difficult 
requirements to meet (see Section 6-4). Figure 
6-2 provides typical temperature cyc1ing require­
ments for space missions. Temperature excur­
sions on earth are, by comparison, considerably 
less severe. 

6-4. Solar Cell and Interconnector Failure 
Modes 

Silicon solar cell arrays for space use are subject 
to a number of temperature-related, mechanical 
failure mechanisms, as illustrated in Fig. 6-3, 
which, in time, may cause the electrical output 
from the solar cell array to degrade. üpen-cir-
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cuit faHures of soldered joints on the array can 
be caused by creep at higher temperatures, 
typically in excess of 100°C, and by silicon 
fracture at lower temperatures, typically below 
-100°C. Under less severe upper and lower tem­
perature limits, large numbers of alternating 
stresses, caused by cyc1ic temperature variations 
of solar cell arrays, can lead to fatigue cracking 
of solar cell interconnectors and interconnector 
solder joints. Imbedded interconnectors may 
faH when the strength of the surrounding dielec· 
tric material approaches or becomes greater 
than the strength of the interconnector conduc­
tor (see Fig. 6-4). 

Failure Definition. In the ideal case, any com­
ponent or assembly of components should sur­
vive its intended mission without any failure or 

Fig.6-3. Typical failure müdes at very lüw temperatures.23 (7th Intersociety Energy Conversion Engineering 
Conference 1972.) 
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Fig.6-4. Fatigue fracttue of imbedded in-plane expansion loops.2 

deterioration. In actuality, however, the proper­
ties and characteristics of presently known 
materials require that the overall design accom­
mo date deterioration and certain types of 
"failures." In a practical sense, then, a solar cell 
array "failure" must be defined. A typical defi­
nition of "failure" is the degradation of array 
power output below a certain specified limit. In 
the context of solar cell interconnector and 
joint fatigue life, the array degradation is assessed 
(independent of other degradation mechanisms 
such as charged particle radiation) statistically, 
using joint and loop failure rates established by 
ground testing. While loop failures are usually 
clearly observable open-circuit failures, joint 
faHures are usually not easHy defined because 
some workers believe that the onset of cracking 
is a faHure, while others hold that any highly 
stressed solder joint will, in time, develop cracks 
so that only complete joint fracture may be a 
more realistic failure criteria. 3 ,4,5,6 

In a functional sense, only a completely frac­
tured joint constitutes mechanical joint failure, 
but not necessarily an electrical open-circuit 
failure. 

Joints, when located on the solar cell back 
side (bottom) contacts, when imbedded in ad­
hesive, or when physically not separable from 
the cell contact during inspection by probing, 
cannot positively be identified either as being 
completely fractured and still making pressure 
contact, or as being only partially fractured. 

The criterion for what constitutes a "failed" 
joint must, therefore, be defined in the light of 
reliability and other considerations for each 
specific design ca se and project requirement. 

6-5. Historical Developments of Solar Cell 

Interconnectors 

Until the end of 1960, many solar cell arrays 
were arrangements of parallel and series-con-

nected modules, each consisting of a small 
number of cells connected in series, generally 
about five cells of 1 X 2 cm size. These five­
cell modules were assembled by directly solder­
ing the front contact strip of each cell to the 
bottom contact of the opposite side of the 
adjacent cell, forming a rigid "shingled" sub­
assembly, as shown in Fig. 6-5. 

The geometry of such configurations created 
high stress points, especially at the intercell 
solder joints. Such assemblies have led to fre­
quent problems, in many cases as the result of 
repetitive thermal cycling. The most frequent 
failure mode was separation of solar cell contact 
metallization (electroless nickel plating at that 
time) from the silicon wafer. 

The next generation of cell interconnectors 
consisted of solid or stranded wires that in 
snake-like fashion connected positive and nega­
tive cell contacts. This wire implementation 
made a first attempt to reduce mechanically or 
thermally induced stress. A significant improve­
ment in interconnector flexibility was achieved 
by utilizing formed and shaped metallic "piece 
parts." 

The flexible metal foil interconnector system 
shown in Fig. 6-6 was introduced at the begin­
ning of 1961. This technique is based upon the 
use of parallel bussed submodules. In this ar­
rangement, cells are connected into small paral­
lel groups, using a "tab strip" soldered along 
the bottom of the cells. The series interconnect­
ing tabs extend out and up from the edge of the 
bus, and are stress relieved before connection 
with the next succeeding se ries group, as shown 
in Fig. 6-6 for an early version of the design. 
Redundancy is achieved by use of the multiple 
tabs and sold er joint connections.8 

To further reduce the possibility of intercon­
nection failure, a more re cent design incorpo­
rates a bus bar with extended interconnectors 
or tabs on the underside of the cell so as to 
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PLAN VIEW 

/ SECTION 

L DIRECT SOLDERING CONNECTION (TYPICAU 

Fig.6-5. Rigid shingle.7 

"N" CONTACT 

"P" CONTACT 
TAB 

Fig. 6-6. Early bus bar/tab approach for 1 X 2 cm cells. 7 

Iocate the positive and negative connections in 
elose proximity on opposite faces of the cell, as 
shown in Fig. 6-7. 

Two additional, similar configurations were 
used for interconnecting 2 X 2 cm cells and 
Iarge area 2 X 6 and 2 X 7.15 cm cells, as used 
on the Skylab Apollo Telescope Mount solar 
array. However, these designs exhibited perfor­
mance limitations as mission requirements be­
came more severe and solar cell sizes became 
larger. Therefore, a two·metal interconnect 
system for 2 X 6 cm cells was developed by 
1968 (Fig. 6-8). 

A different approach used a combination of 
expanded metallic mesh on the cell back con­
tacts and wires on the front contacts.9 There­
after, the wire portion of the cell interconnec­
tors was eliminated and the expanded metallic 
mesh was used to connect cells both in parallel 
and in series.10 Expanded metallic mesh inter­
connects have since been used widely in a variety 
of sizes and materials, mainly because of their 
low fabrication cost and ease of installation 
during solar cell module and array fabrication. 
The most popular mesh has been from 50 to 
125 J.1m thick soft silver, made by die-cutting, 
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Fig. 6-7. Advanced bus bar/tab approach for 2 X 2 cm cells. 7 

SOLDER TO "P" CONTACT '_ ~ 
1B PLACES PER CELL - , ~ 

OACK 'U",'" . ~ 

,;fY 
/. /~ SOLDER TO ··N" 
~ CONTACT STRIP -"- -< Y FOUR PLACES PER CELL 

.~ 

Fig. 6-8. Two-part interconnect design for two 2 X 6 cm cells with zero parallel stress. (Reprinted with permis­
sion ofthe IEEE.3) 

expansion, rolling Hat, and annealing. Copper 
mesh, made by the same process, has been a 
elose second. Occasionally, mesh interconnec­
tors have been produced by chemical etching. 

The drawback of metallic mesh interconnec­
tors is that the mesh loses its flexibility when it 
is either imbedded in adhesive or covered with 
solder. Under such conditions, mesh performs 
not much better than asolid sheet of the same 
material. Furthermore, the fine metal strands 
caused handling problems during soldering, and 
were subject to early fatigue life failure in 
thermal cyeling. 

To improve the cell interconnecting tech­
nique, several workers used formed metal strip 

interconnectors that were usually made from 
copper, beryllium-copper, or Kovar, and oc­
casionally also from molybdenum. Kovar and 
molybdenum, having expansion coefficients 
elose to that of silicon, permit lower operating 
temperatures and larger numbers of tempera­
ture cyeles than do copper or copper alloys. 
Some of the interconnector types which have 
been in use are shown in Fig. 6-9. 

6-6. Solde red or Welded Joints? 

A long-debated question, whether solde red or 
welded joints will ultimately exhibit longer 
temperature cyeling fatigue life capability, has 
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(0) LOCKHEED (b) TRW 

(C) JPl 

Fig.6-9. Interconnect configuration varieties.7,9,1l,12 

still not been answered. Figure 6-10 illustrates 
the fatigue life improvements that have been 
made over the years. Decreasing temperature 
was plotted upwards in this figure because it 
corresponds to increasing strain, as discussed 
in Sections 6-20 and 6-21, and permits correla­
tion of interconnector temperature cycling 
test data with general fatigue life test data and 
with fatigue life theory. 
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6-7. Interconnector Material Selection 

The design of solar cell interconnectors calls for 
a material that possesses both high electrical 
conductivity and low thermal expansion, a 
material that does not exist. Therefore, engi­
neering compromises must be made to at least 
approach the properties of the ideal material. 
Thermomechanically imposed design require­
ments call for thin, flat ribbons made from 
low-expansion (high electrical resistivity) alloys, 
while electrical design requirements call far 
thick conductors made from low electrical 
resistivity (high thermal expansion) materials. 

From the many available materials, the fol­
lowing metals and platings have been found 
most suitable for long life or severe temperature 
cycling requirements (not in order): 

• Copper, annealed, oxygen-free high-con­
ductivity (OFHC), unplated or silver plated 

• Silver, annealed, high-fine 
• Kovar, annealed, nickel/ copper /solder ar 

silver plated 
• Invar, annealed, silver plated 
• Aluminum, 1100 pure, annealed, un­

plated or silver plated 
• Molybdenum, annealed, silver plated 

100,000 
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Fig. 6-10. Fatigue life of soldered and welded solar cell interconnecting systems, estimated in 1972.11 (The 
project identifications are of no significance to this presentation.) 



• Beryllium-copper, annealed, silver or solder 
plated. 

For each of these materials, it may be important 
to specify the chemical purity, temper, thick­
ness tolerances, and surface finish .. 

6-8. Interconnector Electrical Design 

The interconnector electrical design must be 
performed in conjunction with the mechanical 
design because the thermomechanically imposed 
design requirements tend to be in opposition to 
the design requirements for good electrical 
performance. 

Design Criteria. The adequacy of the electrical 
interconnector design is judged on the basis of 
electrical losses in the interconnector system. 
Losses may be expressed in terms of voltage 
drops or power (I2R) losses. The values of these 
two losses, when expressed as fractions, are the 
same. A convenient expression is "percent cell 
output loss," because this quantity has approxi­
mately the same value when based on single cell 
or on total array output capability. 

After an interconnector material is selected 
for thermomechanical reasons and after the 
interconnector shape is defined, the intercon­
nector material may have to be plated to achieve 
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N is the number of interconnector "legs" per 
cello 

For a design criterion which specifies a maxi­
mum voltage drop of D, 

D=IR = IpL/AN 

where I is the nominal cell output current and 
the other symbols are defmed above. Replacing 
the cross-sectional area, A, with w for the width 
and d for the thickness of a commonly used 
rectangular cross-sectional area of interconnec­
tors, 

D = pIL/Nwd. 

A graph of D versus w for copper is shown in 
Fig. 6-11 for conveniently estimating intercon­
nector electrical performance characteristics. 

Plating Thickness Sizing. A conductor of length 
L, resistivity Po, with rectangular cross-sections 
having width w, and thickness d, has a resistance 
of 

R = PoL 
o . 

wd 

A conductive plating of such a conductor, hav-

1.0 mr.----r-----,---........ ---,----, 

l = 10 mm 

the desired electrical conductivity. If the basic 
interconnector material is a low-expansion 
alloy (Kovar, Invar, etc.), the electrical con­
ductivity of this material can usually be ignored 
and only the highly conductive plating (copper , ~ 
silver, etc.) needs to be considered. '" q 

d = 25 ~m (0.001 INCH) 
I = 1.0 A 
P = 1.724 ~n.cM 

EACH CURRENT PATH HAS WIDTH, w, 
THICKNESS, cl, AND LENGTH, L. 
FOR OTHER MATERIALS, MULTlPLY 0 
BY THE "ELECTRICAL RESISTIVITY 
RELATIVE TO COP PER " 

The effect on electrical conductivity due to -
(5 

over-plating with solder should be considered ~ 0.1 t--~~+--~-+------t---"'''-o;;::-+-----; 
with caution because extensive thermal cycling ~ 
tends to destroy the continuity of smooth ö 

'" solder coatings and causes their electrical resis- ~ 
2 tance to increase. 

I nterconnector Sizing. The total electrical resis­
tance, R, between two series- connected solar 
cells is 

R = pL/AN 

CONDUCTOR WIDTH, w (mm) where p is the resistivity, L is the current path 
length (between solder joints), A is the cross­
sectional area of each interconnector "leg," and 

Fig.6-11. Power or voltage loss in cell-to-cell copper 
interconnector having N current paths between cells. 
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ing a resistivity Pp and a plating thickness dp, 
has a resistance of 

ppL 
R = ----'----

p 2dp(w td t 2dp) 

The combined plated conductor resistance is 

R = POPpL 
ppwd t 2dpPo(w t d t 2dp) 

For high-resistivity, low-expansion alloys 
such as Kovar or Invar, Ro »Rp , so that the 
plated conductor resistance can be simplified to 
R = Rp • A further simplification is possible 
when the plating thickness is much less than the 
interconnector base material thickness (d» 
dp ), so that 

pL 
R~---'---

2dp(wtd) 

and, for multiple cell-to-cell conductors, 

D = pIL/Nwd' 

where d' = 2(dp t dpd/w) and N is the number 
of conducting "legs" in parallel. 

For practical interconnector cases, (dpd/ 
w»> dp , so that approximately 

d' =2d p 

and 

D = ppIL/Nw(2dp}. 

For d' = 25 .um, Fig. 6-11 can be used for select­
ing w for a given D, or, conversely, for given w 
and D, select the plating thickness, dp . 

6-9. Minimizing Thermomechanical Stress 

The solar cell interconnector design activity 
essentially comprises the selection of materials 
and the conceiving of a configuration such that 
the combination of both reduces stresses in the 
interconnector/solar cell joints and in the inter­
connector expansion loops to permissible values. 
The permissible stress levels vary, depending 
upon specific mission requirements and solar 
cell array design characteristics. 

Stresses of greatest significance to the designer 
are typically induced in the joints and in the 
interconnector expansion loops by two separate 
mechanisms. 

1. Differences in the coefficients of linear 
thermal expansion of materials in inti­
mate contact; or 

2. By externally applied forces and moments 
that may arise from handling during fabri­
cation and assembly or small but signifi­
cant dimensional changes in the solar cell 
layout and interconnector geometry (dur­
ing operation) when the array temperature 
changes. 

The total stresses in joints and loops caused 
by temperature variations and by external forces 
can be found by superposition of the stresses 
from the different mechanisms discussed sepa­
rately in the following sections. 

6-10. Thermomechanical Stress in Rigid Joints 

Rigid joints (or bonds) are found in the metallic 
contact layers on silicon solar cells, in the plat­
ing layers on solar cell interconnectors, in inter­
connector-to-solar cell solde red or welded joints, 
and in adhesive layers (cover-to-cell and cell-to­
substrate) at lower temperatures, typically below 
-lÜüoC. 

For illustration of stresses in rigid joints, con­
sider two long strips of different materials 
bonded to each other in intimate permanent 
contact, as shown in Fig. 6-12. Each material is 
characterized by its elastic modulus, E; linear 
coefficient of thermal expansion, a; Poisson's 
ratio, v; and thickness, t. (For definitions of 
these items, see Chapter 10.) As the tempera­
ture T changes by an amount !J.T from the 
equilibrium temperature To, so that !J.T = T -
To, the two materials tend to expand or con­
tract at different rates. But since they are phys­
ically joined together, the changes in length (or 
strains) in each material must be equal at their 
interface. If the strips are long compared to 
their thickness, then away from their edges it 
can be assumed that the stress conditions across 

-~/~-------T"/ T 
11 MATERIAL 1: El'''l' VI / d 

-1-2-~--MA-T-~-I-AL-2:-E2-'-"2~'-V~2--~~ ~ 

_----"'.I~w~ I .. 
Fig.6-12. Two-strip model (rigid bond). 



their thickness are uniform. If, in addition, the 
strips are narrow compared to the length and 
thickness, the stresses in the lateral (Le., width) 
direction can be neglected, and if the strips are 
restrained from curving (Le., they remain flat), 
the strains are given by Eq. 6-l. 

(6-1) 

The subscripts 1 and 2 refer to the first and 
second material, respectively. Since no net axial 
load is applied to the two strips, we have an 
equilibrium equation (Eq. 6-2). 

(6-2) 

Substituting Eq. 6-2 for a2 into Eq. 6-1 gives 
Eq.6-3. 

EI LlaLlT 
al = - , 

I +mn 

(6-3) 
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ai = Ei(e - aiLlT) (6-4) 

where 

Lt-E-a.LlT e= I I I 

LtiEj 

is the value of the longitudinal strain. 
For the common case in solar cell arrays 

where the joined layers are not narrow strips 
but wide plates, the stresses in all directions in 
the plane of the layers are equal. Therefore, due 
to the effect of Poisson's ratio, the values of Ei 
in the above equations have to be replaced by 
their effective values E; = Edl - v. Thus, for 
bonded two-dimensional layers, the thermal 
stresses can be significantly higher than for 
one-dimensional strips. In many cases, geometrie 
discontinuities may lead to so-called stress riser 
effects that may increase the stress in certain 
localized areas even more. 

When the layers are allowed to bend, the 
stresses away from the edges of the layers vary 
linearly through the thickness with the maxi­
mum stresses occurring at the interface between 
the layersl3 ,14 (see Fig. 6-13), causing the strips 
to bend into a radius p or curvature l/p (Eq. 
6-5a,b ). 

P (tl + t2)[3(1 + m)2 + (1 + mn)(m2 + I/mn)] 
( 6-5a) 

(a ) . = ~[EI/I + E2 / 2 + tlEI} 
I max p t l (tl + t2) 4 

(6-5b) 

where 

and 

EI 
n=-. 

E2 

For each case, in Eq. 6-3, the numerator isthe 
stress in one element which would result if 
the other element were infinitely rigid, while 
the denominator gives the reduction in stress 
due to the actual flexibility of the second 
element. 

For several layers rigidly fastened together, 
the stress in the ith layer can be determined by 
Eq.6-4. 

For the special case where the two strips 
have the same elastic modulus and the same 
thickness (i.e., m = n = 1), the maximum stresses 
in the two strips are equal to their values with­
out bending, as given by Eq. 6-3. If, as is the 
case of solder plating on solar cells, the first 

"N 

J Td X = F 

Fig.6-13. Force and moment equilibrium between 
interior stresses and cdgc shear and normal stresses. 
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layer is much thinner than the second layer 
(i.e., m« 0), then Eq. 6-5 can be simplified 
(by neglecting m2 ), giving Eq. 6-6. 

EI Aa !::..T 
al == 

1 +4mn 
(6-6) 

By comparing Eq. 6-6 with Eq. 6-3, it is seen 
that when the effect of curvature is included, 
the reduction in the stress in layer I due to 
the flexibility of layer 2 is increased by a factor 
of4. 

The stresses discussed so far exist in portions 
of the bonded strips which are remote from the 
edges. However, it is obvious that near the 
edges, additional stresses must exist, since 
the boundary condition at the edges is that 
the axial stress is zero. The edge problem has 
been investigated analytically15 and by a finite 
element numerical analysis,16 showing that the 
stresses given by Eq. 6-5 persist almost un­
changed up to a distance of approximately one 
total thickness d = t 1 + t2 from the edge. 
Closer to the edge, normal and shear stresses 
develop, and increase rapidly as the edge is 
approached. The shear stress balances the axial 
forces in the members (Fig. 6-13); that is, the 
integral of the shear stress equals the axial 
force in each member and is essentially in­
dependent of the values of m and n. The 
normal (or prying) stress balances the ben ding 
moments in the layers. Thus, the normal stresses 
are very sensitive to the values of the thickness 
and stiffness ratios m and n. For the particular 
case where m = I, the normal forces are zero. 
Figures 6-14 and 6-15 show typical variations 
of the interface shear and normal forces near 
the edge of a joint, while Fig. 6-16 shows the 
variation of the axial stress through the thick­
ness of the layers at various distances ne ar the 
end. Notice that for the thicker member, the 
axial stress variation through the thickness is 
quite non-linear and that the maximum value 
of the axial stress occurs very ne ar the edge. 

Thus, the maximum stresses in the joint 
occur locally, near the ends. If the material is 
ductile, and if there are only a few load cycles, 
then these local peak stresses are of little con­
cern, since the material will simply yield and 
relieve the stress. Failure will only occur if 
the fracture strain capability of the material 
is exceeded. However, for a brittle material, 
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Fig. 6-14. Influence of variation in half-length/thick­
ness ratio on shear stress at interface. 16 (Reprinted 
with permission ofthe ASCE.) 

such as silicon, these high stresses can cause 
failures which involve pulling out small chunks 
of silicon called divots. If a brittle failure occurs 
ne ar the edge, it will transfer the undiminished 
load to the next-as yet unfailed-section of 
material, so that propagation of the fracture to 
complete failure ensues. If the load application 
is repeated many times, then failure can occur 
by fatigue at lower stresses than required for 
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Fig.6-15. Influence of variation in half-length/thick­
ness ratio on normal stress at interface.16 (Reprinted 
with permission of the ASCE.) 
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sion of the ASCE.) 

failure at the first application of the load. (This 
will be discussed further in Seetions 6 -19 
through 6-22.) 

If the length of the joined strips is less than 
twice the total thickness, d (such as would be 
the case for an interconnector joint to a silicon 
cell) , then the axial loads in the layers do not 
reach the value for a long joint, since the edge 
effects overlap.!5 However, in this case, the 
cross-sectional stress distribution is not linear, 
as shown in Fig. 6-16, and thus the maximum 
stress in the thicker element could be signifi­
cantly higher than the stresses computed by 
Eq. 6-15. This was actually noticed in experi­
ments where silicon fracture occurred in joints 
for which the calculated stresses were less than 
the strength of the silicon.! 7 The experimental 
results were used to determine a stress concen­
tration factor for this condition. 

Illustrative Example No. 6-1 

To obtain some numerical insight of typical 
thermal stresses, assurne that a 0.35 mm thick 
silicon cell with a 25 J.Lm thick layer of solder, 
initially stress-free at 20°C, is subjected to 
various temperatures. Actually, since the solder 
was applied at a higher temperature than 20°C, 
the solder will be initially under some stress, 
but this will be ignored for the present. Modify­
ing Eq. 6-6 for the biaxial condition, and using 
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subscripts "so" for solder and "si" for silicon, 
we get Eq. 6-7. 

(6-7) 

Using material property values for 62/36/2 
solder and silicon from Chapter 10, the solder 
stresses were computed and are shown in Fig. 
6-17 together with the values of the solder 
yield stress. Since the stresses in all directions 
in the plane of the solder are equal, while the 
stress normal to the surface and the shear 
stress are zero, U! = U2 = us, U3 = 0, and the 
effective stress a = us. Thus, the solder yields 
when Us exceeds uy . It is seen from Fig. 6-17 
that the solder will yield when subjected to 
temperatures lower than - 45°C or greater than 
50°C. 

Once the solder yields, Eq. 6-7 has to be 
modified to account for the reduced plastic 
modulus. This can be obtained from the plastic 
stress strain curve, but to do this it is necessary 
to know the effective plastic strain, €. The strain 
in all directions in the. plane of the solder 
equals ea, while the strain normal to the surface 
equals en. 

2vea 
€n = - (1 - v) 

_ 1 
€=--€ 

1 - v a 

(6-8a) 

(6-8b) 

(6-8c) 

In the above, v -? 0.5 for large plastic strains. 
Thus the effective strain, €, is approximately 
twice the direct strain, Ca, in the plane of the 
solder. With the decrease in the solder modulus, 
this strain rapidly approaches the strain which 
would result if the silicon were rigid, i.e., 
AcdJ.T. 

6-11. Stresses in Joints Due to External Forces 

Changes in the intercell gap width with tem­
perature cause expansion loops to deform. This 
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Fig. 6-17. Thermal stresses in solder layer on silicon. 

deformation, in turn, causes three types of moment occurs at the loaded interconnector 
forces to be transmitted to the soldered or end, while the maximum shear stress due to 
welded joints: shear forces, attempting to slide an axial load occurs at the opposite end. In 
the interconnector attachment areas along actual practice, this peak will be minimized 
the solar cell contacts; moments, attempt- due to the gradual taper of the solder at that 
ing to pry the interconnector attachment end. Due to the assymmetry of the shear stress 
areas away from the solar cells; and torques, distribution, the algebraic signs of the applied 
attempting to "twist" interconnectors out ofaxial load and moment will influence the stress 
their joints. IB , 19, 20, 21, 22 distributions. For the load directions pictured 

An idealization of an out-of-plane stress in Fig. 6-19, the bending moment adds to the 
relief loop in the series-direction between two shear stress at the critically loaded end of the 
typical "flat mounted" solar cells is illustrated interconnector, while the axial load subtracts. 
in Fig. 6-18a. When the interconnector loop is For the opposite loading directions, the reverse 
removed from both cell contacts, its free-body stress effects would occur. Since both the 
diagram is as illustrated in Fig. 6-18b. The shear thermal stresses and the applied loads are func­
forces are denoted by P and the prying mo- tions of the temperature, their relative direc­
ments by M. tions are unchanged during thermal cycling 

The stress distributions in bonded joints due and are a function only of the configuration. 
to external forces and moments are similar to The original magnitude and direction (Le., 
those with the shear stress distributions result- sign) depend upon the interconnector config­
ing from thermal contraction of the inter- uration, the material choices for the intercon­
connectors. For the assumed thickness ratio, nector, cell adhesive and substrate, and the 
the maximum shear stress due to a ben ding intercell gap width. 
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Fig.6-18. Typical interconnector loop model for sol­
dered joints (a) and its free-body diagram and finite 
element representation (b).23 (7th Intersociety Energy 
Conversion Engineering Conference 1972.) 

Stresses Due to Contact Pull and Peel Testing. 
The strength of joints (joint strength or bond 
strength) between solar cell interconnectors 
and solar cell contacts is evaluated by pull or 
peel testing. The stresses and test failure modes 
created by such tests are strongly dependent 
upon the interconnector stiffness and the test 

SHEAR STRESS T 

! 

I 

(a) TEMPERATURE CHANGE t:.T 

.t1 

~r===JI~NT@ER~CO~N~N~EC~TO~R==~~ 
SOLAR CEll 

i~ (b) AXIAL LOAD F 

r-L-______________ ~l--F 

F - L-! ____ ---' 

(c) BENDING MOMENT M 

Fig.6-19. Illustration of interface shear stress distri­
bution in an interconnector/solar cell joint (m = 
11/t2 « 1) for the three loading conditions. 
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method (especially upon the angle of the ap­
plied pull force) and may or may not reflect 
the actual loading of the joints or their re­
sponse to this loading. Stress conditions created 
by the test include tensile stresses in the inter­
connector, joint, cell contact, and silicon sur­
face, and shear and peel stresses' in the joint 
and cell contact. 

Stresses Due to Torques (Rotational Forces). 
For illustration, consider two solar cells that are 
parallel-connected by a bus bar, as illustrated 
in Fig. 6-20. Assurne that at room temperature 
the assembly is stress free (a). Exposure to low 
temperature will cause all components to con­
tract, each by a different amount. A bus bar 
made from copper would contract approxi­
mately by the same amount as the aluminum 
substrate, but considerably more than the 
silicon solar cells (b). If the tabs extending 
from the bus bars are relatively short and stiff, 
rotation al forces on the soldered or welded 
joints are unavoidable. The use of a low­
expansion bus bar (Kovar) would also cause 
rotational forces, but in a different way (c). 

(a) 

(b) 

(c) 

(d) 

AT 

AT 
ROOM 
TEMPERATURE 

COPPER BUS BAR 

KOVAR BUS BAR 

COPPER/KOVAR 
BI METALLIC BUS 

'---.... BAR 

LOW 
TEMPERATURE 

Fig.6-20. Bimetallic bus bar eliminates rotational 
forces on solder joints (highly accentuated for illustra­
tion for aluminum substrate). 
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The design solution to eliminate rotational 
forces consists of utilizing a "bimetallic" bus 
bar, as shown in (d). Ide ally , the parts of the 
bus bar which are attached to the solar cells 
have a coefficient of linear thermal expansion 
identical to that of the solar cells, while the 
remaining parts have an expansion coefficient 
identical to that of the substrate. For practical 
design cases, a combination of Kovar or Invar 
and copper for the bus bar may be more than 
adequate for aluminum substrates. Such "bi­
metallic," or two-part, bus bars actually have 
been implemented3 (see Section 6-6). 

6-12. Changes in the Intercell Gap Width 

Consider the schematicallY illustrated cross­
section of an assembly of two solar cells (with­
out interconnectors) mounted to a substrate 
shown in Fig. 6-21. The top sketch (Case 0) 
shows the array in equilibrium and stress-free 
at a reference temperature To. The center-to­
center distance between solar cells is Do, the 
cell length is Lo, the intercell gap width is Wo 
and the cell indexing distance is Io. From the 
geometry of the assembly, we find Eqs. 6 -9 and 
6-10. 

Wo =Do - Lo 

10 =Lo + Wo/2 

(6-9) 

(6-10) 

Now let the temperature of this assembly be 
10wered to TL and equilibrium be established 

CASE 0 

A5SEMBl Y IS FREE OF 
STRESS AT EQUILIBRIUM 
TEMPBtATURE T O. 

CASE A 

ASSEMBLY 15 FREE CF 
STUSS AT lOW TEMPERA­
TURE \ WHEN ADHESIVE 

HAS ZERO SHEAR STiFFNESS. 

CASE B 

ASSEMBlY 15 UNC>ER HIGHEST 
STRESS AT LQW TEMPERATURE Tl 

WHEN ADHESIVE HAS INFINITE 
SHEAR ST1FfNESS 

Fig.6-21. Changes in cell spacings due to low temper­
ature. 

again. The assembly may now be either stress­
free (Case A) or under stress (Case B), depend­
ing upon the stiffness of the cell-to-substrate 
adhesive. 

Case A. In Case A (Fig. 6-21), the hypothetical 
zero-stiffness adhesive permitted undisturbed 
contraction of the solar cells and the substrate 

in accordance with their respective thermal 
expansion coefficients due to the decrease in 
temperature llT= TL - To (llT is a negative 
quantity for this example), so that we get Eqs. 
6-11 and 6-12, where (Xc and (xs are the linear 
thermal expansion coefficients for the cell and 
the substrate, respectively. 

LA = Lo{1 + (Xc llT) 

DA = Do{1 + (XsllT) 

We also get Eq. 6-13. 

WA = DA - LA = Wo + Wo(XsllT 

+ Lo«(Xs - (Xc)llT 

(6-11) 

(6-12) 

(6-13) 

Since, for practical purposes, Wo« Lo, Eq. 
6-13 reduces to Eq. 6-14. 

(6-14) 

The change in gap width is represented by 
Eq.6-15. 

llWA = WA - Wo = Lo«(Xs - (Xc)llT 

(6-15) 

Similarly, the indexing distance is given by 
Eq.6-16. 

(6-16) 

And the change in the indexing distance is lllA 

(Eq.6-17). 

(6-17) 

Equation 6-15 confirms the intuitive suspi­
cion that the change in the cell gap width,llWA , 

from Wo to WA , is proportional to the cell 
length, L o, the differential expansion coeffi­
cient «(Xs - (Xc), and the temperature excursion, 
llT. Equation 6-17 indicates that the change in 
the cell indexing distance, 111A , is identica1 to 
the change in the substrate length (cell center­
to-cen ter distance) I1D A = Do - DA . 

Practical cases of nearly zero-stiffness ad-



hesives are found when using RTV adhesives 
above approximately -100°C or adhesive spot 
bonds rather than fuH area bonds placed at 
the center lines of the solar cells. 

Case B. In Case B (Fig. 6·21), a hypothetically 
"stiff" adhesive in the shear direction is used 
between the solar cells and the substrate such 
that the cell and substrate on either side of the 
adhesive interface contract or expand at iden ti­
cal rates (assuming further that the elastic 
modulus of the adhesive is negligibly small). 
As a consequence of this stiff coupling between 
ceH and substrate, the ceHs become stressed 
in compression, and the substrate (over the ex­
tent of the bond area) becomes stressed in 
tension, resulting in a greater amount of con­
traction of the solar celliength, but in a lesser 
amount of contraction of the substrate as com­
pared to Case A. The degree to which the cells 
and the substrate deform depends upon the 
ratio of the lateral stiffness of the solar cells to 
that of the substrate. The lateral stiffness in 
this example is the product of the elastic 
modulus times the cross-sectional area (of 
either the solar cells or the substrate) in the 
direction parallel to the substrate. 

The effect of a stiff coupling between the 
solar cells and the substrate of Case B is a lesser 
change in the gap width than was observed in 
Case A, giving Eqs. 6-18 and 6-19. 

(6-18) 

(6-19) 

Practical cases of stiff coupling between solar 
cells and the substrate arise from the use of 
certain epoxy type adhesives, thin bond lines, 
and lower temperatures than approximately 
-120°C. 

6-13. Loop Deformation 

For illustration, consider the interconnector 
between the two series-connected solar cells in 
Fig. 6-22a and the corresponding free-body 
diagram in Fig. 6-22b. From this figure, it is 
seen that Eq. 6-18-where R is the required 
deformation of the expansion 100p, since points 
X and Y are actually coincident and perma­
nently fastened together-is true. 
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1.1 SCHEMATIC CROSS SECTION 

L--I 
ai 

Ibl FREE-BODY DIAGRAM 

Fig.6-22. Required loop deformation, R, with points, 
x,y coincident and temperature variable. 

A+L+R=D+R (6-18) 

A change in temperature, AT, will change all 
dimensions as described in Eq. 6-19 (after 
rearranging the terms). 

AR = DasAT + (R - A )acAT - Lai AT 

(6-19) 

The a's are the average coefficients of linear 
thermal expansion, and the subscripts s, C, and 
i refer to the substrate, cell, and interconnector, 
respectively. Rearranging the terms again, we 
obtain Eq. 6-20. 

AR 
- =DOI. + (R - A)OI. - LOI.- (6-20) AT sei 

This equation is plotted parametrically in 
Fig. 6-23 for a range of values for OI.s and OI.j 

covering most practical design cases. The con­
dition where R = 10 mm represents the usual 
interconnector loop designs depicted in Fig. 
6-26 (a and b). 

6-14. Stresses in Interconnector Expansion 
Loops 

Stresses of significance to solar cell inter­
connector and wire stress relief loops (also 
called "service loops") include tensile, com­
pressive, shear, and bending stresses. Bending 
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Fig. 6-23. Loop deformation resulting from different 
choices of substrate materials (as) , interconnector 
materials (ai), and interconnector attachment dis­
tances (B), according to Eq. 6-12 for A = 10 mm,D = 
21 mm, T= 175°C. 

stresses in interconnectors and wire arise from 
different changes in length of different com­
ponents on the solar cell array with changes in 
temperature. 

In unplated interconnectors, the internal 
stresses in the expansion loops are largely due 
to forces (displacements) applied externally 
at the ends of the loops. In plated inter­
connectors, additional, internally created stress 
components arise from differences in the coef­
ficients of linear thermal expansion of the base 
material and the platings. The stresses in plated 
interconnectors. especially in areas where the 
maximum ben ding takes place, may readily 
exceed the yield strength of the plating material 

and cause cracks to develop in the plating that 
may propagate into the base material and lead 
to unsuspected, premature fatigue failure of 
the expansion loops. 

For illustration, consider the simplified ex­
pansion loop of a solar cell interconnector shown 
in Fig. 6-18. In general, the interconnector is 
subjected to the separating force, F, and the 
moments ML and MR , at the left- and right­
hand edges, respectively. It is assumed that the 
height, D, is flXed by the thickness of the cell 
and that only the dimensions, H, L, and t are 
available to be changed. In practice, the length, 
L, is limited by the desire to pack the cells as 
elose together as possible, and the height, H, is 
limited by the desire to minimize the projec­
tion above the coverslide. Applying strength­
of-materials theory, the force and moments can 
be expressed in terms of the deflection, 0, as 
in Eq. 6-21. 

F =fE~ E~ E~ 
D3 ' ML =mL D2 ' MR =mR Jj2 

(6-21) 

where 

f= [-1/6h 3 + 1/3(1- 1/2h)(1 +h)2 

h2 +h 1/2)1/2 +(I/2+h+h2 ) s-
2h + s + 1 

h 2 + hs - 1/2 
mL = 2h +s + 1 f 

(6-22a) 

(6-22b) 

(6-22c) 

The moment, M at the top of the intercon­
nector is given by Eq. 6-23. 

(6-23) 

The values of the non-dimensional coeffi­
cients f, mL, and mR are shown in Figs. 6-24 
and 6-25 as functions of the shape parameters 
h and s. It is seen that both the forces and 
moments decrease rapidly as h and s are in­
creased, but for values of hand s greater than 
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Fig.6-24. Variation of non-dimensional force eoefficient[with geometrie ratios hand s. 

unity, the decrease is small. For values of h 
greater than 0.6, there is negligible change in 
mL, but mR and f continue to decrease as the 
height ratio h is increased. 

to the value obtained with a straight intercon­
nector. The main problem then becomes the 
ben ding stresses in the interconnector and the 
bending moments applied to the joints. 

For a given interconnector geometry, h, S, 

and D, Eq. 6-21 indicates that the force, F, 
and moments, ML and MR , are proportional 
to the moment of intertia, EI, of the intercon­
nector cross-section, or t3 for a given material 
and interconnector width, b. This is in contrast 
to the case for a simple interconnector without 
a stress relief loop, where the force is propor­
tional to EA, or t for a given material and width 
(A is the cross-sectional area). Through the use 
of an interconnector loop of practical dimen­
sions, the axial force between solder joints can 
be reduced by orders of magnitude compared 

The maximum stress in the interconnector 
itself is given by Eq. 6-24. 

F Mt 
a =-+-

m A - 21 (6-24) 

M is the maximum of MR , ML , or MT. For an 
interconnector made of a single material, Eq. 
6-25 holds true. 

I 
1= -bt3 

12 
(6-25) 

Since b is the interconnector width, this gives 
us Eq. 6-26. 
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Fig.6-25. Variation of non-dimensional moment coefficients mlL and m2R with geometrie ratios hand s. 

Thus, the stress in the interconnector itself due 
to a given displacement, 0, is also reduced by 
decreasing the thickness of the interconnector. 
To maintain a given electrical resistance, an 
improved design interconnector loop, both with 
respect to the forces and moments applied to 
the interconnector joint and to stresses in the 
interconnector itself, can be achieved by re-

ducing the interconnector thickness and in­
creasing its width correspondingly. 

6·15. Stress-free Interconnector Loops 

With reference to Fig. 6-22, if R = 0 at T = To, 
the interconnector is stress-free at To. For the 
interconnector to remain stress-free at any 
temperature, the condition llR/ llT = 0 is 
required for the temperature range between 
To and T. The conditions under which the 



interconnector remains stress-free are found 
by setting Eq. 24 equal to zero, giving Eq. 
6-27. 

DOi. + (E - A)Oi. = LOi.-sei (6-27) 

Practical solutions to Eq. 6-27 show that the 
interconnector remains stress-free (AR = 0) at 
any temperature if the expansion coeffieients 
of the substrate and interconnector materials 
are alike (Oi.s = Oi.j) and if the interconnector is 
attached to the lower contact directly below 
the upper contact (E = A in Fig. 6-22). Further­
more, if Oi.s and Oi.j are different, Eq. 6-27 can 
be solved by substituting Eq. 6-18 with R = 0 
to fmd the interconnector length, L, for which 
the interconnector remains stress-free at any 
temperature (Eq. 6-28). 

L=(Oi.e-Oi.s)D (6-28) 
Oi.e - Oi.j 

In a practical sense, a purely stress-free inter­
connector design cannot be achieved, because 
the coeffieients of linear thermal expansion of 
different materials are uniquely non-linear with 
temperature. Nevertheless, significant stress 
reductions and fatigue life extensions can be 
achieved by this method. 

6-16. Stresses in Imbedded Interconnectors 
and Conductors 

Imbedded interconnectors include such ele­
ments as conductors in flat cables, conductors 
bonded to substrates, and solar cell intercon­
nectors encased by adhesive or other dielectric 
material. 

Stresses in imbedded interconnectors include 
tensile, compressive, shear, and ben ding stresses. 
These stresses arise from the differences in the 
coeffieients of linear thermal expansion of the 
different materials in intimate contact with 
each other. The stress magnitude increases 
mainly at lower temperatures, where the 
strength and stiffness of most insulating ma­
terials used on solar cell arrays increase signifi­
cantly. Excessively high stresses can occur, 
particularly at low temperatures, where they 
may cause open-eircuit failure of conductors 
(see Fig. 6-4). 

The probability of conductor failure in-

ELECTRICAL ELEMENTS 287 

creases with a decrease in array temperature 
and with increases in the insulator/conductor 
cross-sectional area ratio and the insulator/ 
conductor material strength ratio. 

6-17. Practical Interconnector Design 
Considerations 

The analysis of solar cell stack and interconnec­
tor stresses is informative and essential. However, 
the interactions between the many different 
solar cell stack and substrate components, 
espeeially in view of deviations of a mass­
produced design from its ideal, and the highly 
non-linear mechanical material properties with 
both temperature and stress level, pose limita­
tions to what can be designed on paper only. 
In practice, many interconnector design aspects 
require attention as indicated below, starting 
with the solar cell interface. 

Contact pads on the solar cell should be 
designed as small as possible to maxirnize the 
cell's active area, but suffieiently large that 
stresses are not too highly concentrated. The 
solar cell pad sizes and tolerances should also 
be compatible with the interconnector pad 
size and the positioning accuracy of the join­
ing equipment to be used. Sharp corners and 
abrupt changes in dimensions act as stress 
risers and should be avoided. 

Solderable pads should faeilitate the forma­
tion of a solder fillet around the interconnector 
eircumference. The practice of using solder re­
flow inspection holes in th~ pads is contro­
versial. Some workers believe that the existence 
of such holes lead to earlier joint fatigue failures 
while others favor the opposite viewpoint. 
Therefore, it is suggested that adeeision for or 
against solder reflow inspection holes be based 
on experimental data obtained for each speeific 
design. The surface of the pad (or its plating) 
should promote solder wetting. A precoating 
of the pad with solder is desirable. 

Weldable pads, or those intended for thermo­
compression or uItrasonic joining, require pre­
eise control of the solar cell wafer surface 
roughness and the metallization thickness. 
Similar surface roughness and plating thickness 
requirements exist for the interconnectors. 
Not all metals can be joined with the same ease 
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ADHESIVE 

Fig. 6-26. Alternate cross-sectional interconnector configurations for conventional contact solar cells.24 

or with any joining process. Surface oxidation 
(tarnishing) may impede joining. 

Expansion loops should be made as short as 
possible to minimize electrical resistance and 
enhance handleability, but they should be suf­
ficiently long to prevent thermal expansion 
loops from transmitting significant stresses 
into the joints. The interconnector configura­
tion should be designed symmetrically about 
the joints so as to cause no rotating forces to 
act on the joints (see Seetion 6_9).25 Conduc­
tors should be redundant for both reliability 
and electrical conductivity reasons, and should 
possess adequate strength (material yield 
strength and cross-sectional area) to withstand 
fabrication, handling, assembly, and operational 
forces arising from imbedment. 

Out-ofplane expansion loops for conven­
tional front-back solar cell contacts connect 
the contact on the top of one cell to the con-

tact on the bottom of the next cello The avail­
able alternate interconnector configurations 
are illustrated in Fig. 6-26. 

The choice of the cross-sectional expansion 
loop configuration from those shown is nearly 
independent of the plane-view geometry of the 
interconnectors. The dimensions of the ex­
pansion loops depend strongly upon the mag­
nitude and frequency of the intercell gap width 
variation throughout mission life. Other signifi­
cant design considerations inc1ude manufactur­
ability and potential interference with the solar 
cell cover. 

The fatigue (flex) life of the expansion loop 
configurations in Fig. 6-26a, band c can be 
increased by reducing the interconnector thick­
ness, by increasing the expansion loop height, 
and by increasing the distance (and thereby the 
interconnector length) between attachments to 
the cells, measured across the intercell gap. 
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(a) LOOP 
INTERCONNECTOR 

(b) IN-PLANE EXPANSION 
LOOP INTERCONNECTOR 

(c) "STRESS-FREE" 
INTERCONNECTOR 

INTERCONNECTOR 
NOT IMBEDDED 
IN ADHESIVE 

Fig. 6-27. Alternate cross-sectional interconnector configurations for wrap-around contact solar cells. 

Modification of the dimension of the inter­
connector loop in the direction in Fig. 6-26 
which is perpendicular to the plane of the 
paper such that the maximum ben ding mo­
ment no longer concentrates at a single point 
on the loop, may also help. Solder filling 
(wicking) and adhesive overflow should be 
prevented because they may cause stiffening 
of the expansion loops. 

Out-ofplane expansion loops for wrap­
around contact solar cells connect the solar 
cell p and n contacts on the same cell side and 
in the same plane. The available alternate inter­
connector configurations (in cross-section) are 
illustrated in Fig. 6-27. The loop configuration 
in Fig. 6-27a is generally impractical because 
of interference of the loop with the solar cell 
covers, leading to a poor cell packing density. 

In-plane expansion loops deform by true in­
plane bending of portions of the interconnectors 
in the "hard-to-deform" direction (about the 
Z-axis shown in Fig. 6-28) and by out-of-plane 
warping of portions of the interconnectors and 
bending in the "easy -to-deform" direction 
(ab out the X-axis). 

To assure adequate fatigue life, the in-plane 
expansion loops must be able to endure the 
same deformations as the out-of-plane expan­
sion loops, and rotational forces at the inter­
connector joints must equally be prevented. 

For interconnectors imbedded in adhesive or 
other dielectric material (discussed in Section 
6-16), the interconnectors must be made 
significantly stronger than the surrounding di­
electric material (strength = yield strength X 
cross-sectional area). The imbedded, effective 
interconnector stiffness (caused by the conduc­
tor and the surrounding die1ectric) should be 
reduced by bringing the expansion loops as 
elose to the joints as possible. The expansion 
loops should be designed such that they can 
locally slice through the dielectric and develop 
small cavities in which they can more freely 
deform. Mesh interconnectors display excel-

SOLAR CELL 
CONTACT 

INTERCONNECTOR~ 

z 

l(' 
X 

Fig.6-28. Definition of bending axes. 

BENDING 
FORCE 
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lent flexibility when unrestrained; however, 
this flexibility depends upon the freedom of 
a piece of mesh to contract in one direction 
when elongated into a perpendicular direction. 
After soldering or welding to solar cells and 
attaching the cells to a substrate, the flexibility 
of the mesh is largely lost. Imbedment of the 
mesh in adhesive further reduces its flexibility. 

Expanded and flattened mesh may be more 
flexible than etched or stamped mesh if some 
of the original warping is retained by the ex­
panded mesh after flattening. 

Solar cells, even at room temperature, are 
not free of internal stress. The internal stress 
arises from cell manufacturing processes. The 
p and n layers have different atomic densities 
due to the effects of doping, and hence they 
have slightly different dimensions. The cell 
contacts are sintered at elevated temperature 
and contract at a greater rate than does the 
semiconductor material during cooling. While 
these stress levels are sufficiently high to me­
chanically distort only very thin cells, they are 
also present in thicker cells and add to other 
stresses that are caused externally or environ­
mentally. 

Cell-to-cover adhesive can be expected to 
add to the stresses in the solar cell, the cover, 
and the front contact joints. In general, stresses 
are minimized by minimizing the adhesive layer 
thickness. However, some adhesives do not cu re 
properly when their thickness is less than about 
25tlm. 

Cell-to-substrate adhesive contributes to the 
stress at low temperatur es in the lower surface 
of the solar cell wafer. The stress level generally 
increases with increasing adhesive thickness, but 
adhesive layer thicknesses of less than 25 tlm 
may prohibit proper curing of certain adhesives. 
Below the brittle point (glass transition region) 
the adhesive may cause additional, significant 
stress components in the interconnector joints 
due to tensile, compressive, or shear loading of 
the interconnectors. 

Substrate rigidity or flexibility mayaiso con­
tribute to stresses in the silicon at the solar cellt 
substrate interface. Insufficiently flat substrate 
surfaces ("dimpies" in thin-face sheet honey­
comb panels) may lead to irregular adhesive 
layer thickness and stress riser effects, poten­
tially cracking solar cells. 

Insulating layers on conductive substrate 
facesheets may become debonded from the 
substrate by excessive forces exerted by the 
cell-to-substrate adhesive. 

6-18. Stresses in Flexible Bonded Layers 

Flexible bonds are found in the cover-to-cell 
adhesive and in the cell-to-substrate adhesive 
layers at temperatures above approximately 
-100°C, and in solder at elevated temperatures. 
For flexible bonds, it is possible to neglect the 
axial stiffness of the adhesive layer compared to 
the other two layers and just consider its shear 
stiffness.18 To illustrate, consider the lap joint 
of length L shown in Fig. 6-29. This is similar 
to the previously analyzed joints except for the 
addition of the third bonding material with 
thickness t3 and shear modulus G3 • The basic 
equilibrium equations equate the change in 
axial stress, 0i, ineach of the outer layers to the 
shear stress, 7, in the bond layer, where x is the 
distance from the center of the joint, the sub­
scripts I, 2, and 3 refer to the respective layers, 
and 01,02, and 7 are as defined in Eq. 6-30. 

d01 
t 1 - +7=0, 

dx 

G3 
7= - (U2 - ud 

t3 

(6-29) 

(6-30) 

The displacements in the axial (x) direction in 
layers land 2, respectively, are u 1 and U2 . 

~----l-----~~ 

Fig.6-29. Model of three Iarninated layers. 



The solution to Eq. 6-29 can be obtained in 
terms of hyperbolic functions, and, after some 
manipulation, expressed as shown below. 

r= 

(1 _ cosh 2ßx ) 
cosh ßL 

( 6-31a) 

(6-31b) 

2E1 t1 fl.CXfl.T ßLsinh2ßx 

L(1 + mn) cosh ßL 

(6-32) 

1 sinh 2ßx 
= "2 fl.cxfl.TL ß cosh ßL (6-33) 

[ L] 1 tanhßL 
fl.u x ="2 ="2 fl.cxfl.TL ßL (6-34) 

where 

( 6-35) 

The parameter ßL is a measure of the relative 
stiffness of the strips and the adhesive. 

It is seen that Eq. 6-31 a for 01 is identical to 
that for the rigidly joined long strips, Eq. 6-3, 
ex ce pt for the addition of the bracketed term, 
which acts as a correction term, increasing the 
stress as the edge is approached. Figure 6-30 
shows the variation ofthe axial and shear stresses 
with distance from the edge for three values of 
the stiffness parameter, ßL. Fora large val ue of 
ßL, the axial load reaches its limiting value only 
a short distance from the end of the joint, and 
thereby causes a sharp local peak in the shear 
stress. This sharp, local stress concentration 
approximates the previous results for the rigid 
bond of two strips and is typical of an unyielded 
solder joint. For low values of ßL, the axial 
load increases more slowly and the shear stress 
varies approximately linearly with distance 
from the center of the strip. 80th the maxi­
mum values of the axial stress and shear stress 
are considerably reduced as the stiffness G/t2 

of the adhesive layer is decreased. 
Figure 6-31 shows the relative axial displace­

ment fl.u(x = L/2) between the two strips at 

1 
+ 

~ 

"" 0 

"" ~ -
';. 

ELECTRICAL ELEMENTS 291 

1.0r-----r---r~==--,-~ß;;-l::-= 1;;:]0 10 

I -., I 
I 

0.8 

+ 
0.6 ~--+--~--~~~+-~~6~ ... 

~ 
"" ~ 

0.4 ~--+--~--4--~~-r~~~ 

0.2 

00 
.$ 

Ü 
l 

Fig. 6-30. Axial and shear stress distribution in a 
bonded joint for different values of the stiffness param­
eters (3L. 

their ends. The normalized value is the relative 
thermal displacement between the two strips 
without any connection between them. This 
relative displacement is of interest in deter­
mining the displacements required of inter­
connectors joining successive cells which are 
bonded to the same substrate. 

Illustrative Example No. 6-2 

Consider a 10 mH X 0.8 inch square (0.25 mm 
thick, 2 X 2 cm) silicon cell which is bonded to 
a 5 mH (0.125 mm) thick aluminum substrate 

... .. 

1.0 ~--r---r---r---r-------, 

0.8 r----+--t----t-

~ 0.6 1----\--1----1- f----l/2-1 "" "-
N 
~ 
" 
~ 0.4 f----Hc--t----t----t--------1 
~ 

0.2 

Oh-__ h-__ L-__ h-__ L-_~ 

o 10 

tll 

Fig. 6-31. Variation of the relative edge displacement 
of a bonded joint with the stiffness parameters ßL. 
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with 4 mils (0.1 mm) of a silicone adhesive 
having a shear modulus of 500 psi (3.45 MN/m2 ); 

then 

0.8 
ßL=2 

= 0.69. 

500 1 1 
0.004 10 x 27 X 103 + 5 X 10 X 103 

Thus, the stress distribution approximates the 
lower curves (ßL = 1) in Fig. 6-30. However, at 
temperatures below -100°C, the stiffness of 
silicone adhesives increases to values as high as 
3.45 GN/m2 (500 ksi). Assuming a value of 
0.7 GN/m2 (100 ksi) for G 3 , then 

ßL = 9.75 

so that the stress distribution corresponds to 
the upper (ßL = 10) curves in Fig. 6-30. The 
result of this adhesive stiffening below -100°C 
is an increase in the axial stress by a factor of 
3 for the same value of t:..at:..T and an increase 
in the shear stress by a factor of 10. 

The foregoing analysis suggests that the selec­
tion of an adhesive with the lowest possible 
stiffness (shear modulus) at the required low 
temperature limit is desirable. This is synony­
mous with selecting an adhesive with the lowest 
possible glass transition (brittle point) tempera­
ture. 

INTERCONNECTOR FATIGUE 

6-19. Static and Dynamic Material Stress 

Failures of materials by fracturing may occur in 
response to two distinctly different methods of 
loading, also called stressing. 

1. By exceeding the ultimate strength of the 
material in a single application ofthe load, 
the material fails under a static load. 

2. By cyclically loading a material such that 
the stress alternates between positive and 
negative values (viz., tension and compres­
sion) but with the peak stress never ap­
proaching or exceeding the ultimate 
strength of the material, the material fails 
by fatigue. 

In general engineering practice, fatigue failures 

of parts are avoided by designing them such 
that the stress levels in the parts are sufficiently 
low even though there are cases where this is 
not always possible. 

Many solar cell array interconnector design 
problems, however, cannot be solved by reduc­
ing stress levels to values that would result in a 
very long or infinite fatigue life. Rather , the 
design effort must be directed toward extend­
ing an apriori limited fatigue life to a minimum 
acceptable number of thermal cycles. 

The first step of a fatigue analysis actually is a 
thermomechanical stress analysis, as described 
in Sections 6-9 through 6-18. The stress analysis 
is an excellent tool to aid the solar cell array 
designer in selecting materials and altering con­
figurations until the lowest possible stress in the 
various array materials for a given temperature 
cycling range has been found.22 illtimate failure 
of apart by fatigue, however, is not so much 
related to the stress level, but rather to the 
material's behavior when it undergoes plastic 
deformation (Le., when it yields). The capabil­
ity of a material to withstand alternating plastic 
deformations is related to the material's micro­
scopic and metallurgical properties that are 
macroscopically reflected in such terms as 
ductility, elongation, reduction in area, crack 
formation, crack propagation, work hardening, 
work softening, and others. 

For many solar cell arrays, the cyclically 
alternating plastic material deformations of 
solar cell contacts and solar cell/interconnector 
soldered and welded joints cannot be prevented 
by design or material selection efforts. A linear­
elastic stress analysis will simply indicate that 
yielding has occurred, while an elastic-plastic 
stress analysis will indicate the degree to which 
yielding will take place. The next step, then 
(since plastic deformation cannot be eliminated), 
is to make further design and material selection 
changes that will prolong either the onset of 
fatigue cracking or the completion of crack 
propagation through the interconnectors or 
interconnector joints. The theoretical investiga­
tions of these mechanisms are called fatigue or 
wear-out analyses. Fatigue failures due to re­
peated mechanical load cycles are a weIl known 
phenomenon which has been extensively inves­
tigated.26 ,27,28 However, there are still many 



unknown factors, and considerable scatter is 
found in test results. 

The fatigue life of parts has been found to be 
proportional to a high power of the stress. 
Therefore, the approach to obtaining a required 
fatigue life is to increase the amount of material 
so that the stress is reduced below the level 
which causes failure. For life requirements in 
the millions of cyc1es, maximum working stress 
levels considerably below the yield strength are 
required. However, for thermally loaded struc­
tures which are subjected to strain rather than 
stress, this approach does not necessarily lead 
to a solution. As one element of the structure is 
reinforced, it will only cause the load to be 
transferred to the other elements of the struc­
ture. Thus, in many cases where the differential 
thermal expansions cannot be avoided, it may 
be necessary to live with material yielding and 
to inc1ude its effect in the fatigue analysis. 

6-20. Stress and Strain loading 

Structural members are said to be loaded by 
stress (applied force per unit area) or by strain 
(deformation). An example of stress loading is 
a coil spring of an automobile suspension sys­
tem that supports apart of the automobile's 
weight. An example of strain loading is the thin 
silver contact layer on a silicon solar cell which 
is strained (stretched or compressed) by the 
much stronger and stiffer silicon when the tem-

STRAIN 

(a) MECHANICAl (DEAD 
WEIGHT) lOADING 

FAILURE 
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perature is varied. Strain loading due to changes 
in temperature is also referred to as thermal 
loading. 

Stress and strain loading is illustrated by the 
two simplified examples shown in Fig. 6-32. In 
Fig. 6-32a, a bar is stress loaded by a force. The 
stress in the bar is unaffected by yielding. In 
Fig. 6-32b, the same bar is rigidly c1amped at its 
ends and is subjected to an increase in tempera­
ture, !:::..T. If the bar were unrestrained, it would 
increase in length by OI.!:::..TL 0, where 01. is the 
thermal coefficient of expansion. The rigid 
c1amping, however, causes a stress, a, to be 
developed, which would cause a mechanical 
compression of the unrestrained bar to its re­
strained length,Lo. From Eq. 6-1,a/E=-a!:::..T 
or a = -EOI.!:::..T. As the temperature increases to 
a value where the thermally induced stress ex­
ceeds the elastic strength of the bar, the bar 
begins to yield. This yielding tends to limit the 
stress in the bar so that failure does not occur 
even if the computed stress (using an elastic 
stress analysis) equals or exceeds the bar's 
ultimate strength. 

While Fig. 6-32 illustrates that a member in 
a mechanically loaded structure is subjected to 
a given force while a member in a thermally 
loaded structure is subjected to a given defor­
mation or strain, in actual solar cell and array 
applications, a combination of stress and strain 
loading exists. Nevertheless, solder coatings, 
solar cell contacts, and solar cell/interconnector 
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Fig.6-32. Comparison of mechanical and thermalloading with plasticity. 
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joints, even when designed properly, are pre­
dominantly loaded by thermally induced strain. 
Additional stress loading may occur in improp­
erly designed arrays. 

6-21. Fatigue of Materials 

In re cent years, there has been an increasing 
number of design cases in which fatigue lives in 
the thousands rather than the millions of cycles 
must be accepted, and in which some yielding is 
required to be endured by the structure. Sol­
dered and welded joints on silicon solar cells 
operating in geosynchronous orbit are examples 
where yielding occurs during part of the time. 
Other applications in which some yielding 
cannot be avoided have placed greatly in­
creased emphasis on "low cycle" fatigue or 
fatigue with relatively large strains and plastic­
ity. For these cases, it has been found that the 
critical parameter which determines the fatigue 
life is the strain range, rather than the stress ar 
load range. Thus, the fatigue life can be ex­
pressed implicitly by the empirical formula 
given in Eq. 6_36.29 ,30 

where 

ße = total strain range (double amplitude) 
Nt = number of cycles to failure 
0u = material ultimate strength 
E = Young's modulus 

~100 w . 
t7 
~ 5.0 
I[ 

z 
;( 2.0 
I[ 

t; 1.0 

D = ductility ar true fracture strain 
[=ln 1/{1 - R)] 

R = reduction in area. 

The first term in the equation represents the 
contribution of the plastic strain (D being the 
failure strain for a single cycle) and is the pre­
dominant factor for shart lives and large strains, 
while the second term represents the contribu­
tion of the elastic strain (ou/E being the "elas­
tic" failure strain) and is predominant for large 
values of Nt. Notice that this equation indicates 
that a single material may perfarm differently 
at the two ends ofthe fatigue scale. For a good 
fatigue life at low strain levels, a high value of 
ultimate strength is required, while for a high 
fatigue life at large strains, a large value of 
ductility or ultimate plastic strain is required. 

Extensive experimental results reported on a 
wide variety of materials have indicated sur­
prisingly good correlation with this equation.31 

Typical results shown far silver in Fig. 6-33 
indicate that the plastic strain predominates far 
fatigue lives of less than 1000 cycles, while the 
elastic strain predominates far fatigue lives 
greater than 20,000 cycles-with the cross-over 
point occurring at about 10,000 cycles. This is 
typical of most materials. Thus, the plastic 
strain component predominates for most fatigue 
lives of interest in solar cell array analysis. 

Figure 6-34 shows the fatigue of 36/62/2 
solder computed for 20° and -180°C (using 
Eq. 6-36). Also shown are room temperature 
experimental fatigue results obtained far 5Sn/ 
95Pb sold er. The IOom temperature values for 
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Fig.6-33. Fatigue life of silver as a function of effective strain range.31 (Reprinted with permission of the IEEE.) 
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Fig. 6-34. Fatigue life of solder predicted by the method of universal slopes (mechanically cycled at constant 
temperature); CurveA after Ref. 32, Curve B after Ref. 33. 

solder are essentially identical with the results 
for silver (Fig. 6-33). The computed results for 
the fatigue life at -180°C show a major reduc­
tion due to the decreased value of solder duc­
tility at this low temperature. The fatigue life 
of silver at -180°C would not be similarly af­
fected, since its ductility remains unchanged as 
the temperature is reduced. The reduction of 
the fatigue life of solder joints cycled to -180°C 
would not be expected to be as great as shown 
by the lower curve of Fig. 6-34, since only a 
portion of the cycles would occur at that 
temperature. 

These experimental results were obtained 
with uniaxial loading, where ~e refers to the 
strain in the loading direction. For the case of 
multiaxialloading such as occurs in solder joints, 
it has been suggested that, by analogy with the 
use of effective stresses and strains for plastic 
stress analyses, the axial strain range, ~e, be 
replaced by the effective strain range Se (Eq. 
6-37), where ~ei are the three principal strains.29 

Several investigations have obtained good ex­
perimental confirrnation of this proposal.34 ,35 

1 
~€ = ---==---

.jf(l + v) 

. .J(~€! - ~E2)2 + (~E2 - ~E3)2 + (~E3 - ~El)2 

(6-37) 

The results discussed above were obtained by 
mechanically loading the specimens; that is, 

applying external forces to the specimens. This 
leaves the question as to whether these results 
are applicable to structures subjected to thermal 
loading. It was found that the mechanically ob­
tained data could be used to compute the fatigue 
life of a thermally loaded structure when the 
mechanical properties over the temperature 
range were similar to those for the mechanical 
tests.36 ,37 In making this calculation, the com­
puted mechanical strains (strains due to stresses) 
were used in the calculations. Thermal strains 
alone do not have an influence on the fatigue 
life of a chemically stable material. 

A second major result of the low-cycle, high­
strain fatigue was the finding that the initial 
stress-strain behavior of the material is modified 
by strain cycling. It is weIl known that materials 
can be strain hardened by loading beyond the 
yield stress in one direction. However, due to 
the so-called Bauschinger effect, the yield stress 
for loading in the reverse direction is generally 
reduced. After continued cycling, though, the 
material develops a symmetrical stress-strain 
behavior which may either be softer or harder 
than the initial condition. Typically, materials 
in the hardened condition are softened, and 
materials in the annealed condition are hardened . 
Thus, it would be expected that solder would 
be hardened by strain cycling; however, what 
would happen due to a combination of strain 
and thermal cycling is unknown. It has been 
suggested that strain cycled properties obtained 
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Fig.6-35. Comparison of shear stresses for various 
interconnector materials. 38 (Reprinted with permis­
sion of the IEEE.) 

at the mean of the temperature range be used.29 

Therefore, for a thermal cyde between +100° 
and -180°C, the values at - 40°C would be 
used. Although this is a reasonable assumption 
for materials whose properties do not vary over 
the temperature range of interest, it appears 
questionable for a material such as solder , whose 
properties vary quite radically with temperature. 

6-22. Fatigue Life of Interconnectors 

Fatigue analyses using the procedures of Sec­
tion 6-21 were made for welded joints between 
various silver plated interconnector materials 
and silver contacts on silicon solar cells.38 ,39 

The interconnectors were 25 J.lm thick with 5 
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Fig. 6-36. Comparison of effective plastic strains for 
various interconnector materials.38 (Reprinted with 
permission ofthe IEEE.) 

J.lm of silver plating on each side. The silicon 
was 254 J.lm thick with a single side 3 J.lm thick 
plating of silver. The results are shown in Figs. 
6-35 through 6-37. Figure 6-35 shows the vari­
ation of the shear stress in the silver across the 
joint for the various materials for a temperature 
range of 100° to -196°C. For this tempera­
ture range, the silver plating on the silicon has 
yielded so that the effective stiffness of the 
silver in the joint area is equal to the plastic 
modulus of the silver rather than to its elastic 
modulus. This accounts for the fairly wide 
distribution of the shear stress which would not 
have resulted from a purely elastic analysis, as 
indicated in Section 6-10. The effective plastic 
strain distribution is shown in Fig. 6-36, and 
Fig. 6-37 shows the computed values for the 

CYCLES TO FAllURE Nf 

l'lg.6-37. Computed fatigue lives for various interconnector materials superimposed on experimental data.38 

(Reprinted with permission ofthe IEEE.) 



fatigue life of the interconnector joints and of 
the silver plating itself. These results show the 
considerable fatigue life improvements for Invar 
and molybdenum interconnectors, compared to 
silver and, to a lesser extent, Kovar, which are 
brought about from the better match between 
their thermal coefficients of expansion and 
that of silicon. Silver weId joints are quite sensi­
tive to the thermal match because of the relative 
thinness of the silver plating compared to the 
interconnector. Similar results for soldered 
joints with the same interconnector thickness 
indicate decreased sensitivity to the intercon­
nector material and more dependence on the 
solder properties due to the increase in the 
proportion of solder thickness to the inter­
connector thickness. 

Temperature cycling test results of solar cell 
array assemblies have shown that the observed 
fatigue life of soldered and welded joints is 
significantly greater than the computed fatigue 
life. One of the reasons for this may be that 
deposited thin layers of metals may possess 
different material properties than rolled stock. 
Another reason may be that the fatigue test 
results obtained for fatigue test specimens at 
constant temperature are most likely not di­
rectly related to fatigue failures induced by 
large temperature excursions during which the 
material properties may vary considerably. 
Furthermore, the test atmosphere may have 
influenced the test results. The empirical fa­
tigue data upon which the analyses were based 
was obtained by mechanical cycling in a stan­
dard atmosphere, while solar cell thermal 
cycling testing was performed in a nitrogen-rich 
atmosphere. There are indications that the 
presence of oxygen causes a significant reduc­
tion in the fatigue strengths of copper and lead. 
Other atmospheric constituents mayaIso play 
roles.40,41 

DIODES 

6-23. Diode Applications 

Solar cell arrays utilize diodes in three different 
major applications: as blocking, shunt, and 
Zener diodes. 

Blocking diodes, also called isolation diodes, 
are permanently inserted between electrical 
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strings of solar cells and a power bus such that 
they will conduct electrical current from illu­
minated solar cells to the bus, but will block 
current flow from the bus through the solar 
cell strings when, for whatever reason, the string 
output voltage is less than the bus voltage. 

Shunt diodes, also called bypass diodes or 
shadow diodes, are connected in parallel with 
solar cells or submodules (groups) of solar cells 
such that when the solar cells are illuminated, 
the shunt diodes are biased in reverse. During 
periods when some of the solar cells in astring 
of cells become shadowed, fractured, or faH in 
an open-circuit mode, the shunt diodes auto­
matically become forward biased and thereby 
permit power to flow from the remaining 
illuminated solar cells of the string to the 
power bus. Shunt diodes also eliminate the 
so-called hot spot problem discussed in Sec­
tion 2-45. 

Zener diodes, also called voltage limiting 
diodes, are connected in parallel with the ar­
ray output terminals to limit the maximum 
array output voltage at low load or at low array 
operating temperature conditions to protect 
voltage-sensitive circuit components such as in­
put transistors in power regulators or converters. 

6-24. Blocking Diodes for Energy Conservation 

A non-illuminated array, or a portion thereof, 
behaves as astring of series-connected rectifier 
diodes that is connected in the forward conduc­
tion mode across the power bus. The amount 
of current that could be drained by a non­
illuminated array or string of cells without 
isolation diodes depends upon the bus voltage 
and the steepness of the solar cell or string 1-V 
curve between the maximum power point and 
open-circuit voltage, as illustrated in Fig. 6-38. 

Blocking diodes conserve energy not only 
when solar cells become non-illuminated, but 
whenever the solar cell string output capability 
falls below the bus voltage (more precisely, 
when the string's Voc falls below the sum of the 
voltage and the diode forward drops). The 
blocking diodes, however, cause a voltage drop 
that subtracts from the solar cell output VOltage 
and thereby causes an energy loss when the 
solar cells produce energy. For example, for 
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Fig. 6-38. Current 10ss in non-illuminated array portion. 

a typical 30 V array and an 0.6 V diode voltage 
drop, 2% of the energy generated by the solar 
cells is lost in the form of heat in the blocking 
diodes. 

Adecision for using or not using blocking 
diodes can, in part, be based on the trade-off 
between energy losses by non-illuminated cells 
(described in detail in Section 2-39) and energy 
losses in the blocking diodes. This trade-off 
may be affected by the percentage of non­
illuminated strings of solar cells and the frac­
tional time of non-illumination. For terrestrial 
and body-mounted space arrays, blocking diodes 
are essential. Bus voltage variations in relation 
to the changes of the solar cell 1-V curves with 
temperature and degradation throughout mis­
sion life are highly important. 

6-25. Blocking Diodes for Fault Isolation 

When properly placed, blocking diodes may 
prevent serious or even catastrophic power sub­
system failures when primary power bus short­
circuit faults occur. Such faults can occur in 
cables, in connectors, at terminals, between 
adjacent strings of solar cells, and between solar 
cell circuits and metallic structural elements 
such as a metallic substrate. 

Faults can be initiated by inadequate design 
considerations, improper handling, misuse, 
andjor operational effects. Operational effects 
in space include installation, launch and deploy­
ment stresses, thermal expansion and contrac­
tion, high-temperature creep (punch-through) 
of insulation materials, and micrometeoroid 
impacts. Similar operational effects also occur 
in terrestrial installations. 

Four of several possible locations for block­
ing diodes near a solar cell arrayjspacecraft 
interface are illustrated in Fig. 6-39. The shaded 
areas in the figure illustrate areas where the 

SPACECRAFT 

Hf-4l--&-----4/ ~~~:y 

CONFIGURATION A 

CONFIGURATION C 

BUS 

PRIMARY 
POWER 
BUS 

SPACECRAFT 

ARRAY I 

f-----tl--il--.H/ ~~~::y 
BUS 

CONFIGURATION B 

SPACECRAFT 

ARRAY 

PRIMARY 

t---1t-ll~-+-" :~~R 

CONFIGURATION 0 

Fig.6-39. Some possible blocking diode 10cations and 
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susceptibility of wires to damage is relatively 
high. Table 6-1 illustrates the impacts of diode 
and wire faults on the power subsystem per­
formance capability of a simple, hypothetical 
system. Actually, this system could equally 
weIl be a terrestrial system. 

A failure mode and effects analysis similar to 
that described in the (Table 6-1) example above 
can and should be performed for each solar cell 
array design to determine the optimum location 
of the blocking diodes. Such analysis could also 
demonstrate the need for blocking diodes in 
the first place. 

Another likely'and catastrophic short-circuit 
failure mode could occur even on non-conductive 
substrates, as illustrated in Fig. 6-40. At low 
temperatures (in an eclipse), adjacent solar cell 
strings could touch each other and cause a 
primary bus near-short-circuit fault. A similar 
fault could exist in a single string which is 
turned in hairpin fashion by 1800 such that the 
positive and negative string ends are adjacent to 
each other. 



Table 6-1. Illustration of Impact on Power 
Subsystem Performance when a 
Single-Point Failure on the 
Array/Structure Interface Occurs. 
(Hypothetical solar cell array 
consists of four strings 
without redundancy.) 

Subsystem Power Loss (Percent) 

Failure of One Failure of One 
Diode Wire 

Configu- Short to 
ration Short Open Ground Open 

A -0 25 100 25 
B -0 25 25 25 
C -0 100 100 100 
D -0 50 50 50 

PRIMARY POWER BUS 

+ __ ......!..I-_--_--- + 

STRING 
/ 

FAULT 

L.. ___ ....... __ ....... __ + 

Fig. 6-40. Illustration of a near-short-circuit fault be­
tween adjacent strings of solar cells (blocking diodes 
prevent a catastrophic prirnary bus failure). 

6-26. Blocking Diode Characteristics 

Typical isolation diodes are conventional, 
high-reliability rectifier diodes with suitable 
current ratings. Since these diodes are operated 
in the space vacuum environment with a very 
limited amount of conduction and/or radiation 
cooling, they must be appropriately derated 
from their terrestrial current-carrying capability. 
On the other hand, higher diode operating 
temperatures result in desirable, lower forward 
voltage drops. 

Blocking diodes have been developed that 
have the physical properties of solar cells and 
the electrical properties of conventional recti­
fier diodes.42 Such blocking diodes are espe-
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cially useful for flexible solar cell array blankets. 
These diodes require coverslides and have the 
characteristics shown below (only sample 
quantities have been produced). 

Size (including 
cover) 

Weight 
Forward voltage 

drop (20°C) 
Reverse leakage 

current (20°C) 
Coverslide 

Cover adhesive 
Therrno-opticaI 

characteristics 
(glassed) 

10 X 20 X 0.38 rnrn 

0.258 g rnax 
0.8 V rnax at 0.3 A 
1.2 V rnax at 3.0 A 
0.1 rnA rnax at 80 V 
1.0 rnA rnax at 140 V 
Fused silica, Corning 

Glass 7940 
Second surface 

alurninized 
RTV 3144 or other 
OlS = 0.10 ± 0.01 
eH= 0.81 

Corpuscular radiation damages the junction 
characteristics of isolation diodes, resulting in 
lower forward voltage drops and increased 
reverse leakage current. Normally, however, 
even a several order of magnitude increase in 
the reverse leakage current from microamperes 
to milliamperes is inconsequential for most 
applications. 

Some isolation diodes of the axial lead, glass­
envelope type are sensitive to light falling ap­
proximately perpendicular to the axial direction 
onto the silicon diode wafer. Illumination of 
the rectifier diode causes changes in the diode 
conduction characteristics similar to those 
caused by illumination of solar cells. The ef­
fects of illuminating a blocking diode are an 
undesirable, increased forward voltage drop and 
an inconsequential, high-current flow in the 
reverse directions, as compared to the dark 
reverse leakage, depending on the amount of 
light incident on the diode junction. 

Blocking diode specifications may vary, 
depending upon whether the diodes are located 
on the solar cell array or in the spacecraft 
interior. However, in general, blocking diodes 
are selected according to the criteria given 
below. 

• Lowest possible forward voltage drop at 
the nominal current level and at the actual 
diode operating temperature (frequently, 
this current level is the average or peak 
current at end of life). 
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• Sufficient peak-inverse voltage rating, based 
on post-irradiation worst diode tempera­
ture, highest bus voltage with superimposed 
transient voltage spikes, and assumed solar 
cell string short-circuit failure conditions. 

• Reliability and preferred failure mode (the 
preferred failure mode should be "open­
circuit," so that a high array reliability 
can be obtained by the. use of parallel­
redundant diodes). 

• Capability to withstand temperature cy­
cling throughout mission life without me­
chanical or electrical failure. 

• Highest possible permissible steady state 
operating temperature. 

6-27. Shunt Diode Use 

Shunt diodes, also known as bypass diodes, are 
used to minimize output losses and for protect­
ing solar cells. 

On partially shadowed solar cell arrays, the 
array power output may decrease by a greater 
fraction than what may be deduced from the 
amount of array area that is shadowed. This 
mechanism and how shunt diodes can improve 
the array power output capability is discussed 
in detail in Chapter 2 (Array Circuit Models). 

The power output capability of a fully H­
luminated array may also be limited by frac­
tured (broken) solar cells. This can occur when 
parts of the fractured cells become electrically 
disconnected from their remainders. The 
effects of fractured cells in an array are similar 
to those of a partial shadow on the array. 

Shunt diodes are connected across single 
cells, rows of parallel-connected solar cells 
(submodules), or across modules (several 
submodules connected in series). The connec­
tion is such that the shunt diodes are reverse 
biased when all solar cells are fully illuminated. 
When the current flow through any solar cell 
submodule becomes limited, it may be due to 
shadowing or cell fracture. This "affected" sub­
module automatically becomes reverse biased; 
hence, the parallel-connected shunt diode be­
comes forward biased and conducts, and the full 
current can flow in this shunt diode-equipped 
submodule. However, the voltage output 
capability of astring of solar cells containing 

such an affected submodule is reduced by the 
voltage drop that appears across the shunt 
diode. 

Solar cells in arrays that are subject to 
shadowing may become permanently damaged 
from high reverse voltages and power dissipa­
tions so that permanent cell short-circuit 
failures may occur (see Section 4-25). 

The high damaging reverse bias can be 
limited by the installation of shunt diodes 
as well. 

6-28. Shunt Diode Characteristics 

Essentially three different types of shunt 
diodes have been used: conventional diodes, 
packaged rectifier diodes, unpackaged diode 
wafers, and shunt diodes that are integral 
with the solar cells (so-called "integral shunt 
diodes"). 

The major criteria in selecting shunt diodes is 
their physical size and eventuallocation on the 
solar cell array. The only practical way to 
instali shunt diodes is in the immediate vicinity 
of the solar cells or the submodules they are 
to protect. 

The use of conventional rectifiers as shunt 
diodes can severely lower the solar cell pack­
ing density because the diodes and their leads 
take up a considerable amount of space (see 
Fig. 6-41). On relatively small solar cell panels, 
or when only few submodules require shunt 
diode protection, the space (surface area) 
requirements by conventional rectifiers may 
be tolerable; however, on relatively large panels 
with many cells to be protected, their profuse 
use may become impractical. 

Fig.6-41. Illustration of the use of conventional 
rectifier type diodes as shunt diodes. (Reprinted with 
permission of Gordon & Breacli, Science Publishers, 
Ltd.43 ) 
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Fig.6-42. Use of unencapsulated rectifier wafers on the back side of flexible, overlapping solar cell module.44 

F or the protection of large numbers of solar 
cells on a densely packed array, the best loca­
tion of shunt diodes is underneath the solar 
cells. Figure 6-42 illustrates one possible ap­
proach of using unpackaged rectifier wafers in 
a flexible, overlapping solar cell module. A 
redundant pair of diodes protects each three­
cell submodule of 2 X 2 cm cells. After instal­
lation on the substrate, neither the diodes nor 
the solar cell interconnector expansion loops 
were imbedded in adhesive. Both the solar cell 
interconnectors and the diode leads were made 
from Kovar ribbons that were plated with 

copper and solder. The diode wafers were 
touching the solar cells but they were not 
attached to the cells. This design was qualified 
for temperature cyc1ing between -160° and 
+80°C for 300 cyc1es. The diodes were made 
to special order at the time. 

A significant improvement in the use of 
shunt diodes, especially on cells installed 
"flat" on a substrate (by the "flat laydown" 
technique) can potentially be achieved when 
solar cells with integral shunt diodes are used. 
Figure 6-43 illustrates the solar cell and inter­
connector design. Figure 6-44 shows the solar 

Fig.6-43. Solar cell module, solar cell with integral shunt diode, and interconnector design. (Reprinted with 
permission o[ Gordon & Breach, Science Publishers, Ltd.43 ) 
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COMMERCIAL DIODE 
IIF REQUIREDI 

TYPICAL ASSEMBLY 

TO NEGATIVE BUS 

r---""",,.- SOLAR CELL 

INTEGRAL DIODE 

400 
Ih 

~rL 
-20oe ~ 

200 e N VI 
6Ooe~ VI; 
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o .4 .8 1.2 1.6 2.0 

VOL TAGE (VOLTS) 

Fig.6-45. Integral diode forward 1- V characteristics. 
(Reprinted with permission o[ Gordon & Breach, 
Science Publishers, Ltd.43 ) 

require large areas for voltage drops to be low, 
but instead required long junction periphery. 
Diode drops of 1.2 V for 10 ohm . cm ceils and 

I SOLATION DIODE 0.8 V for 1 ohm· cm ceils at 0.1 5 A and at 

TO POSITIVE BUS 

Fig. 6-44. Electrical schematic of integral diode cir­
cuit. (Reprinted with permission o[ Gordon & Breach, 
Science Publishers, Ltd.43 ) 

ceil interconnector design for use in con­
junction with such solar cells schematically. 
Figure 6-45 indicates relatively high forward 
voltage drops that would be inadequate for 
low-voltage arrays (less than 100 V), but that 
could be adequate for high-voltage arrays 
(over 1 kV). Negligible leakage currents were 
observed with reverse voltages up to 30 V. 

Solar cells with integral Schottky barrier 
diodes have been reported to have lower forward 
voltage drops than the diffused diodes exhibit.4S 

Schottky barriers (metal-semiconductor junc­
tions transporting majority carriers) have been 
fabricated, using Ti-Pd-Ag contacts that, for 
the diode to form, were rendered non-ohmic by 
a temperature treatment. These diodes did not 

'1 -
a 

v 

b 

room temperature have been reported. 
The incorporation of Schottky diodes (as 

weil as diffused diodes) on the cell back sides 
re duces solar cell power output by several 
mechanisms: increased cell series resistance 
in the base region; leakage current through 
the integral shunt diode; a photovoltaic current 
produced by the shunt diode junction and 
flowing such that it subtracts from the cell 
output current; and a transistor effect, causing 
a current flow which also subtracts from the 
cell output current.44 For these losses to be 
smalI, the solar cells with integral diodes must 
be designed carefully and their fabrication 
processes must be controlled very c1osely. 

6-29. Zener Diodes 

Zener diodes, also known as breakdown diodes, 
limit the maximum voltage that can develop 
across astring of solar cells, as illustrated in 
Fig. 6-46. As long as the voltage output from 

c 

\ v v z 

d 

v"d 

Fig. 6-46. Zener diodes as voltage limiters. 



the string is less than the Zener voltage, or 
breakdown voltage, Vz , the Zener diode does 
not conduct. However, if the string output 
voltage tends to become greater than Vz , the 
Zener diode clamps the string voltage to Vz . 

Zener diodes dissipate power of magnitude 
Pz = Vz/z. Since this power can be quite large 
and the heat dissipation by radiation in space 
is not very efficient, several Zener diodes are 
usually connected in series and physically 
mounted over a larger area. Mounting to 
relatively heavy-preferably metallic-structural 
elements provides the best heat sinking. Typi­
cally used stud-mounted diode packages must 
be installed using insulating washers having 
sufficient voltage breakdown and temperature 
ratings. 

WIRING AND CABLING 

6-30. Wires and Cables 

Wires, or, more correct1y, electrical wires, are 
designed and manufactured to I) conduct 
electricity optimally, and 2) confllle the elec­
tric current to specific circuits. Optimum 
conduction is assured by the proper selec­
tion and trade-off of the following parameters: 
electrical conductivity (or resistivity), cross­
sectional area, length, temperature coefficient 
of resistance, weight, cost, resistance to fracture 
due to ben ding and flexing in assembly and 
service, and practicality of termination. For 
non-flexing applications, solid wires are ap­
propriate. For flexing applications, stranded 
wires are required. 

Conflllement of the electrical current to 
specific circuits is assured by proper dc insula­
tion and, for certain circuits, by ac shielding. 
Insulation is provided by one or more layers, 
or sheaths, of appropriate dielectric material 
surrounding the conductor. The dielectric 
materials are chosen primarily to withstand 
one or more of the following service environ­
ments: heat, moisture, space radiation, and 
voltage breakdown. For terrestrial application, 
certain wires and cables may require additional 
mechanical protection over the outside dielec­
tric layer, known as armour. 

Shielded wires are sometimes used for sensi­
tive transducer circuits. Usually, however, 
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twisted wire pairs are adequate to cancel out 
unwanted ac signals. Occasionally, twisted 
wires are used to minimize electromagnetic 
interference that is genera ted by switching 
regulators or power converters and radiated 
by the array wiring. 

Wires are tied together into wire bundles or 
cables. Subassemblies consisting of a number 
of wires and usually one or more attached 
connectors are known as wire hamesses. Flat 
cables may be made of round or flat conductors. 

Wires are rated according to their conductor 
material, conductor size (cross-section's area) , 
insulation stand-off voltage capability, and 
insulation service temperature limitations. The 
most widely used conductor material is copper. 
The use of aluminum is spreading slowly be­
cause termination is somewhat more involved 
than with other metals (see Section 6-36). 

6-31 .. Methods of Wiring 

The general method for solar cell array wiring 
for power collection wiring is similar to the 
general method for power distribution wiring, 
except that the electric current is in the opposite 
direction. It is as important to be able to dis­
connect faulted solar cell circuits from a large 
power collection network as it is to disconnect 
faulted loads from a large power distribution 
network. Automatic fault isolation on a large 
solar cell array, however, may not be quite as 
simple as fault isolation on a power distribution 
system, because of internal impedance dif­
ferences between solar cell circuits and electric 
loads under fault conditions. 

For initial test and later maintenance reasons, 
it is desirable to be able to separate relatively 
low-power solar cell strings from the power 
collection wiring. Figure 6 -47 illustrates a 
gene rally used method for larger space arrays: 
strings of cells are bussed first at the panel to 
minimize the number of connector pins, and 
to maximize the electrical output test resolu­
tion. Increasing numbers of circuits are then 
connected together to minimize overall wire 
weight and cost. As shown in the figure, the 
wire size increases toward the load. 

Electrical grounding is important for both 
space and terrestrial arrays. Space arrays must 
be grounded primarily for electromagnetic 
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SOLAR CELL MODULE 

/ TYPICALSOLAR CELLSTRING 
'TYPICAL L _ _ BLOCKING DIODE 

i ---- '--i 1BA! 

CABLE FROM 
OTHER MODULES 
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I 2A I 
I I 
I 
I 
I 

2A 

L - - - -C:N~E~T~:/-C~~E 

6A - 48A -
MAIN 
POWER 
BUS 

Fig.6-47. Power collection (illustrative example). 

interference (EMI) reasons, while terrestrial 
arrays must be grounded primarily for safety 
reasons. The array or panel structural ground 
should always (for terrestrial as weIl as space 
applications) be carried along separately from 
the solar ceIl circuit common bus (negative or 
return bus). 

The electrical currents on space arrays may 
form current loops that exert undesirable 
magnetic forces on the spacecraft. Therefore, 
it may be necessary to layout aIl solar ceIl 
circuits and wiring such that the magnetic 
forces cancel each other (see Section 3-38). 

Minimum wire sizes, re dun dancy , and insula­
tion voltage ratings are typically mission and 
project peculiar. Resistance values for various 
gage conductors are shown in Table 6-2. 

Wire routing and installation on solar cell 
arrays should be performed carefully and 
should follow the guidelines listed below. 

• Wires routing over sharp edges should be 
avoided. The edges may cut through the 
insulation and potentially cause short cir­
cuits. The wire insulation should have good 
cut-through resistance. 

• Thermal expansion loops should be pro­
vided. Copper expands and contracts with 
temperature at a different rate than alu­
minum, fiberglass-epoxy, Kapton, or other 
materials, causing relative motion between 
interconnected parts. 

• A sufficient quantity and quality of wire 
tie-down places (spot bonds, cable clamps, 
etc.) should be provided to prevent wire 
damage during launch on space arrays or 

flexing (wind, vibration, etc.) on terrestrial 
arrays. 

• The insulating materials should be com­
patible with: 

1. The ultraviolet and charged particle 
radiation dose expected during life; 

2. The temperature range, both operating 
and non-operating, that the array will 
be exposed to, considering the rise in 
wire temperature due to current flow; 
and 

3. The humidity and other environments. 

• The inner wires in cable bundles will op­
erate at a higher temperature. Therefore, 
the wire size should be determined based 
on proper derating. 

• The bend radius of a single wire should be 
at least several times its outside diameter. 
The bend radius of a wire bundle should 
be not less than ten times its outside 
diameter. 

• Current feed and return wires of the same 
circuits should be twisted if practical. 

• Signal wires (from temperature transducers, 
etc.) should be kept separate and away 
from power wires as much as practicable. 

• Stranded wires possess greater flex life 
than do solid wires. 

• Wires or wire bundles passing over flexible 
interfaces, hinged joints, etc., should be 
made from stranded wire and looped 
around their joints, such that a minimum of 
wire twisting, rather than a large amount of 
bending, occurs when the joint articulates. 
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6-32. Wiring for Terrestrial Arrays 

Wiring practices, codes, and standards for ter­
restrial photovoltaic systems have not yet been 
officially formulated. However, it can be 
assumed for practical reasons that the various 
established national and local codes and stan­
dards developed for utility power distribution 
will be applicable to a large extent for solar 
cell arrays as weIl. For the V.S. the National 
Electrical Code (NEC) establishes the mini­
mum standards for wiring, primarily to protect 
the public from life and fire hazards. Over 600 
municipal electrical wiring ordinances establish 
additional requirements. Wiring design and 
installation practices that assure an adequate 
or efficient system are established by national 
and local standards. F or systems interfacing 
with the public utility grid, additional rules 
are established by the various power companies. 

Many of the codes and standards are con­
cerned with fire and electrical shock hazards 
and, therefore, apply also to low-voltage sys­
tems and to systems that are not connected to 
the public utility network. 

Even though terrestrial solar cell systems are 
still mostly experimental, adherence to the 
existing applicable portions of electrical design 
codes, practices, and standards is highly recom­
mended. A local library, a municipal licensing 
office or engineering department, or a local 

electrical contractor may be contacted to 
obtain the appropriate documents. 

6-33. Wiring of Space Arrays 

Wiring of space arrays is similar to wiring of 
terrestrial arrays except that the electrical 
codes and standards guiding the design are 
replaced by appropriate military specifications, 
NASA (National Aeronautics and Space Ad­
ministration) documents, and various design 
practices and standards of the aerospace indus­
try. In addition, in space, the radiation environ­
ment dominates, while for terrestrial applica­
tions, weatherability is a prime consideration. 

For space arrays, weight is a critical design 
parameter. On small arrays (less than about 
1 kW), the minimum wire gage (AWG #28) is 
defmed by handleability and reliability criteria, 
and on larger arrays, the power losses must be 
traded off against the wiring weight. For arrays 
in the 0.5 to 2 kW range, power losses in the 
wiring between 1 % and 4% have usually re­
sulted in minimum weight power subsystems. 46 

6-34. Wire Insulation Properties 

The properties of the more common wire 
insulating materials for terrestrial considera­
tions are given in Table 6-3. The exact upper 

Table 6-3. Wire Insulation-Terrestrial. 50,51 

Typical Temperature 
Insulation Material Type Limits Application 

Rubber, heat resistant 75° to 90°C Dry only 
Rubber, moisture resis-

tant, heat and moisture 
resistant 60° to 75°C Dry and wet 

Thermoplastic, heat 
resistant 60° to 90°C Dry only 

Thermoplastic, moisture 
resistant, heat and 
moisture resistant 60° to 75°C Dry and wet 

Silicone-asbestos 90° to 125°C Dry only 
FEP (fluorinated ethylene 

propylene) 90° to 200°C Specialized 
Kapton 200° to 350°C Specialized 
Asbestos and varnished 

cambric 85° to 110°C Dry and wet 
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Table 6-4. Wire Insulation-Space and Terrestrial. 51,52,53 

Kapton Teflon 
Property Polyimide TFE 

Upper temperature 
rating, oe 200 260 

Lower temperature 
rating, oe -273 -273 

Short-time temperature 
limit, oe 500 325 

Tensile strength, MN/m2 170 28 
Elongation, % 70 300 
eut-through resistance Excellent Fair 
Ionizing radiation 

resistance Excellent Fair 
Density, g/cm3 1.42 2.15 

service temperature limits and permissible 
applications depend upon the specific insula­
tor material formulations. The appropriate 
manufacturer's data should be consulted. 
Insulation materials for external applications 
in space must be tolerant to the charged par­
tiele and ultraviolet radiation environment, 
and must possess low outgassing characteristics. 
The materials given in Table 6-4 have been used 
widely. 

Kapton insulation, not subject to melting 
or cut-through by cold flow, is the material 
with the highest practical service temperature 
of ne ar 250°C. Above 350°C, Kapton decom­
poses. Kapton wire insulation is finding increas­
ing use in aircraft and spacecraft. 

6-35. Current Carrying Capability 

The maximum amount of current a wire can 
carry, also known as its ampacity, is determined 
1) by the ability of its insulation to withstand 
the heat that is generated in the conductor by 
/2 R heating, and 2) by the heat transfer afforded 
by the wire's surroundings. Single wires of bare 
conductors in ambient air can carry the most 
amount of current, while insulated wires in the 
middle of thick bundles in the space vacuum 
can carry the least amount of current through a 
given conductor cross-section for a given upper 
temperature limit. The ampacity, based on 
general design practices, is illustrated in Fig. 
6-48. 

Teflon Tefzel Kynar 
FEP PTFE ETFE PVF2 

200 150 150 

-273 -273 -65 

280 327 300 
20 17 to 34 

250 to 330 200 to 300 200 150 to 300 
Fair High High High 

Fair > 108 rads Excellent >108 rads 
2.14t02.17 2.13 to 2.20 1.7 1.3 to 1.76 

TERMINALS AND CONNECTORS 

6-36. Wire Terminations 

Wires must be terminated to become useful. 
After removal of the insulation, the wire end is 
terminated by soldering or by mechanical pres­
sure. Soldered terminations inelude soldering to 
other wires, lugs, circuit boards, stand-off ter­
minals, connector pins, connector receptaeles, 
and other devices. Mechanical pressure termina­
tion ineludes elamping, crimping, and wir~ 

wrapping. Clamping may be by springs, elamps, 
crews and washers, and other devices. 

The selection of a specific termination method 
depends primarily upon the environment to 
which the termination is exposed, the current 
level, and the ease with which the termination 
needs to be made initially and taken apart later 
for maintenance and check-out purposes. 

Most important for terrestrial installations, 
but by no means negligible for space applica­
tions, is to avoid bringing dissimilar metals in 
elose contact with each other. Dissimilar metals 
are defmed as those occupying relatively widely 
separated positions on the electrogalvanic scale 
(see Chapter 10). In humid environments, 
especially in the presence of ionic compounds 
(fmger prints, salt, industrial atmospheres, 
dust, etc.), electrolytic corrosion takes place 
(see Chapter 9). 

Aluminum conductors must be terminated 
with aluminum terminals. The transition from 
aluminum to copper requires special care. Typi-
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Fig.6-48. Approximate current-carrying ability of insulated annealed copper wires (up to three conductors in a 
bundle for terrestrial applications).50,51 

cally, the aluminum is plated with one or several 
interlayers be fore copper contact is made. 
Some metals, such as chromium, provide no 
protection because of their porosity. 

Soldered connections have not been found to 
be as reliable as crirnped connections in low­
current (0.1 to 10 A) space applications and in 
high-current (10 to 1000 A) terrestrial applica­
tions, especially when large temperature excur­
sions are present. 

The implementation of any termination 
method should be in compliance with the wire 
and termination device manufacturer's recom­
mendations. To assure adequate fatigue life in 
vibration or flexing applications (due to thermal 
expansion), conductors should not be nicked, 
and adequate mechanical stress relief and stress 
reliefloops should be provided. 

6-37. Connectors and Terminals for Spaee 
Arrays 

Connectors permit quick connection and dis­
connection of solar cell panels to and from the 
array power collection cabling, respectively, 
while the use of terminals requires soldering 
operations to be performed. 

The decision to use either connectors or ter­
minals on solar cell arrays, as weIl as the selec-

tion of the types of connectors or terminals, is 
generally project peculiar. Some organizations 
prefer one type of connector or terminal over 
another, depending upon what their past suc­
cesses or failures were with specific connector 
or terminal designs. Many firms have developed 
very specific process and assembly procedures 
and techniques for certain types of connectors 
which virtually assure their successful flight, 
even though other organizations may have been 
less successful with that same type. 

For weight reasons and sometirnes due to 
packing density restraints, usually the smallest 
and lightest connectors or terminals are selected. 
Manufacturing ease and workmanship consider­
ations also play irnportant roles in the selection. 
It is usually advantageous to specify a size that 
has a few more contacts than actually required 
during an early design stage. Frequently, during 
the later design stages, additional circuits must 
be accommodated that may or may not be re­
lated to the solar cell array layout. If no such 
additional requirements arise, the unused con­
tacts can always be used in parallel with Others 
to improve the connector reliability. 

Connector Reliability. In general, connectors 
are less reliable than hard-wired connections 
between terminals. The advantage of connec-



tors, however, is that they permit greater free­
dom during the post-fabrication test and sys­
tems integration checkout phases, especially on 
more complex spacecraft electrical systems. 

Connectors become less reliable with the 
number of times they are mated and demated 
because of wearing away (wiping) of usually 
soft contact metals such as gold. To minimize 
the deleterious effects due to repeated mating, 
so-called "connector savers" are used. Connec­
tor savers are short, male/female adapters of 
identical types to the flight connectors. The 
connector savers are mated with the flight con­
nector only once on one side, while all repeated 
connections for test and checkout purposes are 
made on the other side. The connector savers 
are removed after all spacecraft systems have 
been successfully checked out. 

The disadvantage of hardwiring to terminals 
is that wires may be solde red and unsoldered 
reliably only a limited number of times, since 
during each heating cycle, the possibility of 
scavenging of terminal plating by the molten 
solder and weakening of the terminal/insulating 
material interface exists and usually occurs to 
so me degree. 

6-38. Connectors and Terminals for Terrestrial 
Use 

Connectors permit rapid and safe connection 
and disconnection of solar cell panels from the 
power collection network, simply by "plugging 
in" and "unplugging." Terminals, lower-cost 
devices than connectors, usually require some 
labor to make or break the connections. For 
higher voltage systems (in excess of about 30 
V), work on "hot" terminals is not safe, and 
disconnect switches, removable fuses, or circuit 
breakers are required as well. 

6-39. Termination Design Practices 

Termination Sizing. There are two alternate 
approaches to terminating solar cell circuits and 
connecting them to apower collection net­
work: to bring many low-current level conduc­
tors out from each solar cell panel and route 
them across the mechanical panel interface to a 
power bus terminal or connector, or to bring 
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only a few high-current level conductors across. 
The criteria for the selection of the best ap­
proach must be established for each specific 
design and application. Important considera­
tions include the check-out feasibility of in­
dividual circuits (strings); location of the block­
ing diodes (see Section 6-25); size and flexibility 
constraints on the cables that cross the mechan­
ical interfaces; potential damage to wires (chaf­
ing, pinching, cutting, etc.) from handling, 
assembly, launch, and deployment; array orien­
tation; and reliability estimates for the various 
elements involved. 

General Design Practices. The general design 
practices outlined below are usually followed. 

• High-vapor pressure alloys and metallic 
coatings, such as brass, zinc, and cadmium, 
should be avoided, as these materials may 
vaporize and condense on cooler spacecraft 
surfaces and cause thermal or optical prob­
lems. (For sublimation rates of metals in 
vacuum, see Section 9-34.) 

• Insulating, bonding, and potting materials 
should have low outgassing rates in vacuum, 
or these materials should be pre-outgassed 
prior to assembly on the spacecraft. (For 
outgassing properties of materials, see Sec­
tion 10-33.) 

• Insulating, bonding, and potting materials 
should be compatible with the ultraviolet 
and charged particIe radiation environ­
ment. Charged particles impinge on all 
sides of the solar cell array from all direc­
tions (Le., are omnidirectional) and may 
penetrate metallic shields. (For radiation 
effects on materials, see Section 9-34.) 

• Adequate derating factors should be used 
for the current carrying capability of con­
tacts (Le., pins and sockets) and terminals. 

• Adequate voltage ratings of insulators for 
wires, terminal boards, and terminal blocks 
should be used. Insulators should not be 
stressed to levels where corona discharge 
may start. (Some materials, such as Teflon, 
are more subject to damage by corona than 
are others.) Also, it should be considered 
that the arc-over voltage rating decreases 
significantly for several minutes during 
ascent of the space vehicle. 
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7 
Mechanical Elements 

ARRAY MECHANICAL CHARACTERISTICS 

7-1. Array Design Options 

Solar eeil arrays may be classified, aeeording to 
their meehanieal eonstruetion (as shown in Fig. 
7-1), into two broad eategories: arrays for ter­
restrial applieations and arrays for spaee appli­
eations. Signifieant differenees in array design 
and eonstruetion between terrestrial and spaee 
arrays result primarily from the differenees in 
the environments that these two classes of arrays 
must endure. In addition, spaee arrays usually 
must meet severe weight requirements. 

Both terrestrial and spaee arrays may or may 
not utilize solar eell eoneentration deviees to 
inerease the amount of power generated from a 
given number of solar eelIs having a given size. 
For example, if it were possible to foeus (Le., 
concentrate) onto a eeil the sunlight falling 
onto an area 100 times as large as the solar eelI 
area without also inereasing the heat input to 
the solar eells, 100 times the amount of solar 
energy eould be eonverted by the same number 
of eells. This is equivalent to reducing the solar 
eeil eost for a given array power rating to one­
hundredth, or to 1 %. Sunlight eoneentration, 
however, ereates thermal problems that limit 
the amount of eoneentration that ean be prae­
ticall y u tilize d . 

Non-eoneentrator arrays, also ealled flat 
plate arrays, are used both in terrestrial and 
spaee applieations and both in a fixed position 
and a traeking mode. Not all non-eoneentrator 
arrays are of the flat plate type; they may be 
eurved, eanted (V-shaped or A-shaped), or any 
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other desired shape or eonfiguration, either for 
terrestrial or for spaee use. 

Exeept for body-mounted arrays, space arrays 
are of the deployable type. The array panels 
are folded up or roiled up in some fashion for 
launeh, and are deployed (Le., unfolded or 
ereeted and loeked in plaee) onee a desired 
orbital position has been reaehed. 

Non-eoneentrator te"estrial arrays eonsist of 
one or more intereonneeted solar eelI modules, 
also known as solar modules for short. Eaeh 
module is a self-eontained paekage of solar eeils 
that are weil proteeted from the environment. 

Solar eell spaee panels or terrestrial modules 
are attaehed to each other and to a meehanical 
support structure. In the case of fixed arrays, 
the support strueture is either attached to a 
vehicle (spaeecraft, truck, ete.) or to the ground 
(the earth, the moon, ete.). For tracking type 
arrays, the support structure is attached to an 
orientation mechanism and the orientation 
meehanism is, in turn, mounted to the vehicle 
or to the ground. 

Arrays may be construeted of rigid, semi­
rigid, or flexible solar cell panels or modules. 
Rigid panels have been used most frequently in 
the past for both space and terrestrial applica­
tions. Semi-rigid panels re1y on a network of 
supporting beams to which a somewhat flexible 
substrate, module, or solar cell blanket is fas­
tened. Typically, the substrate is stretched like 
a membrane. Other designs utilize non-stretehed 
(limb) substrates that are supported by some 
type of mechanical support. 

Flexible substrates, also known as solar eelI 
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Fig. 7-1. Array design options. 

blankets, are used in space only as a membrane 
between rigid support frames or as a non­
supported sheet. The support frames necessitate 
fold-out deployment. Non-supported sheets 
may be folded up into a flat-pack or rolled up 
on a drum for stowage, but require a deployable 
element that draws the blanket outward and 
away from the stowage mechanism. 

7-2. Array Mechanical Elements 

The mechanical construction of most solar cell 
arrays may be generalized and subdivided into a 
number of distinct parts, as shown in Fig. 7-2. 

Terrestrial arrays are typically assembled from 
so-called solar cell modules. Modules are self­
contained, packaged, and hermetically sealed 
assemblies that contain a group of intercon­
nected solar cells. The modules may be of the 
non-concentrator types, also called flat plate 
modules, or of the concentrator types, in which 
case they are called concentrator modules. 

The module package may or may not provide 
all of the required mechanical support. For 
example, in a package consisting primarily of 
an aluminum extrusion and a plastic lens in 
front of the solar cells, the aluminum member 
provides essentially all of the solar cell support. 
However, in a package consisting primarily of a 
glass plate to which solar cells are attached with 
their active areas, and a potting compound is 
applied over the cell's back sides, the glass plate 
"superstrate" provides all of the mechanical 
support and strength. 

Space arrays, not requiring hermetic sealing 
of the solar cells, consist of so- called solar cell 
panels, also called modules. By long-established 
industry convention, space panels are subdivided 
into electrical and mechanical parts. The elec­
trical part consists of the solar cells, coverglasses, 
interconnectors, wiring, cabling, e1ectrical con­
nectors, diodes, cover and cell adhesives, and 
other materials and components that are added 
to the substrate during the course of the panel 
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Fig. 7-2. Array mechanical elements. 

assembly process. The electrical part is quite 
independent of the mechanical part, in that 
different solar cell and coverglass types can 
readily be installed on any of a number of 
different substrate types. 

Substrates are the structural elements that 
mechanically support and hold in place the 
solar cells, cell interconnectors, and the associ­
ated wiring. Substrates are plate-like or sheet­
like elements that may be flat or curved, rigid 
or flexible, and may carry solar cells on one or 
both surfaces. Functioning as true substrates, 
they may be located behind the solar cell's 
back sides, or, functioning as superstrates, they 
may be located in front of the solar cell's active 
areas. Superstrates, of course, must be optically 
transparent. 

Mechanical support members hold the terres­
trial modules or space panels of an array in 
fixed positions relative to each other and to a 
support structure interface or to an orientation 
mechanism. The support structure may consist 
of concrete blocks, a building, or a vehic1e such 
as a buoy, a truck, or a spacecraft. 

An orientation mechanism consists of one or 
more moveable elements that permit sun-track­
ing of the array. An orientation drive unit sup­
plies the mechanical energy to move the array. 

Sun-tracking may be done only approximately 
or very precisely, depending upon the system 
design. Both terrestrial and space arrays may 
utilize one-axis or two-axis tracking schemes. 
At the end of one day, or in space at the end 
of one orbit, the array must either be able to 
continue rotating or must reset or "unwind" 
itself. Continuous rotation requires the use of 
slip rings and brushes to facilitate electric power 
transfer, while resetting arrays can utilize lower­
cost flexible wire loops. Orientation drives may 
be composed of a variety of bearings, hinges, 
linkages, gear or screw drives, hydraulic ele­
ments, electric motors, wheels on guide rails, or 
other elements. 

Deployment mechanisms are used on vehicu­
lar terrestrial arrays and on space arrays. During 
launch, relatively large solar cell arrays are folded 
up or rolled up (stowed) so they will fit into a 
relatively confined volume. Upon arrival at a 
destination or in space, the array is deployed 
and oriented toward the sun. 

TERRESTRIAL FLAT PLATE ARRAYS 

7-3. Flat Plate Modules 

Flat plate solar cell modules for terrestrial 
applications are characterized by intercon-
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Fig. 7·3. EarIy terrestrial module. (Courtesy of Sharp Corp.l) 

nected strings of solar cells which are her­
metically sealed and durably packaged. 

A commercial module available since about 
1960 in Japan is illustrated in Fig. 7-3. The 
n-on-p silicon solar cells (10% efficient) are 
soldered to a printed circuit board and com­
pletely enc10sed by a heat-resistant alkaline 
acrylic resin. The 20 semi-circular solar cells 
are interconnected into two series strings, 
producing 0.36 W at 4.2 V minimum at 100 
mW/cm2 intensity and 25°C cell temperature. 
The module weight is 100 g.1 

Six of the higher-powered solar cell modules 
fabricated in the V.S. during the mid-1970's are 
illustrated in Figs. 7-4 and 7-5. The correspond-

ing cross-sectional views are given in Fig. 7-6. 
Table 7-1 summarizes the construction char­
acteristics. Tests performed on these modules 
and others of similar construction have shown 
that epoxy/glass board does not withstand 
ultraviolet radiation for long periods of time; , 
it decomposes and, after some time, admits 
moisture into the package. 

Modules of Type E and F utilized a c1ear 
substrate, permitting the incident solar radia­
tion which was not intercepted by the solar 
cells to penetrate the module with little absorb· 
tion. The hoped-for reduction in cell operating 
temperature did not materialize, however, be­
cause the transparent substrate's relatively low 

'.} 

Fig.7-4. Typical modules available in 1976. (Courtesy of JPL.) 
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Fig.7·S. Typical improved module, 1976/17. (Courtesy of IPL.) 
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Table 7-1. Module Characteristics.2 

Component TypeA TypeB 

Module dimensions (mm) 124 X 648 165 X 572 
Cover material Tempered glass Sylgard 
Encapsulant Sylgard Sylgard 
Solar cell diameter (mm) 54.0 50.8 
Number of cells 20 25 
Cell area/module area 0.57 0.54 
Substrate Aluminum Aluminum 
Number of fms 1 12 

thermal conductance relative to that of metal 
substrates caused a cell temperature increase. 
For installations over roofs or elose to the 
ground, the transparent substrates caused a 
"green·house" (or "hot-house") effect, making 
them actually perform at a lower power level 
than similarly installed modules having opaque 
substrates. The air gap in module Type E created 
a similar green-house effect, causing the cell 
temperature to be more than lODC higher than 
if the gap had been fi1led with a transparent 
compound. 

The experience gained from the fabrication, 
test, and operation of the earlier modules has 
led to further module design improvements. 
There are now many companies in the business 
of fabricating terrestrial solar cell modules. 
Three of these are illustrated in Figs. 7-7 through 
7 -10; their characteristics are summarized in 
Table 7-2. These products are not specifically 
endorsed; they simply serve to illustrate the 
typical design features of many similar currently 
available products. 

Many module designs now utilize white epoxy 
paint or an equivalent material over the exposed 
substrate area to reflect sunlight. Part of this 
light is trapped inside the module by total 
reflection, and adds to power output. 

7·4. Open Frame Supports 

Most terrestrial solar cell modules are installed 
in open frames, which, in turn, are mounted to 
a support frame or truss. The modules are ori­
ented to face the equator and are tilted by an 
angle that is typically equal to the locallatitude. 

Module Designation 

TypeC TypeD TypeE TypeF 

244 X 482 330 X 572 320 X 413 381 X 122 
Sylgard Sylgard Plexiglass Glass 
Sylgard Sylgard Air Plastic 
76.2 86.4 76.2 50.8 
18 22 12 120 

0.70 0.68 0.41 0.55 
GI0 board GIO board Plexiglass Polyester film 

0 0 0 0 

• .~;:::======::::::r:J= 1510,8 

• 

3013 

Dimensions in rnrn 

ancdized aluminium nil 910,55 

.. EI$;. ,ci 7" J: ; 
protection belt rtsin 

Fig.7-7. Module Type G. (Courtesy o[ North Ameri­
can Philips Co.) 

However, other angles, within a plus or minus 
11 Drange of the local latitude, are sometimes 
used to optimize the module output during the 
most eloudy season (see Chapter 3). Figure 
7 -11 illustrates typical module supports of the 
fixed and adjustable type. 

Open frame installations provide the best 
possible cooling of the modules by wind or 
self-induced convection air currents, especially 
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Fig.7-8. Module Type H. (Courtesy o[ Motorola, Inc.) 
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Fig. 7-9. Module Type I. (Courtesy 01 Solarex Corp.) 

when the modules are mounted more than one 
meter above ground. Several typical installa­
tions are depicted in Fig. 7-12. 

7-5. Roof Supports 

Fig.7-10. Module Type J. (Courtesy 01 Solarex Corp.) 

The installation of solar cell modules on roofs 
of buildings is illustrated schematically in Fig. 
7-13. Most roofs do not aid in the transfer of 
heat from the modules. Since they behave es­
sentially like thermal insulators, roofs are said 
to be adiabatic. The degree of module cooling 
that can be achieved depends upon the follow­
ing factors: the spacing of the modules above 
the roof (g), the spacing of adjacent modules 
(s), the module height (h), and the totallength 
of the roof array (I). Ambient air is drafted 
into the gap, g, and moves upward, by the chim­
ney effect. As the air moves upward, its temper-

Table 7-2. Module Characteristics. 3 

Component TypeG TypeH Type I Type J 

Module dimensions (mm) 365 X 468 490 X 579 533 X 581 533 X 533 
Weight 2.4 kg 4.2 kg 5.2 kg 5.4 kg 
Cover material Glass Glass Glass Glass 
Encapsulant Transparent resin Silicone Silicone Silicone 
Solar cell size (mm) 57 76.2 76.2 63.3 X 63.3 
Number of cells 34 36 36 64 
Cell area/module area 0.51 0.58 0.53 0.88 
Substrate Glass Silicone Silicone Silicone 
Power Output at 100 mW/cm2 and 25°C llW 21 W 22W 35W 
Maximum power voltage at 25° C 15.5 V 16.1 V 16.2 V 14 V 
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Fig.7-11. Typical frame supports. (Courtesy 01 Sharp Corp.l) 

ature continues to rise. As the gap, g, is made 
larger, a greater infiltration of air can be ex­
pected. Also, if the spacing between adjacent 
modules, S, is increased, some of the hot air 
can escape while some cooler ambient air can 
be drawn in. 

F or the modules depicted in Figs. 7-4 through 
7-6, mounted 76 mm above a simulated roof, at 
a low air infiltration level of 10 volumes/hour, 
cell temperature rises above the ambient air 
temperature ranged from 40° to 70°C for Types 
A, B, C, D, and F, and 150°C for Type E. At a 

nominally expected infiltration level of 200 
volumes/hour, the temperature rises ranged 
from 30° to 60°C for Types A, B, C, D, ami F, 
and 80°C for Type E. The manufacturer of 
Module Type G (Table 7-2) does not recom­
mend installation of Ws glass substrate module 
over hot roofs; this recommendation mayaIso 
apply to other, similar module designs of dif­
ferent manufacturers. 

For Types A through F, power losses due to 
high temperatures caused by roof installation, 
as compared to open air frame-mounting, ranged 
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Fig.7-12. Typical frame-mounted module installations. (Courtesy of Solarex Corp., IPL, and NASA Lewis 
Research Center.) 

from 7 to 34% for the bottom row of modules 
and from 13 to 40% for the top row of modules, 
at an air infiltration level of 200 volumes/hour. 

7-6. Flat Plate Orientation Mechanisms 

Flat plate solar cell arrays are typically mounted 
in a fixed position. Some installations utilize an 

adjustable tilt angle mount similar to that de­
picted in Fig. 7-11, requiring operator atten­
dance. The amount of power that can be gained 
by using a tracking mechanism is usually likely 
to be offset by the tracking drive power require­
ments and the resultant degradation in the 
reliability of the system. However, installations 
requiring large amounts of power and having 
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Fig.7-13. Rooftop installation of modules (cross-sectional view). 

available personnel for maintenance, may bene­
fit from an orientation system. Concepts include 
larger central shaft systems (similar to rotating 
advertising sign designs), large circular railroad 
track systems, and systems using many small, 
articulated mechanisms. 

TERRESTRIAL CONCENTRATOR ARRAYS 

7-7. Linear Concentrator Modules 

linear concentrators, also known as trough or 
two-dimensional concentrators, focus the sun­
light only in one plane rather than in two (as 
is done by axial-or three-dimensional-concen­
trators). The advantage of linear concentration 
is that tracking is required only in one direction. 
The axis of rotation of linear concentrators 
may be placed either horizontally in an east­
west or north-south direction to permit seasonal 
or daily tracking, respectively. To increase the 
module output, the axis mayaiso be inclined at 
an angle equal to the local latitude and in a 
north-south direction for daily tracking, a 
method known as polar axis tracking. However, 
increased structural and ground space require­
ments, the latter to prevent shadowing of 
modules by other, adjacent modules, may not 
result in a W/m2 performance improvement. 

A small, non-tracking, low-concentration 
ratio array is illustrated in Fig. 7-14. The six 
modules are electrically connected in series to 
produce 112 W peak power at 48 V at 25°C 
and 100 mW/cm 2 solar intensity at normal inci-

Fig.7-14. Linear trough concentrator array. (Courtesy 
0/ Solarex Corp.) 

dence. Each module is comprised of 17 nearly 
square solar cells having 37 cm2 area each, an 
anodized aluminum he at sink, and two plastic 
sheet reflectors. The solar cells are attached to 
the heat sink with, and are protected by, a layer 
of silicone rubber encapsulant. The geometrie 
concentration ratio is 2, and the concentrator 
efficiency is 0.80. The array is installed facing 
the equator. The tiIt angle must be adjusted 
seasonally, otherwise the performance degrades 
to that of a flat plate array having the same 
number of solar cells. 

Another linear concentrator module concept 
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Fig.7·15. Line-focused hybrid system.4 

is shown in Fig. 7-15. The linear parabolic re­
flector has a geometrie concentration ratio of 
36. The square solar cells, mounted along two 
sides of a square tube, are water-cooled. A simi­
lar concept is currently being implemented in 
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what is believed will become the world's largest 
photovoltaic system by 1979. To be located in 
Arkansas, the 360 kW peak electrical output 
from 600 modules will charge a 2400 kWh bat­
tery bank and operate, with computer control, 
an entire community college (Fig. 7-16). Each 
module is comprised of an extruded aluminum 
channel to which 100 glassed-faced solar cells 
are bonded (Fig. 7-17). A liquid cooling system 
is to maintain the cells at approximately 55°C 
whlle operating at a concentration ratio of 20 
at an energy conversion efficiency of 14%. 

A different linear reflector concept is shown 
in Fig. 7-18. The entire 10 kW peak output 
array is mounted on a carousel truss structure 
that rotates about a central pivot. Wheels riding 
on a circular track of a steel rall stabilize the 
structure. The modules are also linked for ele­
vation tracking. Each of the 40 modules is com­
prised of 78 cells of 53 mm by 31.7 mm size, 
an extruded, finned alurninum heat sink, and 
three linear reflectors. As shown in Fig. 7-19, 
the primary reflector, located at the bottom of 
the module, reflects light upward into the en­
trance apperture of an off-axis, assymetric 
parabolic trough. The cells are passively cooled 
and, at a geometric concentration ratio of 25, 
are expected to operate below 74°C. The cell 
assembly is illustrated in Fig. 7-20. By mount­
ing the solar cells facing downward, dust ac­
cumulation and rain penetration problems are 

Fig.7-16. Planned Mississippi County Community College (MC3 ) installation. (Courtesy of Solarex Corp.) 
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Fig. 7·17. Concentrator hybrid module. (Courtesy of Solarex Corp.) 

Fig.7·18. Steerable line-focused concentrator array.4 
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Fig.7-19. Optical system for array of Fig. 7-18.4 
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Fig.7-20. Cell-mounting and encapsulation for system shown in Fig. 7-19. 
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Fig.7-21. Fresnellens concentrator module and array.4 

minimized. However, dust accumulation on the 
heat sink fins may nullify these advantages. 

7-8. Axial Concentrator Modules 

Axial concentrators, also known as coaxial, 
axisymmetric, or three-dimensional concentra­
tors, are designed such that the concentrating 
lens or mirror is positioned on the same optical 
axis as the solar cello A concentrator module 
consists of one or several such rigid concentrat­
ing device/solar cell assemblies. One such module 
assembly (or a number of them) is then attached 

to a two-axis orientation drive. Lens type con­
centrators are usually of the Fresnel type, while 
reflectors are of the parabolic type. 

One concentrator array, depicted in Fig. 7-21, 
is made up of two wings having 34 modules 
each, mounted to a support tube. The array 
pro duces a total of approximately 2.3 kW at 
115 V at 30°C and 100 mW/cm2 intensity. The 
272 solar cells on the array are wired as a single 
series string. The overall array dimensions are 
12.8 m in length by 2.75 m in height. The array 
weighs 1720 kg, inc1uding the centrally located 
drive mechanism and control and tracking elec-
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tronics. The array mounts to a cylindrical rein­
forced concrete pier foundation of approxi­
mately 1.5 m height above ground.4 

Each module contains eight circular solar 
cells (without glass cover), mounted to a sub­
strate and a load-bearing finned aluminum ex­
trusion for passive cooling by the ambient air. 
Injection-molded plastic housings, together 
with glued-on cast-acrylic Fresnel lenses, her­
metically seal groups of four solar cells. The 
lenses, mounted with their grooves pointing in­
ward, have 85% light transmission and a con­
centration ratio of about 40. The enclosure 
formed by the housing and the lens prevents 
the concentrated light beam from burning per­
sonnel or igniting wind-blown inflammables. 

A typical parabolic concentrator module is 
illustrated in Fig. 7-22. This Cassegrain type 
design exhibits a shorter overall mechanical 
length than an equivalent, ordinary parabolic 
reflector design would have for the same focal 
length-to-entrance apperture diameter (I/D) 
ratio. The beam is reflected twice, permitting 
the use of wavelength selective reflectors to 
remove non-usable solar energy before it heats 
the solar cel!. Cooling fins on the reflectors as 
weIl as on the cell support aid in reducing the 
cell's operating temperature. Application of a 
highly reflective and emissive paint on the fins 
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of the secondary mirror heat sink, facing the 
sun, is necessary. The glass dome, sealed against 
all metal parts with silicone O-rings, provides 
hermetically sealed protection of the solar cell 
and the mirror surfaces. 

In contrast to the foregoing, rather heavy 
design, the lightweight concept depicted in Fig. 
7-23 utilizes a thin, aluminized plastic sheet 
reflector, fabricated from a number of gores, 
and shaped by a low air pressure that holds the 
sheet against a parabolic cavity. The surround­
ing bubble, an inflated, transparent dome, pro­
vides environmental protection and takes all 
wind loading. The concentrator is presently 
being designed for concentration ratios of 100 
to 200 with an f /D ratio of approxirnately 0.5. 

A different axial concentrator approach is 
illustrated in Fig. 7-24. The array depicted con­
sists of nine modules mounted three each to a 
subassembly, as shown in Fig. 7-25. The array 
utilizes polar axis tracking and pro duces 300 W. 
Each module uses a 6 X 6 array of lenses having 
100 cm2 area each and a geometrie concentra­
tion ratio of 400. Both plano-convex and Fres­
nel lenses were investigated; the Fresnellenses 
showed superior optical performance. Also, two 
types of heat sinks were investigated, as shown 
in Fig. 7-26. The solar cells are small, measuring 
only 5.6 mm. 

SECONDARY 
MIRROR COOLING 
FINS, PAINTED WHITE 

GLASS DOME 

SOLAR 
CELL 

Fig. 7-22. PaIabolic concentrator module. 
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Fig. 7·23. Lightweight parabolic concentrator module.4 • 

Fig.7·24. 300 W Fresnellens concentrator unit.4 

7-9. Mirror Field Systems 

Mirror fields are primarily used in concentrator 
designs for solar thermal systems and large solar 
furnaces. However, photovoltaic applications 
are possible when active cooling is used. One 
such system is made up of a number of 3.3 kW 
modules, depicted in Fig. 7-27. Each such 
module uses 16 parabolic mirrors to focus the 
sunlight at a concentration ratio of 200 onto a 
water-cooled receiver, as shown in Fig. 7-28. 

The square solar cells are series-connected in a 
densely packed array. The mirrors, approxi­
mately 1.0 X 1.5 m in size, are mounted four 
to a frame, as shown in Fig. 7-29, for Y-axis 
contro!. Each of the four mirrors is, in turn, 
pivoted and connected to a linkage for X-axis 
contro!. 

A necessary requirement for such high­
concentration ratio systems is the installation 
of a fall-safe device that prevents solar cell 
damage in case of a coolant system malfunc­
ti on. Such a device should be triggered by a 
temperature-sensitive actuator and either mis­
orient the mirrors or pI ace a light shield in the 
incident beam. The light shield must, of course, 
possess adequate heat dissipation capability and 
must not itself heat the solar cells excessively. 

SPACE ARRAYS 

7-10. Space Array Overview 

During the 1970's, the power consumption of 
satellites has been increasing to levels that 
require the use of deployable solar cell arrays. 
For launch, the arrays are stowed into compact 
packages that are attached to the spacecraft. 
Once they have reached their orbital paths, 
they are unfurled and become appendages to 
the spacecraft. 

A variety of concepts have been conceived to 
create the largest possible solar cell array areas 
with structural elements that exhibit the 
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Fig. 7-26. Alternate cell-mounting designs for system shown in Fig. 7-24. 

lowest weight, highest deployment reliability, Specific array performance, expressed in 
and highest possible natural bending frequency W jkg, is primarily related to the total array 
(Le., the highest possible bending stiffness). In mass, and only secondarily related to small 
practice, solutions to these individual design differences in solar cell p~cking densities and 
parameters are in opposition to each other, so array thermal design (assuming that solar cells 
that the practical array designs that have having the same efficiency are installed on 
evolved are the results of trade studies to different array designs.) The total array mass is 
optimize each array for a specific mission. primarily composed of the structural, solar cell, 
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Fig.7-27. 3.3 kW hybrid system.4 
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Fig.7-28. Solar cell array of system depicted in Fig. 7-27. 

and coverglass masses. Hence, the structural ef­
ficiency, expressed in deployed array stiffness­
or natural bending frequency-per unit mass is 
of paramount importance. Presently, natural 
bending frequencies in the order of 0.1 Hz are 
required by attitude contral systems. However, 
work has been in progress for some time to 
facilitate precise spacecraft attitude control of 
satellites with large, flexible appendages having 
much lower natural frequencies than 0.1 Hz. 

Most of the larger, more recently developed 
arrays are designed for a range of power output. 
However, it is not possible for such arrays to 
have the same specific (Wjkg) performance at 
all power levels within the design range. For 
some design concepts, the W jkg performance 
always decreases with increasing size; for others, 
it increases; and for others yet, it first increases 
and then decreases. A typical example of the 
effects of varying the array size on the specific 
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performance and natural bending frequency is 
given in Figs. 7-30 and 7-31. 

Details of some of the space array designs of 
current interest are given in Sections 7-11 
through 7-17. The major characteristics of these 
arrays are summarized in Table 7-3. 

7-11. Rigid Honeycomb Panels 

A honeycomb sandwich structure is a panel 
made up of two facesheets that are glued to a 
honeycomb core. The hexagonal cells space the 
two facesheets apart. Their approximately 
cylindrical walls possess high buckling strength 
even though they are very thin (usually made 
from approximately 0.02 mm thick aluminum). 
The facesheets can carry high tensile and com­
pressive stresses. The honeycomb cells stabilize 
the facesheet that is loaded in compression. The 
entire honeycomb panel is very stiff and strong, 
yet rela tively light. 

Most spaceflight solar cell arrays built through 

NASA's Skylab spacecraft, illustrated in Fig. 
7-32, was a manned vehicle which carried two 
separate solar cell array systems: the Apollo 
Telescope Mount (ATM) array and Orbital 
Workshop (OWS) array. During launch, both 
arrays were stowed in folded-up positions. 
The A TM array was stowed coaxially above the 
OWS and protected by a nose cone. The two 

KW/kg I 0,86 DORA 

I 

H I 

1,34 DORA -, ... ... ... 

----... 3,3m ULP ... 

the 1970's utilized some kind of honeycomb 45 

structure. Honeycomb panels have been fabri­
cated in spherical, conical, cylindrical, para­
boloidal, and flat configurations, using metal or 
reinforced plastic cores and facesheets. The 
more typical substrates have used aluminum 
core and aluminum facesheet. A second choice 

lDl 

has been aluminum core with glassjepoxy 
facesheets. During the past few years, graphitej 
plastic structures have come into more use. 
Some examples of each are given below. 

5 10 15 KW 

Fig.7-30. Variation of specific performance with 
array size. (Reprinted with permission o[ the IEEE.40) 
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wings of the OWS array were stowed on the 
sides of the OWS and pro tee ted during launeh 
by a beam fairing. Beeause of high dynarnie 
forees that oeeured during launeh, the OWS 
array was made relatively strong and, therefore, 
heavy. The ATS array was of a somewhat 
lighter-weight design. 

OWS. The OWS array eonsisted of two wing 
assemblies, as shown in Fig. 7-33, eaeh of whieh 
eontained a forward fairing, a beam fairing, 
and three wing seetions. The wing assemblies 
were permanently attaehed to the OWS eylin­
drieal strueture through the forward fairing 
assemblies. Maehined, hinged fittings attaehed 
the beam fairings to the forward fairing as­
sem blies. During launeh, they were also at­
taehed to the OWS strueture by six explosive 
attaehment fittings, distributed along the length 
of the beam fairings. 

After Skylab was inserted into orbit, spring­
loaded deployment aetuator-dampers released 
the beam fairings and drove them outward 
to pivot ab out their hinges. Following this, 

Table 7-3. Solar Cell Array Characteristics. 

Specific 
Performance * Deployed 

Described Power Natural 
in BOL BOL EOL** Frequency 

Seetion Project Type Deployment (kW) (W/kg) (W/kg) (Hz) Status 

7-11 Skylab Rigid Fold-out 13 5.6 5.3 NG Flight 
7-12 FLTSATCOM Rigid Fold-out 1.8 18.2 13.7 0.32 Flight 
7-12 MATRA Rigid Fold-out 1.3 32.6 25.1 NG Development 
7-12 TDRSS Rigid Fold-out 3.1 24.9 17.6 0.5 Near flight 
7-12 Intelsat V Rigid Fold-out 1.7 26.6 21.2 0.36 Near flight 
7-13 ULP Rigid Fold-out 1.6 42.6 30.4 0.3 Development 
7-l3 ULP Rigid Fold-out 7.1 55.0 39.3 0.048 Development 
7-l3 Aerospa tiale Rigid Fold-out 1.1 31.8 22.6 0.28 NG 
7-14 CTS Flexible Fold-out 1.3 22.2 16 0.32 Flight 
7-14 SEPS Flexible Fold-out 25 66 47 0.04 Flight 
7-15 FRUSA Flexible Roll-out 1.3 47.4 34 0.25 Flight 
7-15 DORA Flexible Roll-out 9.0 50 36 0.17 Development 
7-15 Space Telescope Flexible Roll-out 4.5 24.8 20.3 NG Near flight 
7-16 ESA-LHSA Rigid/flexible Fold-out 6.3 35.1 25 NG Development 
7-16 SPAR-MPDHSA Rigid/flexible Fold-out 2.1 41 29 0.10 Development 

7-16 SPAR-MPDHSA Rigid/ flexible Fold-out 3.7 47 34 0.16 Development 

*Vernal equinox. 
* * As given in tex t. 

NOTE: NG = not given. 



332 ARRAY BUILDING BLOCKS 

MODULE. TYP. ? PANEL. TYP. 

I : 1IIII1m 1111I1 r 11 ~~ IIII 
I e2.67M-:! 

I-- ---- .. 13.7M -----~-I 

AL WORKSHOP (OWS) 
SOLAR CELLARRAY 
(2WINGSI 

Fig.7-32. Skylab with two solar cell array systems. (Courtesy of Marshall Space Flight Center.) 

Fig.7-33. OWS solar cell array wing assembly. (Re­
printed with permission oftheIEEE.8) 

twelve panels (ten active and two inactive) in 
each of the six wing sections unfolded in the 
aft direction from the beam fairings until the 
stabilizer beams retained them in an extended 
position. 8,9 

Each solar cell panel consisted of a 9.7 mm 
thick aluminum honeycomb substrate approxi­
mately 3.31 m long by 0.74 m wide. The face­
sheets were 0.2 mm aluminum. The solar cells 
were 2 X 4 cm in size and 0.36 mm thick, of 
the conventional 2 ohm' cm, n-on-p type, 

and covered with 0.15 mm microsheet cover­
glasses. The cells were bonded with an RTV 
rubber directly to the aluminum substrate 
through two 13 mm diameter holes per cell 
in a 50 J,Lm thick, insulating Kapton sheet. In 
orbit, the cells operated at 76°C at normal 
incidence, producing 204 W per panel after 8 
months in low altitude earth orbit. 

The end-of-life (8 months in 435 km orbit) 
array power output was greater than 12.24 kW 
at 55 V. The initial ground test output of the 
2464 cells per panel was 282 W at 71.7 V at 
29°C. The total array system mass, including 
the aerodynamic shrouds, was 2313 kg. The 
mass of each finished active panel was 10.66 kg. 
The total system specific performance was 5.6 
W/kg, beginning-of-life, and 5.3 W/kg, end-of-life. 

7-12. Honeycomb Panels with Stiffeners 

One approach to reducing the structural array 
mass has been to decrease the stiffness of the 
honeycomb panels to levels where they no 
longer were structurally adequate by them­
selves, and to reinforce them by tubular frames. 



For the honeycomb panels, the aluminum core 
ceil sizes were enlarged and their wall thickness 
reduced to the minimum practical. Aluminum 
facesheets were made thinner in low stress 
areas by chemical milling, and replaced by glass 
fiber and graphite fiber composites or by Kapton 
sheets. The solar cell operating temperature 
as weil as the substrate weight were reduced by 
perforating dielectric re ar facesheets. A number 
of representative design solutions are described 
in the following. 

FLTSATCOM. The V.S. Navy's Fleet Satellite 
Communications System carried the solar array 
system shown in Fig. 7-34. The array consisted 
of two paddles on opposite sides of the satellite 
that were stowed wrapped around the space­
craft and deployed as shown. Each paddle was 
made up of three panels of nearly identical con­
figuration; the three panels were attached 
together by spring hinges; the center panels 
were connected through deployment booms to 
the spacecraft. 

Each panel was 2.82 m long by 1.28 m wide 
and consisted of a sandwich substrate supported 
by a frame around the perimeter. Also inc1uded 
as part of the frame was a cross-member 1.31 m 
from the bottom of the panel. Figure 7-35 illu­
strates a typical cross-section of the frame and 
sandwich substrate. The substrate consisted of 
0.13 mm aluminum facesheets bonded with 
ftlm adhesive to 16 mm thick aluminum honey­
comb core. The frame was mechanically at­
tached to the substrate by screws driven into 
inserts in the substrate. The dep10yment boom 
was a square, cross-sectional aluminum element 
with hinge assemblies that were controlled by 
a pulley and cable system. The fundamental 
natural frequencies were 25 Hz, stowed, and 
0.32 Hz, deployed. The solar cells were con­
ventional 10 ohm· cm n-on-p silicon cells of 
2 X 4 cm size and 0.20 mm thickness, covered 
with 0.15 mm thick fused silica coverglasses. 
The array vernal equinox output was 1800 W, 
beginning-of-life, and greater than 1350 W after 
five years in synchronous orbit. The array's 
total mass of 90.0 kg was composed of 70.0 
kg structural elements and 20.0 kg e1ectrical 
components, not counting the long booms 
between the arrays and the spacecraft. The 
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Fig.7-34. FLTSATCOM satellite and solar cell array 
configuration. (Courtesy ofTRW,Inc. 9 ) 

corresponding array specific performance was 
20.0 Wjkg and 15.0 W/kg, respectively.9 In­
c1usion of the deployment boom reduced these 
performance numbers by a factor of 0.9l. 

MATRA. A combination of metallic and glass 
fiber composites was used by MATRA Engines 
for the development of a rigid, fold-up array.ll 
The array consisted of five hinged panels and a 
deployment yoke. The panels and yoke were 
flat-packed against one another and were 
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Fig.7-35. Cross-section of substrate and frame. 9 

prestressed against the spacecraft sidewall at 
six points, with a mechanical spacing of 5.1 mm 
between panels to ensure no panel-to-panel con­
tact during the launch phase. The stowed array 
panel had a natural frequency of34Hz. Deploy­
ment was achieved through a pulley and cable 
system. 

The array was approximately 1.0 m long by 
1.5 m wide. (The substrate design is shown in 
Fig. 7-36.) It consisted of a 0.15 mm thick 
fiberglass epoxy front facesheet, a 20 mm thick 
aluminum honeycomb core, and aperforated 
0.30 mm back facesheet. Each 12 mm diameter 
perforation coincided with each cell of the 
honeycomb structure, and aided significantly 
in the thermal control of the solar cells. Two 

12MM 

Fig.7-36. MATRA array substrate design. (After 43) 

methods were used to fabricate the sandwich 
substrate: 1) a prepreg (Le., preimpregnated 
with epoxy adhesive) facesheet was used 
without any additional adhesive layer; and 
2) the core was edge-coated with adhesive, 
with the epoxy used in the facesheets. The 
edges of the substrate were equipped with 
channel-shaped, 0.1 mm thick aluminum 
elose-out elements to provide additional stiff­
ness and attachment points for the hinge 
fittings. There were two spring hinge fittings 
on each hinge line. 

For 0.20 mm thick solar cells with 0.10 mm 
thick covers, the array, at a 1 kW end-of-life 
power level, achieved a 25.1 W/kg performance. 

TDRSS. The solar array configuration (shown 
in Fig. 7-37) was stowed around the spacecraft 
in a manner simi1ar to the FLTSATCOM con-

Fig.7-37. Tracking and data relay satellite (man shown to scale). (Reprinted with permission ofthe IEEE. 13) 



Fig. 7-38. TDRSS array substrate design. (Reprinted 
with permillsion of the IEEE. 13) 

tiguration; however, the array was larger and 
constructed differently. The substrate front 
facesheets were 0.075 mm thick Kapton; the 
rear facesheets were 0.13 mm thick Kapton 
and had 51 % of their surface area perforated 
with circular holes spaced on an equilateral 
triangle pattern, permitting heat from the 
front facesheet to radiate through the back 
to space. The holes were not aligned with the 
hex cells. An additional 75 I.lm thick layer of 
perforated Kapton was bonded to the face­
sheets in the areas where the substrates were 
attached to the frames. The honeycomb core 
was 10 mm thick 5052 aluminum, having a 
density of 2.6 g/cm3 • The substrate was sup­
ported by graphite fiber-reinforced plastic 
(GFRP) box beam frames that were adhesive­
bonded to the rear facesheets (Fig. 7-38). The 
mass of the outer substrates was 0.724 kg/m2 

and that of the center panels was 0.735 kg/m2 • 

The masses of the GFRP frames were 3.810 and 
7.484 kg, respective1y. 9,13,15 

The 31062 solar cells per spacecraft were 
20.0 X 40.0 X 0.20 mm, 10 ohm' cm n/p hybrid 
with back surface reflector (BSR). The contacts 
were Ti-Pd-Ag with localized solder coverage. 
Covers were 0.15 mm thick uncoated ceria 
glass. The predicted cell operating temperature 
during equinox is 45°C, beginning-of-life, and 
57°C after ten years in synchronous orbit. The 
corresponding calculated array power outputs 
at equinox were 3127 Wand 2206 W, respec­
tively. For a total array mass (without the long 
booms) of 86.1 kg, the equinox specific per­
formance was 36.0 W /kg, beginning-of-life, and 
25.5 W/kg after ten years (1.1 X 1015 1 MeV 
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e' cm-2 .) Inclusion of the long deployment 
boom decreased these performance numbers 
by a factor of 0.692. 

Intelsat V. The solar cell arrays for the Intelsat 
V series of three-axis stabilized, geosynchronous 
orbit communication satellites consisted of 
three panels and an open-frame yoke, hinged 
together for folding up and storage against the 
sides of the rectangular body of the spacecraft 
of 1.65 X 2.01 X 1.77 m size. Each panel mea­
sured 1.6 m in width by 2 m in length. The 
panel substrates were made from open-weave 
graphite fiber composite facesheets and alu­
minum honeycomb core. The substrates were 
reinforced at their perimeters with carbon fiber 
composite beams. The solar cells were insulated 
from the substrate by a Kapton sheet. The 
panels were deployed upon activation of a 
central release mechanism, freeing the six hold­
down points per wing, due to forces supplied 
by spiral springs in the hinges. A closed cable 
loop and pulley system synchronized the panel 
deployment on each wing. No dampers were 
used. The natural frequency was 34 Hz, un­
deployed, and 0.36 Hz, deployed. The total 
array mass of 64.1 kg was composed of 22.8 kg 
electrical, 37.4 kg mechanical, and 3.9 kg hold­
down components. 

A total of 17380 solar cells were mounted to 
the 18.12 m 2 substrate area. The 10 ohm . cm, 
silicon n/p AEG-Telefunken cells were 20.95 X 
40.35 X 0.25 mm in size and were TiOx coated. 
Contacts were solderless Ti-Pd-Ag, to which 
rolled mesh silver interconnectors were welded. 
Ceria-doped microsheet covers, 0.15 mm thick, 
attached with DC 93-500 adhesive, protected 
the entire solar cell areas. The glassed cell out­
put was specified at 25°C, and AMO (Air-Mass 
Zero) conditions as 0.2966 A at 0.450 V mini­
mum. The cell series resistance was measured to 
be between 0.077 and 0.113 ohms, with an 
average of 0.092 ohms. The cell solar absorp­
tance ranged between 0.807 and 0.836, 0.82 
average, and the emissivity between 0.842 and 
0.847, with an average of 0.84. The calculated 
array output, at the PCU input, beginning-of­
life, was 1708 W at equinox and 1564 W at 
summer solstice. The corresponding values for 
seven years in orbit were 1358 W and 1288 W. 
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The degradation factors used in the analysis 
were -1 % for temperature cycling (-190° to 
+80°C for 700 cycles), -12.7% for flic and 
-7.4% for Vac for 1 MeV electron radiation 
(based on 1 X 1015 e· cm -2 test followed by 
annealing), and -1.8% for ultraviolet degrada­
tion (based on 1500 ESH Test). The specific 
performance values for equinox were 26.6 
W/kg and 21.2 W/kg at beginning-of-life and 
end-of-life, respectively.16, 17 

7-13. Flexible Substrates with Rigid Frames 

For arrays having power levels of 2 to 15 kW, 
Messerschmitt-Bölkow-Blohm (MBB) developed 
the ULP (ultralightweight panel) array tech­
nology, utilizing pretensioned, panel size 
membrane substrates, supported by rigid frames. 
In contrast, Aerospatiale/Cannes developed a 
similar concept for a 3 to 4 kW array, using 
small-sized membrane substrates without sig­
nificant pretensioning. On both array concepts, 
the solar cells on the outermost panel faced 
outward, producing electric power during the 
transfer phase. 

ULP. The array consisted of two identical 
wings, each made up of a yoke, an empty 
panel frame, and between 2 and 25 panels 
per wing for array power levels of 1 to 13 kW 

Fig.7-39. ULP 2 kW array on ARIANE test pIatform. 
(Reprinted with permission of the IEEE.41 ) 

(Fig. 7-39.) Each panel measured approximately 
3.3 (in the wing width direction) X 1.15 m. 
The areas enclosed by the yokes and the 
empty frames were subject to shadowing; 
therefore, no solar cells were placed there. 
Each of the identical panels consisted to a 
carbon fiber composite, hollow tube (rect­
angular cross-section) framework. Solar cells 
were mounted to a reinforced flexible Kapton 
substrate, pretensioned in the direction parallel 
to the 3 m wing width only. The panel frame 
was subdivided by six pairs of small, hollow, 
rectangular, carbon fiber composite rods, 
preventing the substrate from reaching large 
vibration al amplitudes. In addition, the un­
clamped edges of the substrate were restrained 
by guide wires that were stretched between 
the panel frame members. The panels, each 
25 mm thick, folded accordion-fashion flat 
against each other (Fig. 7-40) and against the 
spacecraft side waUs. Thin metal bands held 
each array wing in place at six tie-down points. 
After release, the panels deployed by the force 
of helical hinge springs. No deployment dampers 
were used. The panel angular deployment was 
controlled via closed loop pulley and cable 
systems. The array natural frequencies were 
about 24 Hz, stowed, and 0.3 Hz, deployed, 
for a 1.58 kW array; 0.048 Hz for a 7.12 kW 
array.20 

Each panel carried 3600 AEG-Telefunken 
10 ohm· cm solar cells of 20 X 40 X 0.20 mm 
size, covered by 0.10 mm thick ceria-stabilized 
microsheet. The cell output at 25°C, after ir­
radiation with 2X 1015 1 MeV e·cm-2 , was 
95.7 mW. After seven years in synchronous 
orbit, each panel produced 268 W at 58°C 
during equinox. F or these conditions, the 
array specific end-of-life performance was 
30.4 W/kg for the 1.58 kW system and 39.3 
W/kg for the 7.12 kW system. 

Fig.7-40. Stowed ULP array. (Reprinted with per­
mission of the IEEE.41 ) 



Aerospatiale. The array consisted of two 
wings with three panels and one open·frame 
yoke each. Hold·down to the spacecraft body 
was at six points. Helical springs at the hinges 
deployed the panels upon release. A c10sed loop 
cable and pulley system assured uniform panel 
unfolding and latch·up. The deployment rate 
was governed by centrifugal speed brakes. 

Each solar cell panel measured 1.216 m by 
1.614 m. The outside tubular frame was subdi· 
vided into four bays by three tubular transverse 
bearns. Each bay carried 28 ribs having omega 
cross·section which supported a semiflexible 
substrate, and 476 cells were installed on each 
sub panel substrate prior to its mounting in the 
panel bays. The substrate was made from a 
c10sely woven graphite fiber composite with 
12 11m thick Kapton insulation. The weave 
was cut on the bias to provide shear stiffening 
of the frarnes. The substrates were located in 
the centers of the frame to minimize vibrational 
deflections beyond the frame dimensions. The 
natural frequency was 46 Hz, stowed, and 0.28 
Hz, deployed. 

The AEG·Telefunken solar cells were 20 X 
40 X 0.20 mm with 0.10 mm thick ceria· 
stabilized microsheet covers. Welded·on inter· 
connectors of two types, silver mesh and silver 
plated molybdenum, are being investigated. 

The mass breakdown for the development 
model was as follows: panel, 4.27 kg, composed 
of 2.35 kg structural and 1.88 kg electrical 
components; yoke, 1.38 kg; power harness, 
0.53 kg; total per wing, 17.43 kg. The array 
output was 1110 W at equinox and 982 W at 
summer solstice, beginning·of·life, and 789 W 
and 752 W, respectively, after seven years 
(2.10 X 1015 1 MeVe' cm-2 .) The correspond· 
ing specific array performance was 31.8 W jkg 
or 31.4 kgjkW at equinox, beginning.of·life, 
and 22.6 Wjkg or 44.2 kgjkW after seven 
years. 21 

7-14. Flexible Fold-Up Blankets 

Flexible fold-up blanket type arrays consist 
of blankets that are folded up, accordion­
fashion, during stowage, and unfurled in space 
by an also deployable boom or mast. Some 
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form of cushioning is used between adjacent 
layers of solar cells to prevent coverglass and 
solar cell darnage. The following exarnples 
include one smaller, non-rectractable design 
and one larger, rectractable design. 

CTS. The solar cell array on the Canadian 
Technology satellite, also known as Hermes, 
was believed to be the first operational flexible, 
fold-up array. The satellite, launched on Janu­
ary 17, 1976, into a geosynchronous orbit, 
carried a fixed body-mounted array and a 
deployable array. The body-mounted array 
provided about 100 W during a 15 day spinning 
phase and was jettisoned thereafter. The de­
ployable array, used in the satellite's three-axis 
stabilized mode, consisted of two wings, each 
6.53 m long by 1.30 m wide, and was com­
prised of 30 foldable panels, 26 of which were 
solar cell covered (Fig. 7- 41.) Polyurethane 
foam interIeaf material was inserted between 
folds to protect the solar cells and intercon­
nects. The packaged array was stowed within 
a jettisonable cover on which the body-mounted 
solar cells were mounted to provide power 
du ring transfer orbit. Deployment was achieved 
with a motorized, single element, 0.18 mm 
thick stainless steel, 34 mm diameter BI-STEM 
boom located behind (on the shadowed side of) 
the blanket. The boom was extended to pro­
duce a 27 N tension on the blanket. 22 • 23 

The blanket consisted of a laminate of 25 11m 
Kapton and 35 11m fiberglass. The total thick­
ness of the composite was 67 jlffi, accounting 
for the polyester adhesive layer. The blanket 
was cut into four panel assemblies. Piano type 
hinges for mechanical interconnection of 
adjacent panels were attached at both ends of 
each assembly. Intermediate folds were achieved 
by creasing the substrate. Solar cells were 
20 X 20 mm, bonded directIy to the substrate. 
The solar cell stack consisted of 0.2 mm thick 
cells with 0.1 mm thick ceria-doped microsheet 
covers. The solar cell interconnectors were 
25 11m thick silver mesh, welded to the cells. 
There were 2430 cells for housekeeping and 
10,206 cells for the experiments on each wing, 
producing a total array power of 1330 W, 
beginning-of-life. In addition, one blanket 
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Fig. 7-41. CTS deployable array wing. (Reprinted with permission of the IEEE. 22) 

carried a 27-cell test patch. The array experi­
enced an eclipse temperature of -188°C fol­
lowed by a heating rate of 7S0 Cjminute. 
Solar cell operating temperatures ranged 
between 47°C and Sl.SoC. 

The total mass of each b1anket was 6.97 kg. 
The mass of each wing was 30 kg, resulting in 
a specific beginning-of-life performance of 22.2 
Wjkg. 

SEPS. Generally known as "a family of solar 
cell arrays representing SEPS (Solar Electric 
Pro pulsion Stage) technology," these arrays 
are being developed by the Lockheed Missile 
and Space Company for a variety of NASA 
applications requiring 10 to 100 kW during 
the 1980's. At present, the array furthest 
along in development is part of the Shuttle's 
power extension package (PEP). 25,26 

The current PEP array design consists of .!....,q 
identical wings. Each wing (Fig. 7- 42) consists 
of 41 folding panels that are deployed by a 
coilable lattice, continuous 10ngeron mast 
(Fig. 7-43). Each panel measures 3.8 (in the 
wing width direction) X 0.76 m, fo1ding in 
the middle as to create a stowed package of 

0.38 X 3.8 m area and approximately 0.l2 m 
thick. A panel consists of two layers of 0.012 
mm thick Kapton, encasing printed-circuit 
type, copper solar cell interconnectors. Holes 
are laser-skived into the Kapton to permit 
welding electrodes to make contact with the 
interconnectors. The 3060 solar cells per panel 
are 20 X 40 X 0.20 mm with wrap-around 
contacts. Covers are 0.15 mm fused silica. No 
adhesive is used between the cells and the 
substrate. To facilitate retraction of the array, 
each panel-half is stiffened by graphite fiber 
composite frames (Fig. 7-44). Foam strips, 
mounted in the intercell gaps, provide for cell 
cushioning. The stowed, folded-up array blanket 
is contained in an aluminum or graphite fiber 
composite containment box having flat floor 
and cover panels. The cover panel is attached 
to the end of the mast which also carries a 
c1amping and cinching mechanism. The latter 
engages du ring orbital restowage and preloads 
the array blanket for safe return to earth. While 
deployed, the array blanket is constrained by 
guide wires. 

The mass of each 12.5 kW wing is composed 
of 113.6 kg for the blanket, 32.0 kg for the 



MECHANICAL ELEMENTS 339 

\TOUD A?'_~CONTAINMfNl ........ , 
"fLOAD 
MECHANISM -

INHlMfOI,ATl 
tENSION 
NfOATQl 

&Ox CQVEI. 

C'JICE 'WIU 

•. 000A 
(1 $7 IN. ) -r-~ 

OUIOE WIII.e OI!.OMMI I 

'''NU HINGE 

INIEII.MEDIAI[ 
TEN'!aION 
OI~llI.lauTlON 
W 

........ , 
HARNESS 

J1.6oft. 
(U44 IN.) 

8lANKET '!allE 

Fig.7-42. SEP array wing.45 

WLUR LUG 

--ROLLER GUI DE 

ROTATA8lE NUT 

DRIVE MOTOR 

TRANSITION GUIDE 

STOWAGE 

Fig.7-43. Deployable mast.45 

mast, 5.6 kg for the array harness, 26.8 kg 
for the remaining hardware, and 6 kg for con­
tingency. The corresponding beginning-of-life 
specific performance is 66 W jkg. 

7-15. Flexible RolI-Up Blankets 

Flexible roll-up arrays consist of one or two 
solar cell blankets that are stowed on a cylin­
drical drum. For deployment, an also deploy-

able boom or mast draws the blanket from the 
drum against a retracting force that keeps the 
blanket stretched flat. Three of the more de­
veloped designs are discussed below. 

FRUSA. Hughes Aircraft Corporation, under 
contract to the V.S. Air Force, developed a 
flexible roll-up solar cell array (FRVSA). The 
system was launched as a flight experiment 
in 1971 aboard on Agena spacecraft into a 
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low-earth orbit and performed satisfactorily. 
In-orbit blanket retraction capability was 
demonstrated.27 

The roll-up array, depicted in Fig. 7-45, used 
two solar cell blankets 4.9 m long by 1.7 m 
wide, rolled up on a single 20 cm diameter 
drum. An embossed 50 J.l.ffi thick Kapton cushion 
protected the solar cells in the stowed configur­
ation during launch. During extension, this 
cushion was rolled up on an auxiliary take-up 
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roller. The blankets were deployed from the 
common drum by a pair of extendible BISTEM 
steel booms, 22 mm in diameter and held under 
a nominal 14 N tension. The deployed natural 
frequency was 0.25 Hz. 

The solar cell blankets were continuous lami­
nates of Kapton and fiberglass. The 34,500 
conventional silicon solar cells of 0.18 mm 
thickness were covered with 0.15 mm thick 
microsheet. The beginning-of-life power was 
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Fig.7-45. FRUSA. (Reprinted with permission ofthe IEEE.27) 
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approximately 1500 W. The total system mass 
of 31.7 kg consisted of 16.2 kg for the drum 
mechanism, f 3.1 kg for the solar cells and covers, 
and 2.4 kg for the blankets alone, resulting in a 
beginning-of-life specific performance of 47.4 
W/kg. 

DORA. Under development since 1974 by 
AEG-Telefunken, the DORA (double roll-out 
array) is intended for missions requiring between 
9 kW and over 20 kW of power. The present 9 
kW array qualification model utilizes two drums 
and four blankets (Fig. 7-46), known as an 
H-Configuration. The overall length of each 
wing (two blankets) is 20.6 m. Each Kapton 
blanket is deployed by a pair of BI -STEM booms 
of 34 mm diameter. A multi-element negator 
spring assembly inside the 15 cm diameter 
drum provides ablanket tension of 30 N/m. 
A foam layer of 1.5 mm thickness, placed be­
tween the solar cells and facing each other, is 
rolled up onto separate cushioning storage 
drums. Most structural parts of the drum mech­
anism, as weIl as the traverses, are made from 
graphite fiber composites.28 

Each wing is subdivided into 11 panels of 
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2.15 (in the wing width direction) X 0.84 m in 
size, interconnected by "piano-hinges." Each 
panel carries 2080 solar cells of 20 X 40 mm 
size, interconnected on the re ar side for an 
operating voltage of 100 V. With 0.20 mm 
thick solar cells and 0.10 mm thick covers, the 
panels weigh 1.07 kg/m2 • With 11.5% efficient 
cells (126 mW) at 25°C, AMO conditions, the 
array produces 9 kW beginning-of-life and 7.8 
kW after five years (1.0 X 1515 1 MeV e . cm -2) 

at summer solstice in synchronous orbit. The 
total array mass of 171 kg is composed of 80 kg 
for the blankets, 0.7 kg for wiring, 77.8 kg for 
the mechanical parts, and 12.5 kg for the hold­
down and swing-out mechanisms. The deployed 
natural bending frequency is 0.17 Hz. The re­
sulting array specific performance is 53 W/kg or 
19 kgfkW, beginning-of-life, and 46 W/kg or 
22 kg/kW after five years at summer solstice 
(approximately 50 W/kg at equinox.) 

Spaee Teleseope. The DORA concept was se­
lected to power NASA's Space Telescope, to be 
launched in 1984. The array, a derivative of the 
FRUSA concept, will be built by a number of 
European firms. Designed for a five year mission 
in circular earth orbit between 398 and 593 km, 
the array will encounter 5600 solar eclipses per 
year. After five years, the array blankets will be 
restowed for return to earth.29 

The array consists of two identical wings 
(Fig. 7-47) having an overaillength of 11.82 m. 
The panel width is 2.83 m. The total blanket 
area of 47.9 m2 is covered with 47,960 solar 
cells. The AEG-Telefunken cells are 20.95 X 
40.35 X 0.25 mm in size, of 1 ohm' cm base 
resistivity, TiOx-coated, n/p silicon, and produce 
0.145 W output at 25°C, AMO conditions. 
Covers are 0.15 mm thick ceria-doped micro­
sheet, MgF-coated, and are attached with DC 
93-500 adhesive. Interconnectors are welded 
silver mesh with out-of-plane expansion loops, 
selected over more costly silver plated molyb­
denum. The interconnector design life is 30,000 
cycles over the range from -100° to +100°C. 

Each of the four blankets is made from glass 
fiber-reinforced Kapton. An embossed Kapton 
sheet serves as a cushion between the solar cell 
covered blankets. The total array mass, includ-
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Fig.7-47. Space telescope. (Reprinted with permis­
sion o[ the IEEE29 ) 

ing the solar array drive assembly, is 182.3 kg. 
The global modal natural frequency is 0.08 Hz, 
deployed. The array performance is 4.52 kWat 
34 V and at 70°C, beginning-of-life, and 3.70 
kW after five years. The corresponding specific 
performance values are 24.8 W/kg or 40.3 kg/ 
kW and 20.3 W/kg or 49.3 kgjkW, respectively. 

7-16. Hybrid Arrays 

Most modern satellites designed far geosyn­
chronous orbit operation require some amount 
of power during their transfer orbits prior to 
fmal orbital station acquisition and prior to 
deployment of larger solar cell arrays. How­
ever, most lightweight, flat-pack, fold-up or 
roll-up array designs are not capable of provid­
ing power output when fully stowed, and are 
not capable of withstanding the levels of ac­
celeration in the transfer orbit when partially 
or fully deployed. To provide the necessary 
power, rigid solar cell panels are used in addi­
tion to the flexible, deployable arrays. In the 
case of CTS, a body-mounted panel was jet­
tisoned after orbit insertion. In the case of the 
ESA-LHSA, a deployable, flexible flat-pack 
array is stowed along the out board edge of a 
rigid inboard solar cell panel. In the case of the 
SPAR-MPDHSA, a rigid panel is mounted to 
the outboard end of a deployable, flat-pack 
array. 

ESA-LHSA. The European Space Agency's 
lightweight hybrid solar array (ESA-LHSA), 
under development by the British Aerospace 
Dynamics Group, is also a two-wing concept for 
a range of multikilowatt, geosynchronous orbit 
missions (Fig. 7-48). Each wing consists of a 
yoke, a rigid solar cell panel, and a deployable, 
flexible, flat-pack solar cell blanket. During 
launch and high-thrust transfer orbits, the en­
tire array assembly remains stowed against the 
satellite side walls (Fig. 7-49a). The outward 
facing solar celIs on each of the two rigid panels 
(one on each of two opposite sides) produce up 
to 200 W. For low thrust transfer orbits, only 
the rigid panels are deployed (Fig. 7 -49b and 
c). In the final orbit, the fold-out arrays are 
deployed from boxes located at the outer edges 
of the rigid panels (Fig. 7-49d). Deployment is 
by gas-driven aluminum telescoping masts.30 

The yoke is made from aluminum tubing, 
but could be made using graphite fiber plastics 
to minimize thermally induced bending. Torsion 
springs with centrifugal dampers constitute the 
primary solar panel deployment mechanism. 
Pulley and cable systems provide controlIed 
angular deployment of the yoke and the rigid 
panel. The rigid solar celI panels are made from 
monocurved aluminum honeycomb core with 
fiber-reinforced plastic face sheets. The flexible, 
fold-up solar cell panels are folded 16 times and 
held in the stowed configuration by a Kapton 
wrap. Solar cells are 10 ohm' cm, 20 X 40 X 
0.20 mm, covered with 0.10 mm glass. The 
projected performance characteristics for the 
two-wing configuration is 3.14 kW output at 
end-of-life per wing. For a wing mass of 89.34 
kg, the specific performance is 35.1 Wjkg. 

SPAR-MPDHSA. Spar Aerospace Products, 
under contract to the Canadian Communica­
tions Research Centre, is developing a 2.13 kW 
and a 3.73 kW beginning-of-life medium power 
hybrid solar array (MPDHSA) for geosynchro­
nous operation. On both arrays, the rigid panels 
act as "body-mounted" arrays to provide power 
prior to array deployment. After deployment 
of the flexible, flat-pack arrays, the rigid panels 
are tilted to become plane-parallel with the 
flexible panels (see Fig. 7-50). Deployment of 
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Fig.7-48. ESA lightweight hybrid array deployed. (Reprinted with permission o[the IEEE. 30) 

the blanket is via a BISTEM boom. The mass is 
53 kg for the smaller array and 80 kg for the 
larger, resulting in specific performance numbers 
of 41 W/kg and 47 W/kg, respectively. The 
natural bending frequencies are 0.10 and 0.16 
Hz, respectivelyY 

a)FULLY DEPLOYED b)PRIMARY DEPLOYMmT BEX:UN 7-17. Other Developments 

c ) PRI MARY DEPLOYMENT COMPLETE 

d)SECONDARY DEPLOYMENT BEGUN 

~--------------

Fig. 7-49. LHSA deployment sequence. (Reprinted 
with permission o[ the IEEE. 30) 

From the large number of developments that 
were undertaken to improve the array W /kg 
performance or to reduce fabrication cost, a 
few examples are cited that may be of interest 
again in the future. 

Open Tape Substrate. Boeing, under contract 
to IPL in the late 1960's, and TRW, under con­
tract to COMSAT in the mid-1970's, investi­
gated the potential of an open weave or tape 
concept for a lightweight substrate design. 
Figure 7-51 illustrates the basic concept.33 

The substrate consisted of fiberglass-rein­
forced Kapton strips. The cells were connected 
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Fig.7-50. SPAR-MPDHAS deployment sequence (2.1 kW array). (Reprinted with permission © 1978 Society of 
Automotive Engineers.31 ) 

directly to the substrate through spot-bond 
adhesive. The back surface could be painted 
(epoxy) for both thermal control and low 
energy proton protection. 

TO FRAME 

FIBERGLASS 
KAPTON 
LAMINATE 
STRIP 

As compared to a continuous, ful1 substrate, 
open weave design concepts have the advantages 
of greatly simplified repair procedures and, 
because the emittance of the epoxy paint is 

TO FRAME 

/ 
CELLS 

Fig.7-51. Open weave substrate (back side shown). (Courtesy of TRW,Inc.) 
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Fig.7-52. RAE lightweight array wing. (Reprinted with permission ofthe IEEE.3S) 

greater than that of FEP Teflon or Kapton, 
improved performance. 

The substrate was attached to a support 
frarne. In the Boeing design, the substrate was 
sandwiched between beryllium frarnes to form 
an integral pane1.34 These panels could then be 
hinged together to form an array. The Boeing 
substrate only had a mass of 0.894 kg/m2 ; an 
entire 102 m2 panel was 2.4 kg/m2 . 

RAE. During the early- and mid-1970's the 
British Royal Aircraft Establishment (RAE) 
was involved with the development of a flat­
pack, deployable, flexible substrate solar cell 
array which was deployed by telescoping tubes. 
The design principles were space-demonstrated 
on a small version of the larger development 
array on the British X4 meteorological satel­
lite.3s ,37 

Figure 7-52 shows the solar array configura­
tion. The array blanket, 4.21 m long by 0.90 m 
wide, was supported and divided into subpanels 
by aluminum honeycomb cross-members ex­
tending from an aluminum telescopic mast. For 
launch, the panels were folded between cell 
patches into a honeycomb stowage compart­
ment and were interleaved with sheets of cor­
rugated, 25 11m Kapton, which remained behind 

in the compartment when the paddles were 
deployed. The solar cell array was deployed 
pneumatically through a six-section aluminum 
telescopic mast, using nitrogen gas at 0.33 
MN/m2 (48 psi). When fully deployed, each 
section was mechanically latched, tensioning 
the panels to about 9 N, and the gas was allowed 
to leak away. 

The substrate shown in Fig. 7-53 consisted of 
aperforated, 50 J-Lm thick Kapton sheet. The 
windows in the Kapton were actually triangular 
as opposed to the circular shape shown, expos­
ing 54% of the cell area. Interconnectors were 
25 11m, silver plated molybdenum. The cells 
were interconnected and mounted on the sub­
strate by a solderthrough, cementless technique. 
The back side of the array was finished with a 
high-emittance coating. Solar cells were Ferranti, 
125 J.Iill thick, wrap-around contact cells, cov­
ered with 0.1 mm thick, Pilkington Perkin-Elmer 
ceria -stabilized glass. 

JPL/GE 200 W/kg. A conceptual design study 
for 10 kW arrays, having specific performance 
of 200 W/kg, beginning-of-life, at 55°C, and 
utilizing either a fold-up or a roll-up design, has 
shown the feasibility that such systems could 
be developed. Solar cells are 0.050 mm thick 
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Fig.7-53. RAE substrate configuration. (Reprinted with permission ofthe IEEE. 3S ) 

cells having 13.5% efficiency at 25°C. The 
160,000 cells on an array are covered by a 
0.075 mm thick plastic encapsulant. Harness 
power losses were assumed at 2 to 3%. No 
blocking diodes are on the array. Design life is 
three years in interplanetary space. The tem­
perature cyc1ing range is specified to be 1000 
cycles between -190°C and +140°C. 

Both the non-retractable fold-out design and 
the retractable roll-out design are based on a 
V-stiffened approach (Fig. 7-54). The mast is of 
the coilable lattice, continuous longeron type, 
made from a glass fiber composite. The other 
structural elements utilize graphite fiber com­
posites. The substrate is 0.025 mm thick Kap­
ton. Solar cell interconnectors are welded-on, 
silver plated Invar, with in-plane stress relief 
loops. The array electrical weights are 31.34 kg 
for the roll-out array and 28.14 kg for the fold­
out. The 2.86 kg difference arises from the 
need for slip rings by the roll-out design. The 
mechanical weights are 13.83 kg and 15.76 kg, 
respectively, the 1.93 kg difference arising 
partially (1.64 kg) from the use of a padding 
between the solar cells on the fold-out design, 
but no padding on the roll-out design. The 
corresponding array beginning-of-life specific 
performance is 201 W/kg for the roll-out and 
211 W /kg for the fold-out design.39 

DEPlOYMENT MECHANISMS 

7-18. Deployable Booms 

The central mechanical component of any 
packaged flexible solar array system is the de­
ployment boom which erects and/or retracts 
the flexible substrate. Because it comprises a 
sizable portion of the total system weight, care­
ful attention to selection and design of the 
proper approach is important. 

The desirable features of a deployable boom 
include low weight, small package size, reliable 
performance, sufficient bending and torsional 
stiffness and strength, low thermally induced 
distortion, and good positioning accuracy. 
Typically, a boom does not possess all these 
features simultaneously. Most often a compro­
mise has to be made in order to choose a design. 

Basic Structural Forms. Table 7-4 shows the 
basic common forms of beams and beam mem­
bers in use. Each member has advantages, and 
the selection of one over another involves trade­
off by weight, strength, cost, availability, and 
fabricability. 

Table 7-5 shows beams and beam member 
cross-sectional variations. The form variations 
are gene rally the result of a functional consider­
ation and are not purely structural. Byexample, 
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Fig.7-54. Ultra-lightweight roll-out (top) and fold­
out (bottom) arrays. (Reprinted with permission 0/ 
the IEEE. 39) 

the thin tubular form results from the require­
ment that the member be flattened for stowage. 

Most solid or tubular beams become ineffi­
cient as load carrying members when the length 
approaches 15 m. A substitute for the solid 
form is the truss structure. Truss-configured 
beams are the most efficient structures in terms 
of stiffness and weight for large dimensional 
applications. 

Stowage/Deployment Techniques. Table 7-6 
illustrates the basic stowage methods and their 
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variations. Folding is the method most used for 
stowing beams and beam members. It is me­
chanically the simplest and most versatile stow­
age method. Folding is used as a basic method 
for stowing beams with hinges and without 
hinges (Le., inflatable, lenticular tubes, curved 
tapes). Combined folding methods can be used 
to form multiple beam element booms. 

Rolling beams on drums is a popular tech­
nique. The beam occupies little volume, in rela­
tion to its extended size, when stowed. It can 
be used for stowing beams of a variety of cross­
sections. The technique stresses the material so 
that the beam thickness is such that the yield 
strain is not exceeded; this limits the beam 
strength. Coiling can be considered a variation 
ofrolling. 

Telescoping beams for stowage is also a 
relatively common method. Their stowage 
efficiency ratio of stowed to extended height 
is relatively low; however, this can be improved 
by combining folding with telescoping. 

Table 7-7 shows the extension/retraction 
prime movers, which, when combined with the 
beam section and stowage technique, create a 
mechanism that can be used to operate the 
erection of the solar array. The prime movers 
can be interchanged, depending on the design 
constraints. 

Element Types. Table 7-8 presents abrief 
description of 20 unique linear element extend­
ible structures that incorporate combinations 
of the basic structural forms. Stowage tech­
niques and deployment techniques were given 
in the previous tables. 

While several boom types have been designed 
and developed as indicated, only a few have 
been used in actual deve10pmental or opera­
tional solar array systems. Table 7-9 identifies 
those designs along with the specific solar array 
design or satellite program. The preferred de­
signs include the following with reference to 
Table 7-8: 

• Extendible reel stored (Type 16) 
• Articulated or coiled lattice mast (Type 

(8/9) 
• Telescoping cylinders (Type 2) 
• Folding beam solid cross-section (Type 3) 
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Table 7-4. Basic Beam Cross-Section Forms.42 

--
STRUCTURE FO RM STRUCTURAL CHARACTERISTICS COMMENTS 

SOL I 0 
c::=J 

GOOD TENSION MEMBER, MOMENT OF INERTIA ECONOMICAL MATERIAL SECTION, FLAT SUR-
CHANGES IN ORTHOGONAL DIRECTIONS FACES FACILlTATE FABRICATION OF TRUSS 

OR IrrIIR< 

0 
FAT SECTION SUlTABLE FOR HIGH SHEAR PRIMARILY USED IN MECHANISMS; HOWEVER 
LOADS USEFUL FOR SHORT BEAMS OR STRUTS 

0 
FAT SECTION SUITABLE FOR HIGH SHEAR ECONOMICAL MAT'L SECTION, BEAM END FIT -
LOADS, CONSTANT MOMENT OF INERTIA INGS FABRICATED WITH SIMPLE DRILLED 

HOLES 

~ 
MOMENT OF INERTIA CHANGES IN ORTHOGONAL USUALLY A FORGEO SHAPE;USEO EXTENSIVELY 
OIRECTIONS AS A SIMPLE BEAM 

TUBES 
1i~1 

TORSIONALLY GOOD, PROVIOES DIFFERENT WIDELY USED IN ANTENNA STRUCTURES WHERE-
MOMENT OF INERTIA IN ORTHOGONAL AXIS IN WAVEGUIDE SERVES ITS NORMAL MICROWAVE 

FUNCTION AS WELL AS STRUCT IR ,PPORT 

D 
TORSIONALLY GO 0 0, PROVIDES EQUAL USED IN STRUCTURES WHERE FLAT SURFACES 
MOMENT OF INERTIA IN ORTHOGONAL AXIS FOR MOUNTING OR FABRICATION ARE DESIRED 

0 
TORSIONALLY STIFFEST TO WEIGHT FO RM ECONOMICAL, W 10 E L Y USEr; FORM COMMERCI-
AVAILABLE, CONSTANT MOMENT OF INERTIA ALU AVAILABE IN A BROAD SELECTION OF 

MATERIALS ANO ALLOYS 

0 
TORSIONALLY GOOD, PROVIDES DIFFERENT USUALLY PRODUCEO IN FABRICATION S HO P BY 
MOMENT OF INERTIA IN ORTHOGONAL AXIS FLATTENING A ROUND TUBE 

TRUSS TORSIONALLY GOOD, PROVIDES DIFFERENT COMMONLY USED IN BRIDGE TRUSSES OR ANY 
BEAMS C=:J MOMENT OF INERTIA IN ORTHOGONAL AXIS TRUSS WITH UNSYMMETRICAL LOADING 

D 
TORSIONALLY GOOD, PROVIDES EQUAL COMMONLY USEO WHERE L 0 A OS ARE SYMMETRI-
MOMENT OF INERTIA IN ORTHOGONAL AXIS CAL SUCH AS RADIO TOWERS 

~ 
TORSIONALLY GOOD, MOMENT OF INERTIA GENERALLY USED FOR SYMMETRICAL LOADS, 
MAY BE VARIEO IN ANY OF THREE DIREC- HOWEVER CAN BE MADE ASYMMETRICAL FO R 
TI 0 NS SPECIAL CONDITIONS ---------

Table 7-5. Beam and Beam Member Cross-Section Variations.42 

BEAM FORM VARIATION COMMENTS 

= v=::, LOW OUT OF PLANE STIFFNESS LlMI T THIS TO LOW BENDING AND TORSIONAL 
LO AO APPLlCATIONS. 

OPEN 
SECTIONS 

C 
LOW TORSIONAL STIFFNESS, HIGH PYNAMIC DAMPING, EVEN WHEN MADE TO OVER-
LAP. WIDELY USED AS SMALL DIAME,ER, LONG MEMBERS FOR ELECTROMAGNETIC 
ANTENNA. SEHRE THERMAL BENDING PROBLEMS. 

II 
BROAD RANGE OF SI ZES AND MATERIALS AVAILABLE. SUITABLE FOR STIFFENERS 
OR COMPONENT PARTS OF A BUILT-UP BEAM OR COLUMN. 

=u= SIMILAR TO ABOVE WITH SLlGHTLY IMPROVED BENDING STRENGTH. 

~ 
WIDELY USED AS STRUCTURAL BEAMS. IDEAL FOR HIGH BENDING LOADS ABOUT 
THE MAJOR PRINCIPAL A X I S 

"-_. 

~ 
AS ABOVE EXCEPT HIGHER FLANGE BUCKLlNG HA2ARD. SHEAR CENTER NOT 
COINCIDENT WITH C • G. 

0 0 APPROACHES THE STRUCTURAL CHARACTERIST ICS OF A THIN WALLED TUBE. EXACT 
MECHANICAL PROPERTIES DEPEND UPON INDIVIDUAL DESIGN. USUALLY <6 IN DIA 
AND WITH APPROX 250: 1 DIAMETER TO THICKNESS RA TI O. CRITICAL REVIEW OR 

ROUNO 

0 
APPLlCATIONS ARE REQUIRED TO MINIMIZE THERMAL BENDING PROBLEMS. 

TUBE 

[ ») ~ USUALLY IN THIN WALLED SECTIONS. BENDING LOAD CAPACITY VARIES WITH 
LATERAL CURVATURES. TES T DATA LIMITED, ANALYSIS METHOD NOT DEVELOP FO R 

'-..../ BEAM WITH SEALED EOGES. CENTER PIECE HELPS STABILIZE SHAPE, HENCE 
FLATTENED INCREASES STRENGTH AND STIFFNESS. HOWEVER INCREASED DRUM WEIGHT SHOULD 

TUBE =C> BE STUDIED IN A TRAOE-OFF. 

ß n USUALLY IN THIN WALLEO SECTIONS A ND LlMlTED INS! ZE TO 6 INCHES PER 

TUBULAR SI 0 E . 

OE L TA 
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Table 7-6. Extension/Retraction Methods.42 

PRIME STOWAGE BEAM SEClION 
MOVE R MET HO D FORM CHARACTERISTICS 

ElECTRIC CO REMOTE ACTUATION. CAPABlE OF MULTIPLE EXTENSIONS AND 
MOTOR 

.~ 
RETRAClIONS. SOME MODELS I NCORPORA TE TWO STORAGE REELS 
THAT ARE INTERCONNECTED ANO DRIVEN BY A COMMON MOTOR. 

0 
REEL STORED 

L~ cD 
REMOTE ACTUATION, CAPABLE OF MULTIPLE EXTENSIONS AND 
RETRACTIONS. U SES THREE STORAGE REELS INTERCONNECTED AND 
DRIVEN BY A COMMON MOTOR. 

~ 
REMOTE ACTUATION, CAPABLE OF MULTIPLE EXTlNSIONS AND 

"----J 
RETRAC TIONS. A SINGLE STORAGE REEL I S DRivEN BY THE MOTOR. 

6 
WIR E T R U S S I S FOLDED AND ROLLED UP ON A SINGLE, MOTOR 
DRIVEN REEL. 

~ 0 0 
REMOTE EXTENSION MAY BE ACCOMPLISHED BY MOTOR DRIVEN wlNCH 
ACTION OR A MOTOR DRIVEN HYDRAULIC SYSTEM. BEAM SEClIONS 
M A Y BE SOLID OR TRUSS. 

TELESCOPING L1D 

* ~ 
REMOTE EXTENSION MAY BE ACCOMPLISHED BY MOTOR DRIVEN WINCH 
ACTION OR BY A MOTOR DRivEN SCREW JACK IUSUALlY IN CONJUNC-' 
TION WITH MECHANICAL SPRINGS). 

( VARIOUS 

FOLDI NG 

MECHANI CAl 

~ 
SAME BEAM SPRING MOTOR POWERS EXTENSION ONLY, MANUAL RETRACTION 

SPRINGS SECTION USED REWINDS MOTOR. 
AS ELECl . 
MOTOR CONFI( 

REEL STORED 

~ 0 D 
SPRINGS OR SPRING MOTOR POWERS EXTENSION ON L Y , REGUIRES 
MANUAL RETRACTION. GENERALLY USED WITH A OAMPER TO CON-
T RO L EXTENSION DYNAMICS. 

0 ß TELESCOPING 

~ 
SPRINGS AT EACH JOINT EXTEND STRUCTURE,MANUAl RETRACTION REGO. 

~ 
MAY BE USED IN CONJUNCTION WITH AN ELECTRICAL MOTOR THAT 
WILL ASSIST IN EXTENSION AND CONTROL EXTENSION DYNAMICS. 

< VARIOUS 

FOLDING 

PNEUMATIC 

~ 0 
SLIDING SEAlS MAKE TELE,COPlr M~ST GAS TI G HT , GAS PRESS URE 

ISTORED EXTENOS CYLINDERS. MANUAL RETRACTION REGO. 
GAS) 

TELESCOPING 

~ 0 
SEAlEO TUB ES INFLATEO WITH GAS PRESSURE, MANUAl RETRACTIONREGO 

~ 
PNEUMATIC ACTUATORS MAY BE EMPLOYED TO ERECT HINGED JOINTS, 
AGAIN MUST BE RETRACTED MANUALLY. 

FOLDING VARIOUS 

• Simple pantograph (version of Type 5) very large arrays, the Astromast (Type 8 or 9) 
is preferred beeause of its struetural efficieney. • Lazy tongs (Type 4). 

Of those identified above, the Bistem (Type 
16) is used with great frequeney on moderate­
sized, deployable, flexible substrate arrays. For 

Blanket/Boom Arrangements. Regardless of 
the blanket stowage method (Le., roll-up or 
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Table 7-7. Basic Stowage Methods and Variations.42 

MET HO 0 VARIATIONS CHARACTERISTICS COMMENTS 

~ 
STOWS BY DISPLACEMENT ONLY, STOW SIMPLE, EFFECTIVE, AND WIDELY US ED, 
VOLUME IS APPROX. EQUAl TO LIGHT WEIGHT FOR MORE HEAVILY LOADED 
EXTENDED VOLUME. SYSTEMS. 

STOWS VERY COMPACTLY, REQUIRES MULTIPLE HINGE JOINTS REQUIRE PRUDENT 
LATCHES TO DEVELOP RIGIDITY. DESIGN TO MINIMIZE LOOSENESS. USUALLY FOLDED EXCELLENT DEPLOYMENT DEVICE SPRING LOADED AGAINST ADAMPER 

MECHANISM. 

~ 
STOWAGE CAPABILITY DEPENDS UPON NO JOINTS DR LATCHES REQUIRED TO PRO-
THE MATERIAL ALLDWABLE STRESS VI OE A RIGID STRUCTURE. COLUMN STRENGTH 
AND THICKNESS. INFLATABLES USING IS LIMITED BY MATERIAL THICKNESS,STOWED 
METAL FOILS STOW VERY COMPACTLY CONFIGURATION, AND ALLOWABLE STRESS. 

NO REMOTE RETRACTION. 

.~ 
BEAM IS WRAPPED AROUND A REEL USUALLY CAPABLE OF MANY EXTENSIONS AND 
AND ITSELF. REQUIRES A SECTION OF RETRACTIONS WITHOUT DEGRADING PERFOR-
THE BEAM REMAIN EXTENDED BUT MANCE, DEVELOPS FULL STRENGTH AT PARTIAL 

ROLLED S TOWS COMPAC TL Y. CAN BE SELF EXTENSION. COLUMN STRENGTH IS LIMITEO 
EXTENDING BUT USUALLY MOTOR DRIVEN BY MAT'L THICKNESS STOW CONFIG. & STRESS 

/ USUALLY SELF EXTENDING BY STORED CAPABLE OF MANY EXTENSIONS OR RETRAC-
SPRING ENERGY,ALTHOUGH SOME MOTOR TIONS WITHOUT OEGRAOING PERFORMANCE. 
DRIVEN MODELS HAVE BEEN USED COLUMN STRENGTH IS VERY LIMITED. 

--- -------~---

~ 
STOWED VOLUME FROM 20 TO 50 SIMPLE, FEW PARTS, MAKE DESIGN VERY TELESCOPED PERCENT OF EXTENDED VOLUME. RELIABLE. MAY BE TRUSSES, TUBES OR 
DESIGNS READILY AOAPT TO DEVELOP COMBINATIONS OF THE TWO 
I~~~B~~~BLE STRENGTH ON INDIVIDUAL 

Table 7-8. Extendible Structures.42 

NO. & NAME OF DESCRIPTION & OPERATION 
EXTENDIBlE ILLUSTRATION OF STRUCTURE & MECHANI5M FLiGHT EXPERIENCE 
STRuaURE (RETRACTION CAPABILITlES) 

CONCENTRIC TRIANGULAR TRUSS SECTIONS SUPPORTED BY fLlGHT EXPERIENCE: NONE 
ROLLERS. SECTIONS ARE EXTENDED AND LA TCH IN THE 
FULL EXTENDED POSlTION. (AN BE UNLATCHED AND 

I 

~ 
RETRACTED 

TELESCOPING 
TRIANGULAR 

TRUSS 

CONCENTRIC SOLID TUBES IN GRAOUATED DIAMETERS. FLIGHT EXPERIENCE: UNKNOWN 
SECTIONS ARE EXTENDED AND LATCH IN THE FUll 
EXTENDED POSITION. CAN BE UNLATCHED ANO 
RETRACTED 

2 I I I I FLiGHT EXPERIENCE UNKNOWN 

TELESCOPING 
CYLINOER5 

FliGHT EXPERIENCE: NONE 

SECTIONS MAY BE TRUSS, TUBULAR, OR SOLID: HINGES ON USED FREQUENTlY IN SPACE FlIGHT!, 

~ 
EITHER END AND LATCHES AT FUll EXTENSION. USUAllY USUAllY AS RELAT1VEl Y SHORT MEM.lERS. 
DEPlOYED BY A TENSION CABlE SYSTEM WITH PUllEYS AT (LESS THAN 30 F1.) 
EACH JOINT. CAN BE UNLATCHED AND RETRACTED. 

3 
FOlDING 

BEAM 

STRUCTURAl PANELS HINGED TOGETHER AND STABlllZED THIS CONFIGURATION USED EXTENSIVElY BY 
ATTACHMENT TO HINGED BEAMS AT THE EDGES. THE LOCKHEED TO DEPLOY SOLAR PANELS. 
HINGED BEAMS ARE SOMEWHAT LONGER FROM PIVOT TO 

-ZZZz::7 
PIVOT THAN THE STRUCTURAL PANELS. THE PANELS AliGN 

4 TO ACCEPT COLUMN LOADS. MAY BE LATCHED AT FUll 

LAZY EXTENSION, USUAlLY NOT RETRACTABLE ONCE LATCHED. THE PEGASUS SPACECRAfT DEPLOYEC FLAT-

TONG USUALlY SPRING-LOADED; MAY HAVE SCRE'N JACK ASStST- PANELS 14 BY 48 Fr (EACH WING) AS METEROID 
ANCE. COULD USE A TENSION CABlE SYSTEM AS IN NO. 3 DETECTORS USING THIS SYSTEM. 
BUT THE NUMBER OF JOINTS IS USUAllY HIGH. 

• THREE LAZY TONGS TlEO AT THE NODES WITH U-SHAPED FliGHT EXPERtENCE: NONE • CLIPS. MAY BE LATCHEO AT FUll EXTENSION. AS IN NO. 4, 
MOSTlY USED AS A SPRING-LOADED, NON-RETRACTING 
DEVICE tNVOlVING ONlY LIGHT COLUMN lOADS. MAY 

t><><>< b. 
US~ A SCREW JACK ASSIST WH ICH Will CONTROl 
DEPlOYMENT. 

5 
TRI AXIS 

PANTOGRAPH 



flat-pack), either two booms or a single boom 
can be used, as illustrated in Fig. 7-55. The single 
boom should be near the center line of the 
blanket, whereas in the two-boom scheme, the 
booms should be near either edge ofthe blanket. 
A two-boom scheme provides greater torsional 
rigidity than does the single-boom design. A 
single-boom scheme can be obtained in two 
ways-one with an offset boom and the other 
with a split blanket. In the offset design, the 
blanket is one piece and the boom is offset 
from the blanket plane. In the case of the split 
design, the blanket is split in two halves and the 
boom is placed in the plane of the blanket in 
between the two halves. A split configuration 
requires a longer blanket (and boom) than does 
the offset configuration for an array width to 

-

SOURCE DEVELOPMENT WORK 

TRI-EX TOWER CORP. , USED EXTENSIVEL Y IN EARTH APPLICATIONS SUCH AS 
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obtain an equal blanket area. Table 7-10 sum­
marizes blanket/boom arrangements for some 
developmental flight programs. 

7-19. Spring/Actuator Deployment Concepts 

Unlike the multitude· of concepts and configu­
rations associated with deployment booms 
discussed in Section 7-18, springfactuator 
systems are more straightforward. Typical 
components include torsion or compression 
springs at the hinge lines, dampers, a closed­
loop cable system to kinematically constrain 
and couple the deployment between panels, 
and a latch-up system. In the following, brief 
descriptions are given of springfactuator systems 
for a few operational arrays. 

GENERAL DESIGN COMMENTS 

TRIANGULAR SHAPE PROVIDES EXCELLENT STIFFNESS-TO-WEIGHT CHARACTER-
VISALtA, CAllFORNIA PORTABLE ANTENNA TOWERS. SIMPLE CONSTRUCTION 15 ISTICS. MEMBERS MAY BE SIZED-UP ACCORDING TO LOAD REQUIREMENTS AND 

QUITE ADAPTABLE TO SPACE USAGE PACKAGING ENVELOPE. VERY SIMPLE DESIGN ANALYSIS. AN EXTREMELY 
EFFICIENT BEAM IF THREE OR LESS TELESCOPIC SECTIONS ARE USED. LOOSENESS 
IN THE JOINTS WILL YIELD A NON-LINEAR SYSTEM AND MUST BE AVOIDED OR 
MINIMIZED. AN IDEAL BEAM FOR THERMAL BENDING WHEN USED WITH A CON-
STANT SUN ANGLE, AS EXPOSURE TO SUNLIGHT CAN BE NEARLY EQUAL ON 
ALL LONGITUDIONAL MEMBERS. UNEVEN SIDE HEATING CooLD PRODUCE DE-
FORMATION AND RESULT IN RETRACTION PROBLEMS. 

SANDERS ASSOC. INC., TELESCOPING MAST WITH INCREMENTAL EXTENSION; COlUMN LOADED THIN WALL TUBES ARE BEST USED FOR INTERMEDIATE LENGTH 
NASHAU, N.H. LATCHING AND RETRACTION UNLATCHING. TWO MODELS, BEAMS (LESS THAN 50 FT.l. INCREASES IN LENGTH RfQUIRE AN INCREASE IN 

21 FEET AND 30 FEET, HAVE BEEN BUILT AND TESTED. VERY TUBE DIAMETER TO MAI NTAIN A MINIMUM SLENDERNESS RATIO. SIMULTANE-
INTERESTING ACTUATOR/LATCH MECHANISM. OUSLY THE TUBE WALL THICKNESS MUST BE INCREASED TO MAI NTAIN A LOW 

l1/T RATIO TO AVOID LOCAL BUCKLING. CONSIDERABLE OVERLAP 15 REQUIRED 

ROYAL AIRCRAFT EST ABlISH- TWO MODELS OF PNEUMATIC OPERATED TO AVOID ROTATIONAL LOOSENESS. NONUNIFORM TEMPERATURfS WILL 

MENT, FARNSBOROUGH, U.K. 17-FT LONG TELESCOPING MAST CAUSE BENDING. CROSS-SECTION WILL NOT REMAIN CIRCULAR AND MUST BE 
ANALYZED FOR BINDING DURING RETRACTION. THERMAL CONTROL SURFACE 
MUST W!THSTAND SlIDING ABRASION CURING EXTENSION AND RETRACTION. 

TRI-EX TOWER CORP., USED EXTENSIVElY sN GROUNO APPUCATIONS UP TO 100 FT, 
VISALIA, CALIFORNIA "$KY NEEDLE TOWERS". USES MOTORIZED WINCH AND 

CABLES SYSTEM FOR EXTENSION 

BOEINGCO, , BOEING DID DEVELOPMENT WORK ON A 63-FT LONG SOLAR CHAR,ACTERISTICS ARE THOSE OF THE BASIC SECTION SELECTEDi MAY BE VERY 
SEATTLE, WASHINGTON ARRAY THAT DEPLOYED IN THIS MANNER. EFFICIENT, DEPENDING UPON THE DETAIL DESIGN. LOOSENESS IN THE JOINTS 

WILL RESULT IN A DYNAMICALLY NON-LINEAR SYSTEM AND MUST BE MINI-
FAIRCHllD HILLER CORP., FAIRCHILD HlllER BUILT A WORKING MOOEl36-H LONG MIZED. THERMALBINDING IS UNLIKElY. ALL OTHER THINGS EQUAL, THIS 
GERMANTOWN, MD. BEAM GENERALLY REQUIRES MORE STORAGE SPACE THAN A TELESCOPING BEAM. 

MOBILE AERIAL TOWERS INt., MANUFACTURE FOR GROUND USE A LlNE OF MOBILE AERIAL 
H. WAYNE, IND. TONERS TO ELEVATE MEN AND EQUIPMENT AS HIGH AS 

130 FT. SIMPLE CONSTRUCTION IS QUITE ADAPTABLE TO 
SPACE USAGES. 

LOCKHEED MISSILES & SPACE VERY COMPACT STOWAGE. THIS BEAM IS AN EFFECTIVE DEPlOYMENT DEVICE. 
COMPANY, PROP~R LOCKING OF PANELS IS REQUIRED TO CHANGE THE DEVICE INTO A 
SUNNYVALE, CALIFORNIA STRUCTURE. THE LARGE NUMBER CF JOINTS WILL PROBABLY LEAD TO A NON-

LINEAR STRUCTURE, WHICH MAKES MEANINGFUL DYNAMIC ANALYSIS 
DIFFICULT. 

FAIRCHILD HILLER CORP., A WORKING MODEL B-1/2-FT LONG OF ONLY THE LAZY 
GERMANTONN, MD. TONG (NO FLAT PANELS) WAS BUllT AND TESTED BY 

FAIRCHILD HILLER 

LOCKHEED MISSILES & SPACE A SMALL 5-FT LONG DEMONSTRATION MODEL HAS BEEN THIS IS A GOOD OEPLOYMENT DEVICE BUT A VERY POOR STRUCTURE, IN-
COMPANY, BUlll BY LOCKHEED. HERENTLY NON-LINEAR WITH LOW LATERAL AND TORSIONAL STlFFNESS. 
SUNNYVALE, CAlIFORNIA COlUMN STRENGTH IS UMITED BY THE EXTENSION MECHANIS~ OR EVEN IF 

LATCHEO IN THE EXTENDED POSITION, ALL OF THE STRUCruRAL MEMBERS ARE 
LOADED IN BENDING. THERMAL BENDING WILL BE SMALl IF BEAM SElF 
SHADING IS HELD TO A LOW VAlUE. VERY COMPACT STOWAGE. 
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Table 7-8_ (Continued) 

NO. & NAME OF DESCRIPTION & OPERAT ION 
EXTENDIBlE ILLUSTRAT ION OF STRUCTURE & MECHAN15M HIGHT EXPERIENCE 
STRUCTURE (RETRAOION CAPASILITlES) 

lWO LAZY TONGS CONNECTED WITH PANELS TO PRODUCE FllGHT EXPERIENCE: UNKNOWN 
A RECTANGULAR TRUSS BEAM WHEN EXTENDED; PANELS 

~ 
AliGN TC A((EPT COLUMN LOADS. MAY BE LATCHEO AT 
FULL EXTENSION: U5UAlLY NOT RETRACTABLE CNeE 

• LATCHfD. MAY USf A SCREW JACK ASSIST WHICH Will 
EXTENSIBLE (ONTROlDEPlOYMENT. 

TRUSS 
(PROPOSAl 
BASElINEj 

ijTI iJJ JII rmJlIlIJ 
FLAT RECTANGULAR PANELS JOINED LONGITUDINALLY BV FliGHT EXPERIENCE: UNKNOWN 
HINGES, INCORPORATING TORSION SPRINGS AND SUP~ 

7 PORrED BV FLANGES. HINGES OPEN INWARD AND OUT-
BOX BEllOWS WARD ON ALTERNATE PANELS. MAY BE LATCHEO AT FULl 

(JACK-IN- EXTENSION, USUALLY NOT RETRACTABLE. 
THE BOX) 

TRIANGULAR SECTIONS ARE RIGID: THE LONGITUDINAL FLiGHT fXPERlfNCE: UNKNOWN 

~ 
LINKS PIVOT AT EACH BAY. FOLDING rs ACHIEVED BY 

8 
LOOSENING ONE TENSION MEMBER (WIRE ROPE) IN EACH 
BAY: THE TENSION MfMBfR5 ARE LOCKED A$ EACH BAY 15 

A5TROMAST EXTENDED. RETRACTABLE. 
ARTICULATED 

LATTICE 

FIBERGLASS CONSTRUCTION WITH WIRE ROPE TENSION FllGHT EXPERIENCE: UNKNDWN 
MEMBEJl:S. lONGITUDINAL 5ECTIONS ARE CDNTlNUOUSI 
THE TRIANGULAR 8AY SECTIONS ARE RIGID AND PIVOTED 
ON THf lONGITUDIONAl MfMBERS. RETRACTABlE. 

~ 
FIBERGLASS BATTENS (SIDES Cf TRIANGULAR SECTION) ARE 

9 BUCKLED TO BEGIN COIllNG OPERATION. 
ASTROMAST 
COrLABlE 

LATTICE 

TRIANGULAR BOOM, PANTOGRAPH LINKS CONNECT THE FLiGHT EXPERIENCE: NONE 

~ 
lONGITUDIONAl MEMBERS. EACH lONGITUDIONAl 

10 MEMBfR HAS A LENTICULAR SECTION BETWEEN THE LAZY 
TRI TaNG NODfS SIMILAR Ta EXT. STRUCruRE NO. 12. THE 

EXTENDER LENTICULAR SECTIONS ARE FlATTENED THEN BUCKLED 
LMSC ALTERNATElY rNWARDjOUTWARD TO STQW. NOT 

RETRACTABlE 

SOLID SPRING WIRE CONSTRUCTION. TRIANGULAR SfC~ FLIGHT EXPERIENCE UNKNOWN 

\ZtZ ~ ~ ~frti~: 
TIONS WElDED TO LONGERONS. ONE lEG OF THE TRI~ 
ANGULAR SECTION 15 MADE TO FLEX (OR HINGEO) SO THAT 
THE REMAINING 2 SIDES (AN BE BROUGHT TOGETHER. THE 

11 
FOlDED BEAM CAN THEN 8E ROllED UP ON A REEl. REEl 
ROTATED 8Y ElfCT. MOTOR & GEAR TRAIN, RETRACTION TRIANGULAR 

~ 
ACCOMPUSHED 8Y REVERSING MOTOR. IF RETRACTION 15 

WIRE NOT REQD, SPRING FORCE (OR MOTOR) MAY 8E USED FOR 
EXTENSION. 

TWO PIECES OF SPRING TAPES ARE PRE~FORMED TO APPROX- FUGHT EXPERIENCE UNKNOWN 

02'0 
IMATE A HAT SECTION. THE TWO TAPES ARE WELDED TO-
GETHER AT THE FLANGES. THE SECTION IS fLATTENED AND 
ROLlED UP ON A REEl fOR STOWAGE OR CAN BE lOCAll Y 

" FLATTENEO AND BENT IN A FIRE HOSE FOLD. THE MOTOR 
LENTICULAR DRIVEN REEL WOULD 8E RETRACTA8lE; THE FIREHOSEFOLD 

WELDED WOUlD NOT BE RETRACTABlE. 
"AM 

BEAM COMPOSED Of 3 SPRING TAPES WITH EDGf FLANGES NO FUGHT EXPfRIENCE 

>=~ 
CONTAINING VElCRQ TAPE AND SNAP FASTENERS. TAPES 
RQlL-UP ON REElS ARRANGED A80UT THE 8EAM CENTER~ 
UNE. REELS ARE INTERCONNECTED & ROTATED BY ElECT. 

13 
MOTOR & GEAR TRAIN, RETRAClION ACCOMPLISHEO BY 
REVERSING MOTOR. 

TRIBEAM 

A (LMSC) » ), 'I 
'I ~_'iI \.::: =---~ 

0 

O§- 3 PIECE BEAM, TWO OUTER PRE-FOII:MED SPRING TAPES ARE FUGHT EXPERIENCE UNKNOWN 
FLATTENED & ROlLED-UP ON REELS. THE CENTER (FLAT) 

8==8==== • 
SPRING TAPE WITH EDGE INDEX HOLES & SlOTS IS ALSO 
STOREO ON A REEl. THE EDGES Cf THE 3 TAPES INTERLOC" 
AS THE BEAM EXTENDS. REElS ARE INTERCONNECTED & 14 ROTATEO 8Y AN ElEeT. MOTOII; & GEAR TRAIN. RETRAC-INSTARECT 

I 
(SANDERS) c::: :::::) ~ lION ACCOMPLISHED 8Y REVERSING MOTOR. 

2 PIECES OF PRE-FORMED SPRING TAPES ARE FLATTENEO & SIX UNITS (60 TO 120 FT lONG) WERE FlOWN 
ROLLED-UP ON REELS. THE EDGES OF THE TAPES INTER- ON NRL GRADIENT EXPERIMENT SATELLITES. 
LOCK AS THE 8EAM EXTENDS. REElS ARE INTERCONNECTED 
& ROTATED BY AN ELECT. MOTOR & GEAR TRAIN. RETRAC-

" ~I 0 lION ACCOMPUSHEO 8Y REVERSING MOTOIL 

INTERLOCKING 
EXTENDIBlE FOUR (750 FT LONG) EOGElOCK TEES WERE 

REEL USED ON RAE, 38 FT lONG HINGHOCK USED 
STORED ON OGO AND FRENCH SATELLITE n:-2 EDLE. 

~ 
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SOURCE DEVElOPMENT WORK GENERAL DESIGN COMMENTS 

FAIRCHILD HlllER, SPACE AND A SMAlL DEMONSTRATION MODEL HAS BEHIBUILT SV VERY COMPACT STQWAGE. PRUDENT LATCH DESIGN WILL MAKE THIS A 
ElECTRONICS SYSTEMS FAIRCHllD HILLER, SPACE ANO ELECTRONIC~ SYSTEMS REASQNABlY STIFF STRUCTURE. HOWEVER IT WILllNHERIT SeME LESS 
DIVISION, DIVISION. THIS CQNFIGURATIQN 15 AN EXTENSION OF DESIREABLE STRUCTURAL QUAllTIES SUCH A$ NOW LINEARITY ANO lOW 
GERMANTOWN, MD. THE PRINCIPlES USED TO OEPLOY THE SOLAR ARRAY IN THE TORSIONAL STlFFNfSS. LATCHES M.AKE RETRACTION MORE DIFFICULT, LE5S 

PEGASUS SPACECRAFT. RELIABLE, SElF SHADING MAY PROOUCE EXCESSIVE THERMALBENDING AND 
MAY INDUCE BINDrNG IF RETRACTION 15 ATTEMPTED. 8EAM 15 NOT RIGID 
UNLE55 FUllY EXTENDED. 

lOCKHEED MISSILES & SPACE SMAll DEMONSTRATION MODELS HAVE BEW BUllT BY VERY COMPACT STOWAGE. BASIC DESIGN PROVIDES GOOD TORSIONAl 
COMPANY, ~~Kp~~~~DA~~~~~I~H~~l~~~'uj-~~~~if~So~~~El STlffNESS. HOWEVER, THE HIGH l/B (SLENDERNESS RATIO) AND THE LOW BIT 
SUNNYVALE, CALIFORNIA (LOCAL STIFFNESS) REQUIREMENT MAKE THIS STRUCTURf VERY INEFFICIENT FOR 

COMPACTLY. LONG BEAMS. HOLES, AT LEAST ON THE SUN SIDE, ARE PR08A8LY RE.QUIRED 
FAIRCHILD HllLER, SPACE TO MINIMIZE TEMPERATURE DIFFERENCES. EFFECT OF NONUNIFORM TEM~ 
& ELECTRONICS SYSTEMS PERATURES ON ABILITY TO REFOLD WOULD HAVE TO BE EVALUATED. BEAM IS 
DIVISION, NOT RIGID UNLESS FULL Y EXTENDED, 
GERMANTOWN, MD. 

ASTRO RESEARCH CORP., MANY APPLICATIONS ON EARTH F~OM 30 TO 100 FT LONGi COMPACT STOWAGE. THIS BEAM CAN BE MADE AS EFFICIENT AS THE BASIC 
SANTA BARBARA, CALIFORNIA BOTH CIVIL AND MILITARY. EXCEPT FOR ONE CASE THE : TRIANGULAR TRUSS, WI!H HIGH STiFFNESS TO WEIGHT RATIO, BEAM IS AT 

BOOMS ARE MANUALlY ERECTED AND RETRACTED. A FULL STRENGTH AT ALL liMES DURING DEPLOYMENT. REMOTE (AUTOMATlC) 
DEVHOPMENTAL UNIT OF A 30-fT HIGH, REMOTElY DEPLOYMENT MAY BE MORE COMPLICATED THAN REQUIRED FOR OTHER 
ACTUATfD (ERECTING AND RETRACTION) MODEL HAS 8EEN DEPLOYABlE STRUCTURES, UNifORM SOLAR ILLUMINATION IS BEST ACHIEvED 
DElIVERED TO THE US ARMY, ALUMINUM O~ STAINLESS IN A TRIANGULAR OPEN TRUSS BEAM. 
STEEllS USED FOR THE RIGID MEMBERS AND STAINlESS 
STELL WIRE ROPE FOR THE TENSION MEMBERS. 

ASTRO RESEARCH CORP., ONE fllGHT UNIT OF A 10 INCH BY 100 FT /\.\AST WAS COMPACT STOWAGE, LINEAR SYSTEM, HIGH STIFFNESS TO MASS RATIO. 
SANTA BARBARA, CALIFORNIA DElIVERED TO NASA, HOUSTON FOR U5E IN A LUNAR BEAM 15 AT FULL STRENGTH AT ALL TlMES DURING DEPLOYMENT. HOWEVER, 

EXPERIMENT AS PART Of THE APOLLO PROG~AM (EX~ THIS BEAM IS lIMITED TO LOW LOAD APPLICATIONS. AS THE LOAD INCREASES, 
PERIMENT CANCELLED) A 6 INCH BY 13 fOO":" COILABlE THE REQUIRED DIAMETER OF THE lONGERON INCREASES AND QUJCKLY 
MAST WILL BE DELIVERED TO GOODYEAR AHOSPACE BECOMES TOO STIFF TOCOIL IN A REASONABLE STORAGE f. ~EA. LOW TEMP-
CORP. AS PART OF A SCALE MODEL OF THE LOFT (LOW I ERATURE BENDING CHARACTERISTICS MAY BE A PROBLEM. THl, 'JW THERMAL 
FREQUENCY RADIO TELESCOPE) CONDUCTIVITY OF FIBERGLASS WILL ACCENTUATE TEMPERATURE, . JN-

UNIFORMITY. PLASTIC WILL REQUIRE A PROTECTIVE _ THERMAL co ... ~ING TO 
RESIST U.V. ETC. DAMAGE. 

lOCKHEED MISSILES & SPACE TWO MODELS BUILT, THE FIRST WITH 5-INCH BAYS COMPACT STOWAGE, LINEAR SYSTEM, AN EXCELlENT STlFFNESS TO MASS 
COMPANY, (5 MYS HIGH) USED LUFKINS TAPES (SEM 1- RATIO IS ACHIEVED WITHOUT THE COMPUCATION OF LATCHES. THE 
SUNNYVAlE, CALIFORNIA LENTICULAR CROSS-SECTION) AS THE LONGITUDINAL lONGERONS BEND TO STOW BUT THE SECTION TO BE BE NT IS FIRST FLATTENED 

MEMBERS. THE SECOND MODEL HAS "o-INC; saUARE WHICH LOWERS THE STRESSES SIGNIFlCIENTlY. HOWEVER, THE BENDING WILL 
BAYS WHEN EXTENDED (3 BAYS OR ID-FEET Tt>.lL) AND LIMIT THE COLUMN lOADING SOMEWHAT. BROAD LENTICULAR SECTIONS 
IS MADE ENTlRElY OF ALUMINUM, DEVElor'MENTAL M.A,Y CAUSE MORE SElf SHADING THAN CIRCULAR SECTIONS. THE 8EAM IS 
WORK IS UNDERWAY TO REPLACE SOME CF THE NOT RIGID UNlESS FUlLY EXTENDED. NO REASONABLE RETRACTION SYSTEM 
ALUMINUM LAZY TONG MEMBERS WITH A G'V,PHlTE- HAS BEEN PROPOSED FOR THIS BEAM. 
EPOXY COMPOSITE. 

MARTlN MARlETTA SOME DFVELOPMENT WORK DONE, REQUIRES DIAGONAL MEMBERS TO ACHIEVE REASONABLE TORSIONAL STIFFNESS. 
DENVER, COLO, EXACT sr ATUS UNKNOWN BENDING STRESSES IN LONGERONS DURING STOWAGE WILL LIMIT THEIR SIZE 

AND CONSEQUENT COLUMN LOADING CAPACITY. ANY THERMAL CQNTROL 
SURFACES MUST RES IST ROlliNG ABRASION AND FLEXINGi HOWEVER, THIS 15 AN 
EXCELLENT DESIGN TO MINIMIZE THERMAl DEFLECTIONS. MINIMUM 
DEPLOYMENT/RETRACTION PROBLEMS ARE ANTlCIPATED. LINEAR DYNAMIC SYS-
TEM, FULL-BEAM STRENGTH COULD BE DEVELOPED AS THE 8EAM EXTENDS. VERY 
COMPACT STOWAGE. 

BOEING CO., TRADE NAME MAST; DEVElOPMENTAL MODEL 2O-FT LONG; LINEAR DYNAMIC SYSTEM, VERY COMPACT STOWAGE, BOOM, DEVELOPS FUll 
KENT, WASH FABRICATED AND TESTED 8Y BOEING, STRENGTH AS IT IS DEPLOYED. TH1S BEAM IS GOOD FOR MEDIUM LENGTH 

ASTRO RESEARCH CORP. A DEVElOPMENTAL MODEL (20-FT LONG 2.3 IN. DIA) HAS APPlICAT10NS (LESS THAN 50 FT). AS LENGTH INCREASES THE BEAM BECOMES 
SANTA 8AR8ARA, CAUFORNIA 8EEN DEUVEREO TO MARTIN MARlETTA FOR EVALUATION, INEFFICIENT FOR COLUMN LOADS. THE MOMENT OF INERT IA OF THE 8EAM 

RYAN AERONAUTICAL CO, NO LONGER MANUfACTURES SECTION MAY BE INCREASED IN ONE DIRECTIONWITH VERYLlTTlE EFFECT ON 

TH1S BOOM AND MUCH CF THE RYAN TECHNOLOGY HAS STOWAGE VOLUME OR STRESSES. WELDED JOINTS SIMPllFY THERMAL ANALYSIS, 

BEEN ASSUMED SY THE ASTRO RESEARCH COII;P. HOLE PATTERN PR06A8lY REOUIRED, THERMAL COATINGS MUST WITHSTAND 
ROLLING ABRASION. THIS AND SIMILAR 8EAMS COUlD HAVE ATHERMAL COM-
PENSATING CURVE BUllT IN. 

LOCKHEED MISSILES & SPACE TWO GENERATIONS OF ENGINEERING MODELS HAVE 8EEN HIGH DYNAM1C DAMPING, fAIRLY COMPACT STOWAGE. FOR MEDIUM lENGTH 
COMPANY, BUILT AND DEMONSTRATED. SEVERAL8EAM SECT10NS HAVE THIS IS A GOOD SELECTION. AS THE lENGTH APPROACHES 50 FT THE TRIBEAM 
SUNNYVALE, CAllFORNIA BEEN FABRICATED AND SUBJECTED TO STRUCTURAl AND 8ECOME5 INEFFICIENT FOR 51GN1FlCANT COlUMN LOADS, REQulRES HOLES TO 

THERMAL TESTS. MINIMIZE THERMAL DEFlECTION. INSIDE Ai'D OUTSIDE REQUIRE ROLLING 
ABRASION RESISTANT THERMAL COATINGS. POOR THERMAL CONDUCTION 
THROUGH THE VELCRO TAPES 5HOULD CAU5E NO MAJOR PROBLEMS, IF ADEQUATE 
HOLE PATTERN IS USED, ESPECIAlLY WHEN USED WIlH A CONSTANT SUN ANGLE. 

SANDERS ASSOCIATES INe. TWO GENERATIONS OF ENGINEERING MODELS HAVE BEEN LINEAR DYNAMIC SYSTEM, fAIRl Y COMPACT STOWAGE. AGAIN A MEDIUM-
NOSHAU, N,H. BUILT, TESTED AND DEMONSTRATED, BEAM MA·-ERIAl FULl LENGTH BEAM CANDIDATE, HIGH R/T RATlOS IN THE CURvtD SHEETS AND HIGH 

HARD 302 STAINlESS STEEl, -40 FT LONG BY APPROX, BIT RATIO ON FLAT SHEET LIMIT THE COLUMN LOAD CAPACl, NOT lIKELY 
3 BY 4 INCHES CROSS SECTION. EFFlC1ENT IN lENGTHS GREATER THAN 50 FT. THE BEAM MOM!-:l. ~ OF INERTlA 

CAN BE INCREASED IN ONE DIRECTION WITH llTTLE EFFECT ON SI, 'NAGE 
VOLUME OR STRESSES. SU8JECT TO LARGE THERMAL DEFLECT10NS I~ CENTER IS 
SOLID. TEMPERATURE GRAD1ENTS DlfFlCULT TO PREDICT BECAUSE OF UNCER-
TAINTY IN EDGE CONTACTS AND COMPLEX INNER STRUCTURE. HOLES MAY BE 
REQUIRED IN ALL THREE TAPES. 

SPAR AEROSPAGE TRADE NAME INTERLOCKED BI STEM, TWO INCH DIA MODEL LINEAR DYNAMIC SYSTEM, VERY COMPACT STQ'NAGE. THIS BEAM (CONSIDERED 
PRODUCTS LTD. COMPLETED AND DEMONSTRATED. STUDIES IN "'ATERIAL AS A SOLID TUBE) IS GOOD FOR SHORT TO MEDIUM LENGTH APPLICATIONS 
ONTARIO, CANACA AND lARGER DIA MODELS. (LE5S THAN 50 FT). AS LENGTH INCREASES THE BEAM BECOMES INEFFICIENT FOR 

COLUMN LOADS. TEMPERATURE PREDICTION UNCERTAINTY IS INCREASED IF THE 
SUN DOES NOT SHINE SYMMETRICAllY ON THE INTERlOCKING llNE, HOLE 
PATTERN MAY 8E REQUIRED TO Q8TAIN REA50NABLE THERMAL DEFlfcnONS. 
ROll A8RASION RESISTANT THERMAL COATINGS ARE REQUIRED. 

FA1RCHILD HILlER, TRADE NAME:', tL>GElOCK AND HINGELOCK TE:. A SIX 
GERMANTOWN, MD, INCH DIA MODEL COMPLETED AND DEMONSTRATED, A 

TWO INCH MODEL IN NON-MAGNETIC STAINLESS STEEL 
COMPLfTED FOR NASA, GOODARD CONTAINS 12 
CONDUCTORS. 
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Table 7-8. (Continued) 

NO. & NAME OF DESCRIPTION & OPERATION 
EXTENDIBlE ILLUSTRATION Of STRUcrURE & MECHANISM HIGHT EXPERIENCE 
STRUaURE (RETRACTION CAPABILITIES) 

3 
PRE.fORMm SPRING TAPE (OR TAPES) ARE flATTENEO AND USED AS ANTENNA, GRAVITY GRADIENT 
ROllED UP ON A REEl FüR STQWAGE. THESE ARE THE BOOMS, ACTUATORS, He. APOLLO, AIS, 

• SJMPlEST OF THE REEl STOREO 8EAMS. THE REEllS DODGE, MARINER AND MANY MORE SPACE· 
RQTATED SV AN ElEeT. MOTOR & GEAR TRAIN. RETRAC- CRAFT APPLICATIONS, 
llQN 15 ACCOMPlI5HED SV REVERSING MOTOR. USED AS ANTENNAS, GRAVrTY GRADIENT 

I. 

~ I 0 
BOOMS He. ON RAf, OGO, NIMBUS & 

EXTENDIBlE OTHERS. 
REH UNKNQWN, 

STOREO 
UNKNOWN, 

UNKNOWN, 

0- TUBE 15 fORMeD sv A HELICAlLY PRE~STRESSED SPRING USED TO EREeT FÜll SUNSHIELD QF CENTRAL 
TAPE WHOSE OVERLAPPING COILS FORM A RIGID TUBE CONTROL STATION ON APOLLO LUNAR SUR-

• WHEN EXTENDED. MAY BE SELF-EXTENDING OR MOTOR FACE EXPERIMENTS PACKAGE, 
17 DRIVEN, THE MOTOR DRIVE CONTROLS DEPLOYMENT 

SPRING 

~'\ '\ ~ 0 SPEED AND PERMITS REMOTE RETRACTION, 
HELIX 

~. 
GAS TlGHT TUBES (MYLAR, FOIL, MYLAR) ARE FLATTENED SEVERAL LOOP ANTENNAS, 6 TO 9 FT DIA, 
AND FOLDED FOR STORAGE; AN EXTERNAL GAS SUPPLY WERE FLOHN ON THE OGO SERIES (STANFCRD 

t INF\..ATES AND UECTS (AND REMOVES THE WRINKLES) THE UNIVERSITY EXPERIMENTS). ALL WERE SINGLE 

18 TUBES. THE ALUM. FalL SANDWICHED IN MYLAR THEN IS TUBES 1 TO 2 IN, DIA. A MECHANISM CON-

INFLATABLES 

~ ) 0 
A THIN-WALLED TUBE AND LENDS ITSfLF TOANALYSIS. TAINING A COLUMN OF MULTIPLE TUBES 10 FT 
GAS PRESSURE IS RELIEVED WHEN THE SYSTEM REACHES LONG WAS SUCCESSFULLY DEMON::;TRATEO ON 
EQUILIBRIUM, MAY BE USED AS A MULTIPLE-TUBE SYSTEM CLASSIFIED MISSIONS. 
STlFFENfD BY SPACERS AND GUY WIRES. ARE USUALLY NOT 
RETRACTABLE, 

TWO SYSTEMS ARE SHOWN: (A) ASOLID CORE OF RIGID FLiGHT EXPERIENCE UNKNOWN 
FOAM IS FORMED INSIDE A FABRIC FORM WHILE RESTRAINED 

f I 0 BY ADlE. THE PRESSURE OF THE FOAM FEEDS IN THE FABRIC 
FORM AS PiE RIGID FOAM IS FORCED OUT THE OPPOSITE 
END; (8) PRE-TREATED GELATlNE-GLASS FIBER LAMINATED 

19 TUBES MADE flEXIBLE WITH A SOFTENING AGENT. THE FLiGHT EXPERIENCE UNKNOWN 

RIGIDIZED TUBES ARE GAS-INFLATED IN SPACE AND THE SOfTENING 

INFLATABLES 

~ I 
AGENT EVAPORATES, LEAVING THE ruBES STIFF. COMPLETE 
RIGIDITY 15 ACHIEVED IN 10 TO 20 HOURS. IS NOT 
RETRACTABLE. FLiGHT EXPERIENCE UNKNOWN 

• .crr:=rr= 1I 11 I! I! A • CYLINDRICAL SECTIONS WITH SPHERICAL SEATS ON EACH FLiGHT EXPERIENCE UNKNOWN 
END, ALTERNATEWITH BALLS; ENTIREASSEMBLY HAS 
CENTER HOLE TO ACCEPT FLEXIBLE TENSION MEMBER. THE 

20 

00:1 OLJ 
TENSION MEMBER IS FIXED TO ONE Ef';ID; TENSION REACTED 

FLEXIBLE AGAlr~ST THE OPPOSITE END CAUSES THE LOOSE PARTS TO FLiGHT EXPERIENCE UNKNOWN 
TfTHER ALiGN AND FORM A STRAIGHT COLUMN (THE SHaHEST 

LENGTH OF (ABLE). 

Table 7-9. Most Favored Boom Types. 

Solar Array/ 
Boom Type Satellite Program Array Type Notes 

Extendible • CRC/CTS Foldout flexible 
reel Hughes/FRUSA Rollup flexible 
storage • 

• AEG/ROSA RoUup flexible Bistem 

• AEG/DORA Rollup flexible 

• GE/JPL 30 W/LB Rollup flexible 

Articulated • LMSC Space Foldout flexible 
lattice Station Astromast 
mast • GE/JPL 50 W/LB Foldout flexible 

Telescoping • RAE Foldout flexible 
cylinder • X4 Satellite Foldout flexible 

Folding • Skylab, Orbital Foldout rigid 
beam Workshop 

Lazy tongs • Skylab, Apollo Foldout rigid 
Telescope Mount 

Pantograph • SNIAS Foldout flexible 
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SOUII:CE DEVELOPMENT WQRK I GENERAL DESIGN COMMENTS 
\ 

SPAR AEROSPACE TRADE NAME STEM AND BI STEM (STORABLE TUBULAR LINEAR DYNAMIC SYSTEM, VERY COMPACT STOWAGE, lOW TQRSIQNAl STlFF-
PRQOuCTS LTD. EXTENDIBlE MEMBER). SELF-EREGING MODEL THAT NESS. AS ABOVE, INEFFIClfNT IN LONGER lENGTHS. TEMPERATURE PREDICTIQN 
ONTARIO, CANADA 1$ STOWED SV CQILlNG INSIDE A CYLINDER 15 CAtlED 15 MORE DIFFICULT BECAU5E THE JOINT THERMAL CONDUCTANCE IS UNLIKElY 

"J!,CK-IN-THE-BOX" . TO BE REPEAT ABLE. HOlE PATTERN MAY BE REQUIRED TO OBTAIN REASONABlE 

FAIRCHILD HILLER TRADE NAME TEE (TUBULAR EXTENOtBlE ELEMENTS) A DOUBLE THERMAL DEFLECTIONS. ROLL ABRASION RESISTANT THERMAL (OATINGS 
REQUIRED. 

GERMANTOWN, MD. MODEL WITH A CROSS·SECTION RESEMBLING THE FIGURE 8 
FABRICATED AND DEMONSTRATED, I 

GENERAL ELECTRIC CORP, TRADE NAME MOLY ROD I MSD, VAllEY FORGE, PA, 
GENERAL DYNAMICS/CONVAIR TRADE NAME SCREEN BOOM 
DIV" SAN DIEGO, CA i WESTINGHOUSE DEFENSE & 
SPACE CENTER, AEROSPACE D!V, j BALTIMORE MD, 

AMETEK/HUNTER SPRING CO, TRADE NAME STACER, TWIN MOTOR-DRIVEN STACERS WERE I VERY COMPACT STOWAGE, VERY LOW AXIAL AND TORSIONAl STiFFNESS, 
HATFIELD PA, USED TO EXTEND A NASA EXPERIMENTAL SOLAR ARRAY I COLUMN LOAD CAPACITY, LATERAL AND TORSIONAL STIFFNESS DEPEND ON 

APPROX, 9 FT. I FRICTIONAL FORCES EXISTING BETWEEN OVERLAPPING LAYERS. NO REllABlE 
I METHOD OF ANALYSIS HAS ßEEN ESTAßLlSHED. STIFFNESS WILL BE DERIVEn 
MAINlY BY TESTS. ROLL AßRASION-RESISTANT THERMAL COATINGS REQUIRED, 
MATERIAL CONTINUITY AND THE RESULTING SPIRAL THERMAL CONDUCTANCE 
PROBABLY RESULTS IN LONERTHERMAl DEFLECTIONS THAN A NON CONTlNUOUS 
TUBE SECTlON, 

lOCKHEED M,S,C, HIGH DAMPING; PROBAßlY A NON-LINEAR SYSTEM; VERY COMPACT STOWAGE. 
SUNNYVALE, CALIFORNIA STRENGTH AND STIFFNESS VARY GREATLY AS THE STRUCTURE 15 FOlDED MORE OR 

LESS, I, E., THE WRINKlED CONOITION OF THE FOll, EMPIRICAl RESOLUTION 
MUST BE USED TO ESTABLISH FOLDING TECHNIQUES ANO LIMITS, MYLAR DE-
GRADES WHEN EXPOSED TO U. V" SO A PROTECTIVE COATING MUST BE USID, 
LARGE FRONT -TO-BACK TEMP .GRADIENTS ARE l1KEl Y, PARTICULARl Y IF MULTI-
PLE TUBE SYSTEM IS USED, ADHESION OF THERMAL CONTROl SURFACE TO THE 
MYlAR MAY BE DIFFICULT TO ACHIEVE, 

GOOOYEAR AEROSPACE CORP, DEVELOPED ASERIES OF INFLATABLE RIGIDIZED STRUCTURES HIGH DAMPING, LINEAR SYSTEM, CONVENIENT STQWAGE SYSTEM, FOAM 
AKRON, OHIO FOR AERO PROPULSION LAB, USING DACRON FAßRIC RIGI- MATERIALS HAVE A VERY LOW YOUNG'S MODULUS, TO MAKE UP THAT 

DIZED BY EXPOSING A URETHANE RESIN TO MOISTURE IN THE DEFICIENCY, A LARGE AMOUNT OF FOAM MUST BE PROVIDEO, THEREIN DEFEAT-
INFLATING SYSTEM, ING THE ADVANTAGE OF US1NG A LOW DENSITY MATERIAl. lARGE FRONT-TO-

BACK THERMAL GRADIENTS ARE LlKEl y, THERMAL CONTROl SURFACE APPLlCA-
LOCKHEED M,S,C. DEVELOPED FOR NASA AN ORBIT AL ESCAPE DEVICE USING TlON MAY BE A PROBLEM, 
SUNNYVAlE, CALiFORNIA IMPREGNATED FIBERGLASS THAT HARDENED SY APPLICATION 

OF HEA T OR VACUUM, 

MESSERSCHMITT-BOlKOW- DEVELOPED A RIGIDIZED STRUCTURE TO SUPPORT A 215 SQ FT 
BlOHM GMBH, SOLAR ARRAY, USES GELETlNE-GlASS TUBES AND INFLATION 
MUNICH, GERMANY 

GENERAL ELECTRIC MSD 
VALLEY FORGE, PA, 

ILLINOIS INSTITUTE OF 
TECHNOLOGY, MECHANICAL 
ENGINEERING DIV, 
CHICAGO, Ill. 

a) BlANKET DEPlOYED BY 
rwo BOOMS 

--~--

BLANKET BOOM 

SYSTEM EVAPORATES THE SOFTENING AGENT. 

WORKING MODELS HAVE BEEN DEMONSTRATED ON THE 
GROUND AND UNDER WATER WITHOUT ANY REPORTED 
PROBLEMS, 

DEVELOPED A COLLAPSIBLE CANE THAT WORKS ON THIS 
PRINClPLE, 

BOOM 
(WITH AXIS IN THE 
PLANE CF BLANKET) 

b) sPur BLANKET WITH 
SiNGLE BOOM 

c) BLANKET WITH 
OFFSET BOOM ~ ~ lBOOM BLANKE! 

OFFSET 

Fig. 7·55. Different arrangements for deployable solar 
cell arrays. 

FL TSATCOM Array. This solar array structure 
was described in Section 7-11. The array con­
sisted of two deployable wings attached to the 
spacecraft through a hinged boom. Each wing 
consisted of three panels. In the 1aunch con­
figuration, the six panels were folded around 

POOR STORAGE CHARACTERISTICS (THE STOWED VOLUME IS EQUAL TO THE EX-
TENOED VOLUME), THE TETHER REQUIRES THE CONCENTRATION OF MASS TO BE 
NEAR THE CENTER OF THE BEAM, RESULTING IN A POOR STRUCTURE FOR STIFF-
NESS, THERMAL DEFLECTIONS ARE DEPENDENT UPON MATERIAL AND THlCKNESS 
OF STRUCTURE, 

I 

the six sides of the spacecraft. Pyrotechnic 
devices were used to secure the panels during 
the launch and release them upon command. 
Hinge fittings were incorporated at three loca­
tions for each panel. 

The array dep10yment sequence was com­
posed of two discrete events. (See Fig. 7-32 
from Section 7-11). Outer panel release was 
accomplished by actuation of four sets of 
redundant bolt cutters. Deployment springs 
at each panel hinge actuated the outer panels 
to deploy 60° to form a plane with the center 
panel of each wing. Spring latches were incor­
porated at the hinges to provide structural 
latch-up of the panels (see Fig. 7-56). When the 
outer panels were latched, the two wings were 
released to deploy by the force from actuator 
compression springs that were incorporated 
at the boom hinges, located at both ends of 
the boom (one at the base of the array wing, 
the other at the solar cell array drivejspacecraft 
sidewall interface, as shown in Fig. 7-57). The 
boom and array panels of each wing were 
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Table 7-10. Blanket/Boom Arrangement in Developmental Arrays or Satellite Programs. 

Program Blanket Type 

CRC/CTS Foldout 

Hughes/FRUSA Rollout 

AEG/ROSA Rollout 

AEG/DORA Rollout 

GE/ JPL 30 W /LB Rollout 

LMSC/Space Station Foldout 

GE/JPL 50 W/LB Foldout 

RAE Foldout 

X4 Sate Uite Foldout 

Skylab ATM Foldout 

Skylab OWS Foldout 

SNIAS Foldout 

kinematically constrained to deploy sym­
metrically through the use of a constraining 
cable and pulley mechanism that passed along 
the length of the boom. 

Matra Array. This solar cell array design, de­
scribed in Seetion 7-13, consisted of four rigid 
substrate panels and a yoke that were flat­
packed and prestressed against the spacecraft 
wall by a spring-loaded rod (see Fig. 7-58). 

Two hinges on each hinge line carried the 
pulley of the deployment linkage constraint 
mechanism. Also located along the hinge edge 

HINGE FITTING 

TOP AND BOTTOM 
HINGES 
ARE SIMILAR 

Boom Type Blanket/Boorn 
(no. per wing) Arrangement 

Bistern (1) Single/Offset 

Bistern (2) Single/In-plane 

Bistern (2) Single/In-plane 

Bistern (2) Single/In-plane 

Bistern (1) Split/ln-plane 

Astromast (1) Split/ln-plane 

Astromast (1) Split/ln-plane 

Telescoping (1) Split/ln-plane 

Teles coping (1) Split/ln-plane 

Lazy Tong (2) Single/In-plane 

Folding Bearn (2) Single/Offset 

Pantograph (1) Single/Offset 

of the panels (but separate from the hinges) 
were two torsion spring fittings, as shown in 
Figs. 7-59 and 7-60. Upon activation of the 
array hold-down system, the panels deployed 
outward through the stored energy in the 
spring fittings. 

The deployment was controlled through 
the use of a direct linkage between the relative 
motions of each hinge line, thus reducing the 
deployment to a one-degree-of-freedom process 
(see Figs. 7-60 and 7-61). The linkage system, 
comprised of a pulley and a belt, was attached 
along alternate sides of adjacent panels. Aspring 

SUN SENSOR 
FITTING 

i I 
I' 
11 

FRAME ELEMENT: I 

O.OO21HICK LAYER OF 
181 GLASS FIBER CLOTH 
THIS SIDE ONL Y 

SECTION A-A 

Fig.7-56. FLTSATCOM spring hinge configuration. (Courtesy ofTRW,Inc.) 
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SOLAR ARRAY 
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123786 
GUARD, LA TeH 

~=G' ""G"OC"~ 
'"~~."~ WG~ ... ,.i=::~~-1 

I ".Il~ _~V ----- 'J' -"'-" fJ'~ - " 

~ '_ - _ 0 " 125369 

J - , • _..0 "--- --) 
, ' "------~~~fA' jCABlE ASSY,DEPlOYMENT SPRING 

]" , '~-~':'--. ,-----' 125795 
125365 I ,~ I GUIDE 125663 BRACKET 
RETAINER, DEPlOYMENT SPRING- ' ~~ -125641 
SOLAR ARRAY ~'--~BRAeKET 

, .~125373 
125368 I ,'\ . GUIDE, PRElOAD SPRING 

_------ _____ -' !_XSPRING, HINGE PRElOAD 
CAP, DEPlOYMENT SPRING~ , 125374 

~---_ -1\!125~3 ~~~' ,~~~~NG, PRElOA.D SPRING 125376 
, \. -"'"' - auSHING, BOOM ' -" ~-----trRETAINER, 

, I HINGE - J. OUT BOARD 
) SOLAR ARRAY • ~ " eONSTRAINT CABlE 

/ 
125864 125640 • , ", - ~), ~ I 
~:;'L.J~~~~INGE - BUSHING , _____ ---

125367 125366 125293 
HOUSING, GUIDE, SPRING,DEPlOYMENT, 125303 
DEPlOYMENT SPRING DEPlOYMENT SPRING OUT BOARD-SOLAR ARRAY GUIDE OUT BOARD _ 

eONSTRAINT CABlE 

125298 
CABlE ASSEMBlY, 
KINEMATIC CONSTRAINT 

Fig.7-57. FLTSATCOM deployment boom mechanism. (Courtesy of TRW, [ne.) 

with a tension adjustor was included in the 
linkage system to compensate for thermal 
expansion effects. 

les and ULP Arrays. These arrays are similar 
in configuration to the Matra array. The deploy­
ment mechanisms are also similar. The deploy­
ment energy was provided by small spiral 

springs located at each hinge. The springs 
were integral parts of the hinges. The deploy­
ment was force controlled by a closed cable 
loop system to provide directional control 
and redundancy. The cable loop system pre­
vented bacldash of the interhinged panels and 
collision with the spacecraft. This forced con­
trol reduced the complex multiple panel array 
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Fig.7·58. MATRA hold-down system. (Reprinted with permission ofthe Centre National d'Etudes Spatiales.43 ) 

STOWED 

DEPLOYED 

Fig. 7-59. MATRA deployment springs and fittings. 
(Reprinted with permission of the Centre National 
d'Etudes Spatiales.43 ) 

BAPTA FLANGE 

:....._. 
HINGE BEAM 

Fig.7-60. MATRA deployment mechanisms. (Re­
printed with permission ofthe Centre National d'Etudes 
Spatiales.43 ) 

Fig. 7-61. MATRA deployment control mechanism. (Reprinted with permission of the Centre National d'Etudes 
Spatiales.43 ) 



to a one-degree-of-freedom system. Upon full 
deployment, the panels latched up through a 
leaf spring/cam arrangement at each hinge 
location. No damping devices were required 
because the final latch-up shock could be 
absorbed by the array structure. 

ORIENTATION DRIVES 

7-20. Orientation Mechanisms 

To achieve a sun-tracking capability, an elec­
tromechanical subsystem is required to con­
tinuously keep the solar array properly oriented 
with the sun line and to transfer the electrical 
power generated by the arrays to the satellite 
power conditioning subsystem. Thus, it is com­
prised of two distinct components that are 
integral with one another-a motorized drive 
system and an electrical power transfer system. 
As a structural system, it must also provide the 
mechanical interface and structural support for 
the solar arrays and for the various components, 
such as bearings, slip rings, gears, motor, etc. 

A solar cell array drive assembly is also known 
as a SADA. An orientation drive and power 
transfer mechanism is known as an ODAJYf. 
ODAJYf/SADA's have been designed with and 
without a sun sensor as part of the contro) 
loop. In the former, a signal from the sun 
sensor causes the drive system to be activated. 
In the latter design, on ce the array is initially 
10cked onto the sun, the rotation is controlled 
by a dock/stepper motor arrangement which 
rotates the array automatically a finite incre­
ment over a finite time interval. 

Solar Cell Array Drive Systems. A drive system 
is defined as a unit having a motor to supply 
rotational power, slip rings, or power transfer 
cables for taking electrical power across the 
rotating joint, and several sets of bearings to 
maintain proper alignment of the various 
mechanical parts. 

A variety of drive systems have been em­
ployed in existing satellite designs. Most sys­
tems are between 5 cm and 15 cm in diameter 
and are designed in such a way that the satellite 
structure is wrapped around the drive system. 
Approximately 50% of the systems developed 
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provide full rotation, while the remaining 
provide limited rotation from 00 to 3600

• 

Most of the motors used have been brushless 
motors, either ac servo, dc stepper, or dc torque. 
Brush motors have also been used (Le., OSO 
and TACSAT). Motors for other programs 
drive through gears which produce overall 
gear ratios for their respective drive systems 
ranging from 1 : 1 to 106 : 1. 

Either deep groove radial and/or preloaded 
angular contact ball bearings have been the 
preferred choice for bearings. Roller bearings 
usually require more torque to drive. than do 
ball bearings because they make line contact. 
Roller bearings are also more susceptible to 
skewing loads caused by built-in misalignments 
which increase the torque losses and reduce 
bearing life. Most ball bearings are constructed 
from 440C stainless steel rings and balls. In 
most of the previously flown satellites, lubrica­
tion is self-contained within the bearings. 

Power Transfer Assemblies. The design of the 
power transfer system and the selection of 
materials will be influenced by the current/ 
voltage ratio used by the satellite. Dielectric 
properties of the electrical insulation will be 
more important for the high voltage system, 
but the high current system will require heavier 
conductors and larger contacts (and more 
power will be consumed in overcorning the 
greater frictional drag). Electrical heating due 
to contact resistance in brushes and conductors 
will result in power loss and cause brushes to 
run hotter. The higher operating temperature in 
the brushes will affect the choice oflubricant. 

Almost all satellites that require continuous 
rotation arrays use slip rings, while flex cables 
are used where limited rotation is acceptable. 
Other devices considered indude rotary trans­
formers, rolling contacts, and liquid metal slip 
rings. A variety of slip ring configurations have 
been used, induding V-groove rings, U-groove 
rings, and drum rings with wire brushes, and 
drum rings and disk rings with button brushes. 

The ring is silver or gold plated copper or 
other suitable base material. Button type 
brushes are made from a composite material 
containing silver, copper, and graphite, with a 
suitable lubricant such as molybdenum disulfide 
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(MOS2)' Wire brushes are made from some pre­
eious metal. Factors critical in brush design 
include current density, temperature, and 
acceptable wear rates. 

Lubrication. Lubrication is required in two 
areas: for bearings, gears, and other mechanical 
devices; and for electrical brushes and contacts. 
The absence of oxygen and water vapor re­
quires that lubricants be speeifically incorpo­
rated into brush compositions to prevent rapid 
brush wear; and the hard vacuum of space 
limits the selection of bearing and gear lubri­
cants to low volatility oils and greases and to 
solid films and self-lubricating solids. 

GE Versilube and BBRC Vac Kote oils and 
greases have been widely used in satellite bear­
ing designs. Solid films have been successfully 
used when limited to slow speed or interrnit­
tently operated mechanisms. Oil lubricants 
must be provided with reservoirs for applica­
tion to long-term vacuum. The purpose is to 
maintain the atmosphere of oil molecules in 
the vieinity of the parts so that the net loss of 
lubricant to space vacuum is from the reservoirs 
rather than from the impregnated materials. 
Oil type lubricants mean potential contamina­
tion problems due to evaporation and thus 
more complex sealing designs must be em­
ployed with them than with solid lubricants. 

Si rElLITE MOUNTING SURFACE 

In terms of solid lubricants, molybdenum 
disulfide (MOS2) or niobium diselenide (NbSe2) 
are used. The latter has the advantage of also 
being a good conductor. Graphite, normally 
used in atmospheric applications, loses its 
lubricating qualities in aspace vacuum. Evap­
oration loss from solid lubricants is negligible, 
and therefore, no reservoir system is required. 

7-21. Stepping Drive Example 

This design example of a solar array drive as­
sembly (SADA) is related to the FLTSATCOM 
array described earlier. Figure 7-62 shows the 
layout. The assembly consists of two identical 
drive units which are connected in tandem for 
redundant operation. Each drive unit consists 
of a 1.8°/step stepp er motor (four-phase, 
permanent magnet, inductor-type), which is 
coupled to the input of a harmonic drive 
reducer. The harmonic drive ratio is 100: 1, 
which results in an output step size of 0.0180

/ 

step. The motor is operated by sequential 
energization of one phase at a time, and at 
normal speed, the excitation has a pulse width 
of 100 milliseconds, occurring every 4.32 
seconds. The drive unit on the spacecraft side 
is the primary drive. Its housing is mounted 
to the spacecraft and is non-rotating. The 
housing of the secondary drive is the output 

POTENTIOMETER GEAR 

ARRAY MOUNTING 
SURFACE 

Fig.7-62. FLTSATCOM SADA. (Courtesy ofTRW,lnc.) 



member and rotates with respect to the primary 
drive housing, whether driven by the primary or 
secondary motor. 

In normal operation, the primary drive is 
used and its harmonie drive is used in the con­
ventional manner; Le., wave generator input, 
circular spline stationary, and flexspline output. 
The primary drive flexspline output drives into 
the flexspline of the secondary drive via a con­
necting shaft. In effect, the secondary drive is 
back-driven by the primary drive, but the rotat­
ing interface between the shaft (flexspline) and 
housing (circular spline) of the secondary drive 
is held against rotation by the detent torque of 
the motor. Thus, in normal operation, the 
secondary drive is carried on the output shaft 
of the primary drive and revolves as a unit. 

When the secondary drive operates, its har­
monie drive is used with the wave generator as 
the input, the flexspline stationary, and the 
circular spline as the output. The flexspline is 
held stationary by the detent holding capability 
of the primary drive. Thus, in secondary drive 
operation, its shaft (flexspline), the connecting 
shaft, and the primary drive shaft (flexspline) 
are held stationary with the primary drive 
housing, and only the housing of the secondary 
drive rotates. 

The drive unit shaft is supported in the 
housing with a duplex pair of ball bearings at 
one end and a single radial bearing at the other 
end. The duplex pair is clamped axially in the 
housing and on the shaft while the radial bear­
ing is unconstrained axially in the housing to 
accommodate axial thermal expansion. The 
duplex pair is in back-to-back arrangement for 
maximum moment rigidity. The shafts and 
housings are made from titanium alloy to 
minimize the differential expansion between 
them and the steel bearings (440C) , so that 
changes in internal fit-up due to temperature 
excursion and subsequent internal loads in the 
bearings and frietion torques will be minimized. 

Other structural parts, specifically the cylin­
drical enclosure for the slip ring assembly in the 
middle of the drive, are made of 2024 aluminum 
alloy. The external surface of the SADA is 
painted black for high thermal emissive property. 

Rolling and sliding parts of the electrome­
chanical parts are lubricated with NPT-4. Lubri-
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cant loss through the running gap of the slip 
ring enclosure is replenished from Nylasint 
reservoirs impregnated with NPT-4 oll. These 
are mounted in several locations throughout 
the assembly. The internal surfaces of the 
assembly are lightly coated with NPT-4 during 
the assembly process to provide an additional 
source of lubricant. Also, a1l the bearings-the 
main support bearings and those within the 
rotating components-have phenolic laminate 
retainers which are vacuum impregnated with 
NPT-40il. 

A disk type of slip ring assembly is mounted 
between the rotating interface of the two drive 
housings. The brush block assembly is mounted 
on the primary drive housing, and the slip ring 
disk is on the secondary drive housing. The slip 
ring assembly contains 36 signal rings (18 on 
each face of the disk) and two power rings (one 
on each face) which are equivalent to four 
power rings, each capable of carrying 30 A. All 
circuits have redundant brushes. The signal 
circuits consist of precious metal wire brushes 
riding in V-groove rings. The base material of 
the rings is copper, nickel plated, and covered 
by a thin layer of hard gold. 

Two single-turn potentiometers are mounted 
on the stationary side of the slip ring enclosure .. 
Anti-backlash ge ars on the potentiometer shafts 
are geared off the slip ring shaft with a 1: 1 
ratio. The potentiometers contain a conductive 
plastic resistive element, which is lightly coated 
with NPT-4 lubricant. 

The SADA weighs 6.8 kg and is capable of 
transferring approximately 1.1 kW of power 
from the solar cell array to the power condi­
tioning unit. 

7-22. Continuous Drive Example 

The Nimbus 11 SADA is shown in Fig. 7-63. 
The assembly consists of a motor gearhead unit, 
a potentiometer unit, and a subassembly unit 
containing a clutch, output shaft, and gearing. 
The motor of the motor gearhead unit is a Size 
11, two-phase, 26 V, 400 Hz ac servo motor; 
it drives a 12,121: 1 gear ratio, seven pass 
straight spur gear train in the gearhead section. 
All bearings and gear meshes of the motor gear­
head are lubricated at assembly with G-300 
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MOTOR PADDLE DRIVE SHArT 

HOUSING 

Fig. 7·63. Nimbus 11 SADA. (Courtesy of IPL.) 

silicone grease. A Nylasint reservoir in the 
motor cover is impregnated at assembly with 

. FSO silicone oil. The output gear of the motor 
gearhead drives a 7: 1 spur gear reduction train 
in the housing subassembly unit and is connected 
to the output shaft. A ball·detent face clutch is 
provided in this gear train to protect the motor 
gearhead from injury by back-driving from the 
shaft end. Four stacked Belleville-Washer type 
springs load the ball detent faces. The nominal 
clutch slip torque is 123 cm . N. All parts in 
this subassembly are lubricated with G-300 
silicone grease and a Nylasint reservoir is impreg­
nated with FSO silicone oil. The potentiometer 
unit is mounted to the housing subassembly 
and contains four wire-wound potentiometer 
cups. It is driven by a I: 1 gear train from the 
output shaft independent of the clutch. The 
potentiometer bearings are also lubricated with 
G-300 grease; the wiper and windings are un­
lubricated noble metals. The assembly, weigh­
ing approximately 2.3 kg, has an overall gear 
ratio of 84,847: 1. The nominal output torque 
is 367 cm . N-over five times greater than the 
anticipated required torque of 64 cm . N (90 
inch· ounces). All ball bearings, of R2, R3, and 
R4 size, utilize 440C stainless steel balls and 
races in ribbon retainers. 
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8 
Fabrication and Test 

ASSEMBL Y PROCESSES 

8-1_ Soldering 

One of the significant subassembly cost elements 
is the electrical interconnection of solar cells. 
Most solar cells have been interconnected by 
soldering the interconnectors to the cells. Solder 
has typically been of the 36% lead, 62% tin, 2% 
silver composition. Various methods of solder­
ing have been tried, including solde ring irons, 
parallel-gap resistance soldering, resistance wire 
machine (peg-tip) soldering, tunnel oven and 
hot oil bath soldering, and others. Each of these 
processes has advantages and disadvantages 
which depend in part on the array design; in 
part on the production organization, customer 
preferences, available tooling, previous qualifica­
tion status, and many other factors. However, 
solder exhibits some characteristics which limit 
its use for some solar cell array designs. The 
limitations of solder are its low strength at ele­
vated temperature, decreasing to zero at ap­
proximately 170°C, and its limited fatigue 
life (see Chapter 6). For solar probes or any 
other high-temperature solar cell arrays, solder 
becomes unacceptable. Solderless solar cell 
interconnector-to-cell joining or bonding pro­
cesses of interest are parallel-gap resistance 
welding, ultrasonic bonding, thermocompres­
sion bonding, laser welding, electron-beam 
welding, and similar processes discussed in the 
following sections. The first three of these are 
the simplest processes from a production point 
ofview. 

Resistance Soldering. This process is also known 
as reflow soldering. Heat is produced by passing 
an electrical current through either the parts 
that are to be soldered or through a high resis­
tance solde ring tip. The amount of heat pro­
duced and the force applied at the soldering 
tip are controlled by the equipment being used. 
The solder required at the joint is applied in 
controlled amounts in the form of solder paste 
or solder preforms, or by reflowing the solder 
that is present on the solar cell contacts or on 
the interconnectors. Usually a flux is required 
to produce acceptable joints.1 

The advantages of the use of controlled resis­
tance solde ring processes are close control of 
heat amplitude, heating time, force applied to 
parts, and amount of solder applied to the joint. 
The two basic types of controlled resistance 
soldering are the single-point, or peg tip, and 
parallel-gap processes. Both have been widely 
used in solar cell assembly work. 

Single-point Controlled Resistance Soldering. 
This is a versatile process that can be used in a 
wide variety of "one-side" applications. The 
process is also used extensively in joining various 
types of electronic components to printed cir­
cuit boards or thin fllms. 1 

Single-point solde ring tips resemble the elec­
trodes used in split-tip resistance welding (Fig. 
8-1). The single-point tip, however, is joined 
at one end to form a continuous, or "single­
point" resistance element which heats up from 
the electric current passing through. The heat is 

367 
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Fig.8-1. Single-point soldering.2 

typically applied to the joint in a short pulse of 

less than one second duration, often with a con­
trolled rise and fall time. Tips with thermo­
couples to control the upper temperature limit 
are also available. The tips remain in contact 
with the workpiece until the solder has solidi­
fied. The tip force, or pressure, is adjusted to be 
just sufficient to hold the parts together during 
soldering. Excessive tip forces will crack the 
solar cells. Typically, a force of 0.5 N is suffi­
cient for an interconnector thickness of 25 pm, 
whereas 9 to 15 N might be required for a 250 
pm thickness. 

Parallel- Gap Solde ring. This process is alm ost 
identical in principle to parallel-gap resistance 
welding. Two soldering tips approach the work­
piece from one side and contact the intercon­
nect at two points (Fig. 8-2). The he at required 
for making the solder joint is derived from pass­
ing an electrical current pulse from one electrode 
through the materials being soldered and back 
to the other electrode. Heat is produced by the 
resistance of the parts themselves. Only one 
soldered joint is made between and under the 
two tips. The size of the solder joint depends 
upon the tip sizes and the gap width. The force 
applied by each tip is the same. 1 

With separately suspended or "loaded" tips, 
the process is weIl suited for soldering uneven 
or bent interconnectors, except that excessively 
deformed interconnectors tend to burn rather 
than lay down flat. Normally, best soldering 
results are obtained when both leads and base 
materials are tinned or have a coating of solder. 
Solder preforms also can be used between the 
interconnect and the solar cello 

Since he at is produced by the resistance of the 
parts being soldered, the resistivity of the ma­
terials must be taken into account. Care must 

/ SOLDER COATING 

~~~~Ti7Ti;::r-r ,, _______ SOLAR CELL --
'~SOLDER JOINT 

Fig. 8-2. Parallel-gap soldering. 2 

be exercised when flux is used, as it may inter­
fere with electric conductivity and the resulting 
he at produced. 

Tunnel Oven Soldering. A conveyorized solder­
ing system consisting of three process zones is 
utilized for this process: a preheat zone, a hot 
(or soldering) zone, and a cooling zone. The 
temperature in both the preheat and the hot 
zones are independently controlled. The con­
veyor speed is adjustable. 1 

. The parts comprising a solar cell submodule 
are assembled and held together in a holding 
fixture called a solder boat. The soldering is 
performed by passing the solder boat through 
the tunnel oven, where it proceeds through the 
preheat zone, the soldering zone, and then the 
cooling zone. Since prolonged exposure to 
high temperature will deteriorate the contact 
strengths and the output of solar cells, it is 
preferred to subject them to solde ring temper­
atures for a minimum amount of time. By vary­
ing both the temperatures in the tunnel oven 
and the conveyor speed, it is possible to obtain 
different solde ring temperature-time profiles. 
The variation of the solder boat/submodule 
temperature with time as the solder boat pro­
ceeds through the tunnel oven is shown in Fig. 
8-3. The various curves in this figure show the 
effect of varying the temperature in the he at 
zone of the tunnel oven and the speed of the 
conveyor through the oven for three modifica­
tions of the tunnel oven temperature profile, as 
used for the subassembly of solar cells for the 
Surveyor and Mariner series of spacecraft. 

Soldering by Infrared Heating. For this method, 
tungsten or tungsten-iodine fIlament lamps are 
typically utilized for heating the workpiece. The 
operating temperature of the lamp is 34000 K 
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Fig. 8-3. Tunnel oven temperature-time profiles. 1 

maximum, and its spectral output ranges ap­
proximately from 0.375 to 4.2 Jim. The quartz­
iodine lamp produces the maximum possible 
specific energy available in practical types of 
lamps. Arc and plasma sources produce more 
power for a given size, but they are more ex­
pensive and less flexible in their operation. The 
radiative energy from the lamp is collected by 
reflectors and directed onto the workpiece 
either in a single spot or in a line. The work­
piece, located in the focal zone (Fig. 8-4), 
heats up at a rate and to an upper limit that 
is controlled by its absorptivity. In practice, 
relatively small variations in surface roughness 
and degree of oxidation (tarnishing) cause 
relatively large variations in the absorptivity. 
Therefore, infrared heating has not found 
widespread use.1 

Soldering by Induction Heating. This is a 
promising approach for low-cost, large-scale 
solar cell assembly. The workpiece is inserted 
into a coil which is connected to a high-power 
radio frequency (RF) generator (Fig. 8-5). 
During the solde ring operation, the RF energy 
causes eddy currents to flow in the surfaces of 
the workpiece, in turn causing the workpiece 
to he at up by 12R heating. For solar cell array 
assembly work, the solar cells themselves may 
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Fig.8-4. Focused radiant heating system. l 

shunt out too much of the available energy so 
that it may be better to use the RF to heat up 
secondary conductive elements which, in turn, 
he at up the joints to be soldered. 

8-2. Welding 

Parallel-gap Resistance Welding. This is the 
only practical welding process for solar cells. 
It derives its name from the way it is being 
performed: a pair of closely spaced, parallel 
electrodes make contact with the workpiece 
(solar cell interconnector), an electric current 
flows through the electrodes and the portion of 
the workpiece that is underneath and between 
the two electrodes, and the heat generated in 
the resistance offered by the workpiece raises 
the workpiece temperature to or above welding 
(fusion) temperature (Fig. 8-6). The pressure 
exerted by the electrodes on the workpiece 
facilitates making the joint. 

It has been argued that the appearance of 
joints between interconnectors and solar cell 
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Fig. 8-5. RF soldering. 
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Fig.8·6. Parallel-gap resistance welding. 

contacts in microsection analysis indicates that 
the joints are not actually welded, but rather 
are fused, alloyed, thermocompression bonded, 
or otherwise metallurgically joined. While this 
may be of great concern to metallurgists, such 
arguments will be avoided here, as they are not 
overly important to array designers, fabricators, 
and process controllers. What is important is 
that metallurgically sound (or at times faulty) 
joints have been made in great quantity by the 
parallel-gap resistance welding technique. 

Parallel-gap welding of solar cells was pio­
neered in Europe in 1968 by AEG-Telefunken. 
This firm ceased to produce soldered solar cell 
arrays at the end of 1971, and since that time 
has produced only welded arrays. By mid-1975, 
about 1.2 million welded joints had been used 
for five flight projects.3 With silver plated 
molybdenum interconnectors welded to Ti-Pd­
Ag solar cell contacts, solar cell assemblies have 
been qualified for temperature excursions be­
tween -200° and +200°C (Helios) and for tem­
perature cyc1ing for 1100 cyc1es between -180° 
and +80°C (International Ultraviolet Explorer; 
IUE). 

Most U.S. solar cell array manufacturers now 
possess a solar cell welding capability.4,S,6,7,8 

However, by 1979, only one flight program is 
said to have used welded joints. 

The following interconnector materials have 
been welded to silver solar cell contacts: 

• Copper (unplated) 
• Pure silver 
• Silver plated copper 
• Silver plated Kovar 
• Silver plated Invar 
• Silver plated molybdenum. 

Welding schedules must be developed care-

fully to assure adequate joint quality. In general, 
the following welding parameters must be con­
sidered and controlled: 

• Electrode footprint size and electrode 
spacing 

• Electrode pressure and dressing (flatness 
and state of oxidation) 

• Electrode length (for constant voltage and 
capacity discharge welders) 

• Solar cell heat sinking 
• WeId voltage, current, and power 
• WeId pulse rise and dweIl and fall times 
• Interconnector stiffness and electrical and 

thermal conductivity (related to plating 
thickness) 

• Solar cell and interconnector surface rough­
ness, c1eanliness, and state of oxidation 
(tarnishing) . 

Inadequate welding parameters may affect 
the joint strength and/or solar cell electrical 
performance as follows: 

• Inadequate weId power-Iow joint strength 
• Excessive weId power-Iow joint strength 
• Excessive weId power-burned intercon­

nectors 
• Excessive weId power-cell power degrada­

tion (see Section 8-5) 
• Excessive weId power-silicon spalling 
• Correct weId power but amplitude too high 

and dweIl time too short-silicon spalling. 

Figure 8-7 illustrates for a particular inter­
connector design the wide range over which 
joints having high pull strength can be made.4 

However, not all of the weId schedules produced 
joints that endured severe thermal cyc1ing-test­
ing. The point marked "Schedule for Test 
Specimens" indicates the weId schedule that was 
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Fig.8-7. Parallel-gap weid schedule development using 
50 /Lm thick silver interconnects. (Reprinted with 
Permission ofthe IEEE.4 ) 

chosen for long temperature cycling life. This 
schedule is a compromise between high bond 
strength and negligible electrical degradation. 

8-3. Thermocompression Joining 

The joining of metals by thermocompression 
techniques involves the forming of a metallurgi­
cal bond at elevated temperature and under 
pressure. The characteristic that differentiates 
thermocompression joining from welding is that 
in thermocompression joining, the fusion tem­
perature is below the melting or eutetic temper­
ature of each metal or an alloy of the joining 
metals. In addition, the joining pressure is much 
greater and the joining time tends to be longer 
than in welding. 

Thermocompression joining is potentially 
attractive, from a mass production point of 
view, in that electrical contact resistances are 
not important, precise electrode positioning is 
not required, and many joints can be made 
simultaneously. 

Successful thermocompression joining of 
interconnectors to solar cells has been reported 
rather sparsely. In general, an increase in the 
joining temperature and in the joining stylus 
pressure ( electrode force) increases the bond 
strength. The limiting condition on temperature 
is rapid oxidation of the cell contact and the 
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interconnector surfaces when the joining is 
done in air. The limit on stylus pressure is set 
by the relatively low ultimate strength of semi­
conductor materials. 

Solar cell and interconnector surface rough­
ness and interconnector stiffness apparently 
play greater roles in thermocompression joining 
than in parallel-gap welding. Smoother surfaces 
and more compliant interconnectors, conform­
ing to each other more readily, te nd to increase 
the strength of joints made at a given tempera­
ture and under a given pressure. 

The only solar cell interconnector materials 
reported as joinable are soft silver or silver plated 
soft metals. Stiff materials such as Kovar require 
large joining press ures that tend to fracture the 
solar cells. 

Thermocompression joints having puB 
strength values comparable to those made by 
parallel-gap resistance welding were obtained 
with both 25 and 50 11m thick pure silver inter­
connectors. Schedules that resulted in good 
joints ranged from 9 N for 1200 seconds to 
27 N for 1 second at 300°C. Joints made at 
400°C exhibited higher pull strength than those 
made at 300°C. Below 275°C, no bonds were 
obtained.4 

8-4. Ultrasonic Joining 

Ultra so nie joining occurs under the influence of 
elevated temperature, pressure, and high-fre­
quency acoustic vibration. The temperature rise 
is usually due to dissipation of the acoustic 
energy in the joint area; however, supp1ementa1 
solar cell heating has been employed. For ultra­
sonic joints to exhibit high strength, the follow­
ing parameters are critical: the acoustic energy 
coupling into the joint area; "grabbing" of the 
interconnector by the stylus; holding of the 
solar cell immovably without damping; and the 
acoustic energy level, dwell time, and stylus 
pressure. The coupling of the acoustic energy 
into the workpiece is accomplished by a me­
chanical force/amplitude transformer between 
the ultrasonic transducer and the bonding stylus, 
and excitation of the bonding stylus at a loca­
tion on the stylus such that the least energy 
input to the joint makes the strongest bond. 
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The proper transformer ratio and stylus excita­
tion location is, in practice, difficult to achieve, 
because different interconnectors and cells 
offer differing mechanical impedance values to 
the mechanical/acoustic circuit. 

"Grabbing" of the interconnector by the 
joining stylus depends upon its tip configura­
tion, shape, surface smoothness, and material 
composition in relation to the interconnector 
material properties. For a good joint to occur, 
the stylus normally first bonds itself to the 
interconnector, then the interconnector joins 
with the solar cell contact. If the acoustic exci­
tation is continued, the interconnector/cell 
joint will reach a maximum strength and there­
after will be destroyed. The stylus typically 
"sticks" to the interconnector after a maximum 
strength joint has been made. In an ideal setup, 
the stylus/interconnector bond should break at 
the very moment in which the interconnector/ 
cell joint reaches its maximum strength. 

Ultrasonic joining of aluminum interconnec­
tors to hundreds of titanium-silver contact and 
aluminum contact solar cells for nuclear-hard­
ened solar cell arrays has been reported.4 ,7,8 

Solar cell and interconnector materials that 
can be joined ultrasonically and exhibit high 
joint strength include aluminum parts to alumi­
num or silver contacts and silver parts to silver 
contacts. 

8-5. Electrical Degradation Due to Joining 

Parallel-gap resistance welding on the contact 
on the diffused side of solar cells (i.e., the 
n-contact on n-on-p cells) may cause electrical 
output degradation of the cells. The shallower 
diffused and textured surface solar cell types 
are more susceptible to this degradation than 
are the deeper diffused types. The output deg­
radation manifests itself primarily in the maxi­
mum power region and is apparently caused by 
contact metal being driven into the junction 
area underneath the weId joints, thereby elec­
trically shunting the solar cello By making more 
weId joints on the same cell, the cell output 
continues to degrade; breaking the welded tabs 
from the cell (by pulling silicon divots out of 
the cell) very nearly restores the original cell 
power output. This phenomenon, illustrated in 
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Fig. 8-8. Parallel-gap welding with excessive energy on 
n-contact causes electrical degradation which increases 
with the number of welds made. (Reprinted with per· 
mission ofthe IEEE.4 ) 

Fig. 8-8, was observed with both silver plated 
Kovar and pure silver interconnectors but at 
different weId volta ge levels.4 

Electrical degradation has not been observed 
after thermocompression joining (at 400°C) 
and after ultrasonic joining (at room tempera­
ture), but it does occur after soldering at exces­
sively high temperatures or for excessively long 
he at cycles. The damage mechanism during 
soldering consists primarily of dissolution of 
solar cell contact metals in the liquid solder 
and an attendant degradation of adhesive 
strength of the metallization on the semicon­
ductor material and/or electrical output degra­
dation. The electrical degradation usually mani­
fests itself as a deterioration of the fill factor 
and sometimes a change in the temperature 
coefficients at low temperatures. 

8-6. Adhesive Bonding 

One of the most important solar cell array as­
sembly process techniques consists of the bond­
ing together of parts using an adhesive. Examples 
of adhesive bonding include the following: 

• Substrate fabrication (bonding of honey­
comb core to face sheets, solar cell blankets 
to each other, etc.) 



• Bonding of solar eell covers to solar eells 
• Bonding of solar eells to substrates 
• Bonding and spot-bonding of eleetrieal 

eonductors to the substrate. 

The general steps eommon to most bonding 
operations are: 

1. Verifieation that shelf life has not expired 
2. Surfaee preparation, cleaning, and pre­

treatment (priming) 
3. Adhesive preparation (mixing, de-airing, 

etc.) 
4. Adhesive applieation (metering, deposit-

ing, ete.) 
5. Parts loeating (clamping, holding, ete.) 
6. Monitoring of pot life and skin-over time 
7. Curing (time, temperature, pressure, rela­

tive humidity) 
8. Clean-up (removing overflow and flash, 

trimming, ete.). 

Typical adhesive types in use include the 
following: 

• RTV (room temperature vulcanizing) rub­
bers, also known as silicon adhesives, seal­
ants, and elastomers 

• Epoxies 
• Thermoplastie adhesives 
• Thermosetting adhesives. 

The appropriate specific bonding teehniques 
are highly dependent upon eaeh specifie adhe­
sive. The manufaeturers proeess specifieations 
should be followed closely and earefully. 

ASSEMBL Y PROCESS CONTROL 

8-7. Metal Joining Control 

It is known that "properly" made joints exhibit 
high strength and long fatigue life in tempera­
ture eycling, whether they were made by solder­
ing, welding, or any other method. Not known 
is exaetly what needs to be done to make joints 
"properly". Figure 6-10 in Section 6- 6 illus­
trates how the fatigue life of soldered joints has 
inereased over the years. Presumably, ail of 
these joints had been made "properly," as 
evideneed by eontact puB-test data (see Chapter 
4). It has been found that the fatigue life of 
weil-made soldered and welded joints is not 
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related to the ultimate strength of joints mea­
sured by peel- or pull-testing under quasi-statie 
loading conditions, except, of course, for poorly 
made joints. Cross-sectioning and metallurgical 
examinations under high magnification of "long­
life" and "short-life" joints, ehemieal analysis 
of the solder alloy composition, and other at­
tempts to understand the underlying phenom­
ena, have not been successful yet. Therefore, 
the development of welding or solde ring sehed­
ules for the assembly of long-temperature cy­
cling arrays must not only be accompanied by 
visual inspection and pull- or peel-testing, but 
also by extended temperature cycHng. The 
thusly obtained optimum schedule should then 
be maintained and controlled. 

8-8. Non-destructive-testing (NOT) 

Solar array assembly by welding instead of 
solde ring poses a new set of manufacturing pro­
cess control and quality assurance problems. 
While, on soldered joints, the amount of solder 
flow and solder filleting is readily inspectable, 
no such indicators of joint quality are evident 
in welding. Just as with soldered joints, not all 
welded joints made are "good," even if the 
weId schedule, electrodes, and surface proper­
ties of the parts are apparently the same for 
all welds attempted; therefore, some means of 
identifying unacceptable welds is needed. 

Non-destructive-tests (NDT) rely on one or a 
number of non-destructively measurable or ob­
servable attributes which can be correlated to 
destruetively determined weid quality (i.e., 
puB- or peel-tests and temperature cycling-tests). 
They may be classified according to the time of 
their exeeution into prejoining, in-process, and 
post-joining NDT methods. ll ,12,13,14,15 

Early work on NDT methods indicated that 
there would be no single method which would 
definitely determine joint quality, but that a 
combination of methods could, perhaps, do so. 
Several organizations developed NDT systems 
that evaluate a number of parameters and often 
make weid quality acceptjreject decisions by 
majority voting. Most of these systems utilize 
some form of preweld resistance measurement, 
welding monitoring, and post-welding inspec­
tion, as described in the foilowing. 
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Prejoining Methods. 
Electrica/ resistance measurement. Since the 
amount of electrical energy in the weid joint 
determines the weid quality, it seems reasonable 
to measure the electrical properties of the elec­
trodes and materials to be welded before the 
actual weid pulse is applied. If the pre-weld 
resistance is too high or too low, an inadequate 
weid may be expected. All possible resistance 
paths in Fig. 8-6 have been measured:A-B,A-C, 
A-D,A-E, C-D, and D-E. 

In·process Methods. 
Weid pu/se monitoring. Assuming that a proper 
welding schedule has been developed and imple­
mented, an individual weId may still be inade­
quate for a number of reasons. An interconnec­
tor may be bent, contaminated, or improperly 
plated, or a solar cell may have an improper 
contact thickness, or the welder may temporarily 
malfunction. By measuring the current through, 
and the voltage across, the weid joint, and com­
paring them with pre-established norms for 
good joints, inference can be made that a joint 
may be good or will be a reject. 

Dark-forward vo/tage drop. Instantaneous 
reversible changes in the solar cell dark-forward 
current-voltage characteristics during the weld­
ing cycle can potentially be used as indicators 
of the temperature reached during welding. The 
cell may be biased with either a constant voltage 
sour ce or a constant current source; the signal 
is picked up as a change in cell terminal current 
or voltage, respectively. 

Infrared emission. The infrared radiation 
emitted by the weid joint while it is being made 
has been used to measure the weid joint tem­
perature or temperature/time profIle. In prac­
tice, problems arise from variations in the emis­
sivities of different interconnectors and the 
electrodes. Also, the electrodes, as well as the 
joint, emit infrared energy. As the electrodes 
warm up during mass production, their heat 
output overpowers that of the joint. A success­
ful infrared technique would have to utilize an 
infrared sensor that has both a narrow field of 
view-trained on the joint-and a narrow spec­
tral response characteristic that is able to reject 
undesired wavelengths. 

Acoustic emission. Acoustic emission (noise) 

is caused by the melting, freezing, and stressing 
of a material. Acoustic emission-testing was 
originally developed for larger objects, but was 
applied to solar cell joints. Acoustic emission 
melt and cooldown signals were detected with 
piezoelectric crystals, amplified and displayed 
on an oscilloscope screen. Partial success with 
this method for unglassed solar cells was ob­
tained, but further development would be 
required to implement it on a production 
basis. 

E/ectrode setdown . A commonly used criteria 
for judging weid quality in fields other than 
solar cell arrays is the amount of electrode set­
down occurring during the welding operation. 
Electrode setdown, also known as electrode 
sinking, occurs as the workpiece deforms at 
elevated temperature under the applied elec­
trode pressure. The degree of electrode setdown 
is normally evaluated visually, frequently under 
a magnifying instrument. When the actual value 
of electrode displacement is measured during 
welding, this value is known as dynamic elec­
trode setdown. 

Electrode setdown for solar cell applications 
has not been found to be measurable criterion 
because of its extremely low magnitude, but it 
has been used in visual observations. 

Post·joining Methods. 
Visual inspection of the quality of a solar cell 
weid joint is restricted to observation of the 
electrode imprint on the cell interconnector. 
Typically, 20 to 60 power stereo microscopes 
are used. Inspection criteria may include lower 

. and upper limits on the edge definition, depth 
appearance of the electrode imprint in the 
upper surface of the interconnector, and evi­
den ce of burned (darkened or discolored) areas 
of the interconnector, especially between the 
adjacent electrode footprints. 

Infrared microscope (augmented visual). The 
"augmented visual" inspection of welded joints 
utilizes two different approaches: I) inspection 
of the weid footprint size and its "visual" ap­
pearance (after image conversion to visible light); 
and 2) determination of welding induced stresses 
in the semiconductor, using crossed polarized 
infrared light fIlters. 

With the infrared inspection techniques, in-



frared light is being utilized to which silicon 
(and other semiconductor materials) is trans­
parent. The joints are inspected through the 
silicon wafer, requiring small metal-free silicon 
surface areas on the wafer side directly opposite 
the weId joints. The inspection technique with 
the infrared microscope is similar to direct visual 
inspection, except that an image convertor 
between the microscope exit and tlle observing 
eye converts the infrared light to visible light. 
Microscope magnification and dcpth-of-field 
relationships are nearly the same as with optical 
microscopes. 

Other Methods. A large variety of NDT meth­
ods exist for non-solar cell applications. Most of 
these methods have been applied to solar cell 
weId joints at one time or another, with gener­
ally inadequate results. This is not to say that 
some innovative application could not be suc­
cessful in the future. Among the methods in­
vestigated are the following. In infrared videog­
raphy, the solar cell is heated uniformly and the 
joint area is scanned with an infrared detector. 
Temperature profiles over the cell area are dis­
played on the screen of a cathode ray tube. 
Unjoined or poorly joined interconnectors are 
expected to be recorded as being cooler (due to 
convection cooling) than properly joined inter­
connectors. 

Holographie techniques were expected to 
show up imperfections in weId joints. Neithcr 
an acoustical immersion technique, which used 
ultrasonie frequencies between 1 MHz and 7 
MHz and display of the resulting signals on a 
television screen, nor a laser beam and optieal 
holography, with the results recorded on photo­
graphie film, were able to give an indication of 
joint quality. 

Measurement of the high-frequeney imped­
anee of welded joints, or the magnitude of 
eddy eurrents induced in the weId joint areas, 
were expected to indicate the number and size 
of impurities and non-welded areas. Aeoustie 
signatures-that is, the acoustic transmission 
and modification of an applied acoustic stimulus 
by the weId joint-was measured unsuccessfully. 
The quality of weId joints was expected to 
influence the reflection of high-frequency ultra­
sonic waves. Using an immersion technique and 
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frequencies from 5 to 25 MHz, it was found 
that only non-welded joints could be discerned. 

With a microfocus X-ray method, magnified 
X-ray images of small areas can be obtained. 
However, definite joint interface displays could 
not be found. Simple de resistanee measure­
ments, similar to those described under the pre­
joining methods above, but performed after 
welding, were expected to provide indications 
as to the joint areas. 

8-9. Adhesive Bonding Control 

Adequate (or the highest practical, if required) 
adhesive strength can be achieved only in a 
production environment if proper process con­
trol is exercised. Process control, however, is 
not sufficient alone, because the adhesive itself 
may "have a problem," It is a standard practice 
to prepare smalI, representative test sampies, 
frequently known as eupons, at the same time 
the actual hardware is fabricated, using the 
same processes and materials. The test sampies 
are then subjected to destructive analysis (peel-, 
pull- or sheer-testing) to verify the adequacy of 
the adhesive bond of the hardware. 

8-10. Visual Inspection 

The most important process control instrument 
is visual inspection. Inspections may be per­
formed with the unaided eye or with optical 
instruments. Stereo microscopes having 5 to 40 
times magnification are in frequent use. Cracked 
solar cells and covers are usually best seen with 
the unaided eye. Soldered and welded joints, 
cover nicks and chips, and interconnector de­
formations are best observed under 10 to 20 
times magnification. 

8-11. Workmanship Criteria 

Workmanship of a solar cell array reflects the 
externally visible quality that has been built 
into it. Workrnanship criteria are stipulated con­
ditions which make a product acceptable or 
not. They can be separated into two groups: 
functional and cosmetic. Functional criteria af­
fect (or potentially may affect) the array's 
performance, life, or reliability; eosmetic criteria 
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do not. The dividing line between these two 
groups gene rally depends upon an analysis of a 
specific array design and the specific set of en­
vironmental conditions associated with a par­
ticular mission. The following can be used to 
establish workmanship inspection criteria for 
each specific case. 

Broken Solar Cells. Cracks are purely cosmetic 
if a crack has severed both p and n contact 
areas but each portion of the fractured cell 
remains electrically connected with adequate 
redundancy. All other cracks are functional to 
varying degrees. The electrical performance is 
not impaired by certain cracks. However, cracks 
in the semiconductor can be expected to propa­
gate through contact areas during mechanical 
stressing and temperature cycling, and may 
affect the electrical performance at a later time. 

Broken Covers (Applicable for Space Arrays). 
Cracks which are such that no active cell area 
can potentially be exposed are purely cosmetic. 
All other cracks are functional. Radiation pro­
tection and thermal properties are not impaired 
by cracks. If radiation protection is less than 
complete, degradation of a single cell stack may 
cause a similar degradation of the entire string 
of cells. 

Broken Covers (Applicable for Terrestrial Ar­
rays). Covers that provide a humidity barrier 
or mechanical support are functional. 

Chipped Cells and Covers (Applicable for Space 
Arrays). A small percentage is permissible for 
synchronous orbits, a larger percentage for low 
altitude orbits, depending upon power margin 
and the possibility of low-energy proton dam­
age. No cover defects are permissible for flights 
through the radiation belts except when the 
power margin is large. A single cell stack defect 
may cause degradation of an entire string. 

Discolorations. Solar cells and covers showing 
different colors, especially when viewed at an 
oblique angle, are purely cosmetic .. 

Debonds. Partially debonded covers and cells, 
and bubbles and voids in cover adhesive fall 

into this category. A small percentage is permis­
sible, depending upon power margin, severity of 
mechanical stress environment, and tempera­
ture cyc1ing extremes. Debonds raise the cell 
operating temperature slightly. Further debond­
ing may occur during the service life. 

Adhesive Thickness. Variations in the cell and 
cover adhesive thickness may be functional, 
relating to thermomechanical stress, ability to 
cure, and light transmission loss ne ar end-of­
life. Small variations in thickness may be cos­
metic only. 

Overflow Adhesive. Overflow adhesive in the 
cell gaps and interconnector expansion loops is 
cosmetic only as long as the adhesive remains 
sufficiently flexible throughout the array's 
temperature range (operating or non-operating). 
At other temperatures, typically below -100°C, 
adhesives become hard and brittle, causing cells, 
covers, and interconnector expansion loops to 
fracture. 

Overflowed adhesive on the front surface of 
the cover is subject to darkening due to ultra­
violet radiation. Small areas are inconsequential, 
but larger areas will lead to output losses. 

PHOTOVOL TAIC TESTING 

8-12. History of Solar Cell-testing 

Since the development of the solar cell in the 
1950's, solar cell measurement techniques have 
progressed from an initial volt-ohmmeter-test 
in "fair weather" to high-altitude and space 
flight experiments, sunlight simulators, accurate 
spectroradiometric apparatus, and analog and 
digital data acquisition systems. 

Originally, solar cells and solar cell assemblies 
for use on space vehic1es were evaluated in the 
laboratory by measurement under incandescent 
illumination. Tungsten lamps with color tem­
peratures of the order of 2700° to 34000 K, 
compared to the approximately 60000 K effec­
tive color temperature of the Air-Mass-Zero 
(AMO) sun, were used to illuminate the cells. In 
some cases, water filters were used to re du ce 
the infrared spectral content of the incandescent 
lamps. Because of the necessity of periodically 
making measurements during solar cell panel 



fabrication, such equipment was used for in­
process measurements at the sacrifice of ac­
curacy and cell matching capability. The change 
of the water absorption wavelength with tem­
perature, and the formation of bubbles and 
algae growth, caused such instabilities that 
most water mters were abandoned quickly. 

The major light source for volume solar cell­
testing through the mid-1960's was the tung­
sten lamp. The stability and reliability of tung­
sten lamps outweighed the disadvantage of their 
spectral irradiance being so drastically different 
from that of sunlight. In the 1950's, it was 
already realized that measurements were not 
repeatable in tungsten light unless the filament 
voltage-and hence, the color temperature of 
the lamp-was elosely controlled and the solar 
cell temperature was held within elose toler­
ances. The light intensity was adjusted with 
usually unencapsulated solar cells which were 
calibrated in natural sunlight against a pyrheli­
ometer, a thermopile specifically designed for 
measuring solar flux. Solar cells were thus 
tested under so-called "Standard Tungsten Test 
Conditions" (unfiltered tungsten light of 2800° 
±500K, equivalent to 100 mW/cm2 solar radia­
tion at 28°C cell temperature). 

This level was set based upon the effect of 
natural sunlight on solar cells in normal out­
door conditions at an intensity level of 1 kw/m2 

(100 mW/cm2 ). While the 1 kW/m2 level was 
arbitrary, it was actually observed frequently 
on eIear days ne ar sea level. Thus, "standard" 
solar cells were taken into natural sunlight and 
their measured output at any intensity was 
then extrapolated to 1 kW/m2 . The natural sun­
light intensity was measured using normal 
meteorological equipment, particularly the 
pyrheliometer. Early pyrheliometers were of 
the 180° type, but, in an attempt to improve 
accuracy of eliminating the effects of sky back­
ground, these were later replaced with the nor­
mal incidence type. 

When precision was required, the solar cells 
were measured in essentially collimated sunlight; 
in other cases, the sky background was ac­
counted for by applying a correction based 
upon the ratio of short-circuit currents of a cell 
measured in uncollimated light to that measured 
in collimated light. Having calibrated several 
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such cells, these "standards" were then used to 
adjust the intensity of the tunsten lamps. By 
adjusting the distance from the lamp or by in­
serting neutral density mters in the form of 
wire mesh, the intensity was changed until the 
short-circuit current of the standard cell reached 
the same value as that obtained at the 1 kW /m 2 

natural sunlight condition. 
Immediately, several problems occurred with 

this procedure. First of all , natural sunlight con­
ditions at local test sites varied significantly in 
both intensity and spectral content, so that cor­
relation from one day to the next was erratic. 
To resolve this problem, standard cell calibra­
tion began to be performed at Table Mountain, 
California (then the site of the Smithsonian 
Institute Solar Observatory, where data on sun­
light conditions and spectra had been obtained 
for almost 25 years). 

Table Mountain is approximately 75 to 100 
miles from Los Angeles (depending upon route), 
accessible by good highways, and generally en­
joyed relatively stable atmospheric conditions 
through the late 1960's. The altitude of the test 
site is 7516 feet. The mountain is located in the 
extreme northerly portion ofthe San Bernardino 
mountain range immediately adjacent to the 
Mojave desert. This location is primarily respon­
sible for atmospheric conditions which are 
gene rally characterized by relatively ele ar skies 
and low humidity. 

By thus calibrating solar cells under sunlight 
conditions which were more nearly reproducible, 
and by maintaining control of the incandescent 
illumination, it was feit that sufficient accuracy 
could be achieved to permit adequate extrapo­
lation of outputs to AMO. However, in 1961, it 
was discovered that in the attempts to improve 
solar cell efficiencies, the spectral response had 
been so significantly shifted toward the red as 
to introduce errors of as much as 15 to 20%. 
Thus, cells and panels made at that time were 
being measured under sources calibrated against 
standard cells of different spectral response, 
such that the cell and panel outputs appeared 
to be approximately 15% more efficient in 
space than was actually the case. As a result of 
this, considerable attention was focused by in­
dustry and government on the test methods. 

The first milestone was an industry-wide 
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AIEE-IEEE joint meeting on solar cell standard­
ization in 1959, in which many existing problem 
areas were defmed and others solved. In par­
ticular, a standard solar cell encapsulation 
package with quartz window and liquid tem­
perature control facility was standardized, four­
terminal solar cell measurements were specified, 
and collimation angles for pyrheliometers and 
solar cells and minimum atmospheric conditions 
for calibrating solar cells against the pyrheliom­
eter were defined. The AIEE shortly afterward 
established a committee which prepared a speci­
fication for measurement of solar cells using 
simulated solar radiation. 

The prime source of error in solar cell cali­
bration work at that time was the pyrheliometer. 
Not only did the actual pyrheliometer calibra­
tion seem less accurate than ±3.5%, as had been 
verified by comparing different units simul­
taneously in sunlight, but the great difference 
in spectral response between the pyrheliometer 
(0.2 to 3.5 J..lm) and the solar cell (0.4 to 1.2 
J..lm) caused great errors. 

Attempts were made in the early 1960's to 
eliminate the pyrheliometer as much as possible 
in cell calibration procedures, at least for mea­
surements made in the lower atmosphere. With 
airplane, balloon, and satellite flights, the ulti­
mate in accuracy was hoped to be achievable, 
but still fell short of the goal. Balloon flown 
standards, however, achieved the highest cali­
bration accuracy and an increasing number of 
contracts were written around the "Balloon 
Standard" as a defmitive light intensity stan­
dard. This practice is continuing today for 
calibrating solar cells for space use. 

During the following years, the development 
of solar radiation simulators was pursued vigor­
ously, with the ho pe of fmding the ultimate 
answer to all solar cell measurement problems. 
Yet spacecraft experiments cast doubt on John­
son's data on the solar constant which had been 
the "spectral standard" for simulator perfor­
mance. 16 Spectroradiometric equipment to 
measure the simulator performance accurately 
was nonexistent in 1965, and standard solar 
cells with "space calibrations" to verify simu­
lator performance were not yet available. There­
fore, solar simulators were calibrated by a 

combination of various methods that were 
generally trustworthy but lacked asolid back­

ing of "space calibrated" standard cells or 
correlation with other valid and "traceable" 
means. 

Small solar simulators covering up to approx­
imately a 5 cm 2 area and essentially conform­
ing to the AIEE recommendations were con­
structed. These instruments proved very useful 
in providing better measurements of individual 
cells. However, because of limited size, such 
equipment could not be used for solar cell ar­
rays. The solar cell array manufacturer and 
spacecraft manager were still unable to properly 
evaluate the completed arrays by 1965. Al­
though tools were available for examining in­
dividual cells, because of the difficulty in corre­
lation between the individual cell tester and the 
completed arrays, even such small equipment 
failed to contribute to the solution of the prob­
lem, although research programs had benefited 
substantially. Thus, the use of Table Mountain 
for measurement of arrays became increasingly 
relied upon for final acceptance-testing and for 
evaluation of environmental test performance, 
whereas for fabrication, incandescent illumina­
tion remained the only available source. 

With an increasing reliance on Table Moun­
tain, California, for measurements, facilities 
needed to be prepared. Considerable differences 
existed between organizations wanting to per­
form the necessary tests. Some improvement in 
this situation was accomplished during 1962, 
when the NASA Jet Pro pulsion Laboratory 
(JPL) acquired a test facility on Table Mountain 
that had previously been operated by the 
Smithsonian Institute. 

On the other hand, technical problems in 
measurements at Table Mountain occurred fre­
quently. The most significant difficulty was 
related to the availability of suitable weather. 
To make precise measurements, it was desirable 
to establish very select atmospheric conditions. 
Such specifications related to 1) minimum in­
tensity, which could range-depending upon 
specific programs-from 90 to 100 mW/cm 2 ; 

2) horizontal visibility, which gene rally ranged 
from 5 to 10 miles; and 3) sky radiation (which, 
for various purposes, had been specified for as 



little as 6 to 10% of direct sunlight-Le., ap­
proximately 6 to 10 mW/cm2). In some cases, 
measurements were permitted with sky radia­
tions as high as 12%. There were alm ost always 
limit at ions on allowable time periods before 
and after solar noon, such that, generally on a 
good day, only three to four hours of test time 
were available. 

Particularly when extended poor weather 
prevailed, there was increasing pressure for al­
ternate test sites. Several such locations were 
considered and used, including Palm Springs, 
Bishop, and White Mountain, California; Kitt 
Peak, Arizona; Sacramento Peak, New Mexico; 
and, on a few occasions, locations in the eastern 
part of the United States. Unfortunately, most 
of these locations were not so readily accessible 
and the costs associated with such alternate test 
sites, particularly for the measurement of large 
or numerous arrays, were prohibitive. 

During the mid-1960's, significant progress 
was made in simulating solar energy in the 
laboratory. Most of this equipment was not 
simply directed toward solar cell-testing but 
was also used widely for materials-testing and 
determination of solar absorptivities and ther­
mal balance on the subsystems and complete 
satellite systems. During 1964, the capabilities 
of such equipment advanced to a point that 
arrays of solar cells could be properly tested. 
The most widely used solar simulators for solar 
cell- and array-testing since the la te 1960's were 
the X-25 or X-25L solar simulators developed 
by Spectrolab Division of Textron Electronics 
(at that time), now a subsidiary of the Hughes 
Aircraft company. 

The solar simulators developed in the 1960's, 
such as the Spectrolab X-25, used high-power, 
high-pressure xenon arc lamps which operated 
continuously and illuminated, reasonably uni­
formly, an area up to nearly 0.07 m2 with a 
closely matched (when appropriately filtered) 
AMO spectrum. 17 A need for illuminating much 
larger areas and entire arrays, however, con­
tinued to exist until the so-called pulsed xe1llli1 
arc solar simulators became available during the 
late 1960's. The pulsed solar simulators permit 
energy densities to be reached in the lamps 
which can be maintained only for a few milli-
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seconds to prevent lamp destruction. These 
simulators can thereby provide illumination 
over an area of 5 m in diameter at one solar 
constant intensity.18,19 

In the mid-1970's, a mushrooming interest in 
terrestrial photovoltaic applications saw a re­
newal in the interest of the effects atmospheric 
conditions have on solar cells. A sunshine da ta 
monitoring network was established, and the 
atmospheric effects on solar cells were investi­
gated more rigorously.20,21,22 

8-13. Standard Solar Cells 

Standard solar cells are used for two purposes; 
1) to determine the absolute value of the solar 
constant over the spectral response region of 
solar cells, and 2) to accurately establish the 
light intensity of solar simulators. 

Standard Solar Cells for Space Applications. 
Calibration data is obtained for the standard 
solar cells on high-altitude balloon flights 
conducted regularly by JPL. 23 The standard 
solar cell assemblies are mounted on a track­
ing mechanism that maintains sun orientation 
within ±2°. A light baffle shields the solar cells 
from unwanted reflections. The sun-tracker is 
mounted on the balloon apex, as shown in Fig. 
8-9. The helium-filled balloons are typically 
launched to reach float altitude two hours 
before solar noon and to remain at the altitude 
until two hours after solar noon. Temperature 
and electrical output data for each standard cell 
is transmitted to a ground station during the 
float period. The balloon is commanded to 
descend by opening a valve and allowing the 
gas to escape at a controlled rate. The solar cell 
payload, solar tracker, and other reusable equip­
ment are recovered by a ground crew. 

Solar cells flown on previous flights have 
been reflown on several subsequent flights for 
correlation purposes. One cell in particular, 
flown over 16 times, has shown a repeatability 
of within ±1 %, thereby indicating that balloon 
flight standard solar cells not only are rugged 
and reliable but also that the calibration ac­
curacy obtained exceeds, on an absolute basis, 
the accuracy of all previous solar intensity and 
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Fig.8-9. Balloon flight configuration.23 

solar cell calibration measurement techniques 
(Table 8-1 ).23,24 

The altitude selected for balloon flights in 
1970 and later was 36,600 m (120,000 ft). This 
higher altitude (24,000 m previously) was se­
lected to eliminate, as much as possible, the 
effects of solar energy absorption by the earth's 
atmosphere. Solar cell measurements made on 
the 1970 fIights were within 0.5% of AMO, as 
determined by the ratio of the atmospheric 
press ure at 36,600 m to that at sea level. When 
the spectral response of a solar cell (0.35 to 
1.2 ,um) is taken into consideration, the solar 
irradiation at that altitude is essentially that of 
space sunlight (see also Chapter 9). 

The solar cells, which have been assembled 
into modular form in accordance with IPL 
Procedure No. EP504443A, are mounted on 
the face of the sun-tracker. Dow Corning No. 

340 silicone heat sink compound is applied at 
the interface of the solar cell module and the 
sun-tracker mounting plate to minimize thermal 
gradients between these surfaces and to ensure 
the best possible uniform temperature on all 
solar cells comprising the payload. Wires soldered 
to the terminals of the solar cell modules elec­
trically connect the solar cells to a 36 position 
stepping switch. 

During the period that the sun-tracker is 
locked on the sun, solar cell voltages, inter­
spersed with reference voltages and thermistor 
voltages, are fed into a voltage controlled oscil­
lator (VCO). The voltages are converted to 
frequencies and are transmitted to a ground 
station with a 5 W FM transmitter modified to 
operate at an assigned frequency of 21 7.5 MHz. 
At the ground station, the data are recorded in 
digital form on printed paper tape and in analog 
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Table 8-1. Repeatibility of Standard Solar Cell BFS-17A 
for 29 Flights Over a 15 Year Period.23 

Flight date Output, MV Flight date Output, MV 

9/5/63 60.07 8/5/70 60.32 
8/3/64 60.43 4/5/74 60.37 
8/8/64 60.17 4/23/74 60.37 
7/28/65 59.90 5/8/74 60.36 
8/9/65 59.90 10/12/74 60.80 
8/13/65 59.93 10/24/74 60.56 
7/29/65 60.67 6/6/75 60.20 
8/4/66 60.25 6/27/75 60.21 
8/12/66 60.15 6/10/77 60.35 
8/26/66 60.02 8/11/77 60.46 
7/14/67 60.06 
7/25/67 60.02 Total 1746.89 
8/4/67 59.83 
8/10/67 60.02 Average 60.24 
7/19/68 60.31 
7/29/68 60.20 Low 59.83 -0.676% 
8/26/69 60.37 
9/8/69 60.17 High 60.80 +0.935% 
7/28/70 60.42 

Average ~ = 60.24 

Maximum deviation from K = 0.935% 
Each data point is an average of 20 to 30 points per flight for period 
9/5/63 to 8/5/70. 

FOT l1ights on 4/5/74 through 7/1/75 each data point is an average of 
100 or more flight data points. 

For flights starting in September 1975, each data point is an average 
of 200 data points. 

form on a strip chart recorder. The data are 
later transferred from the printed tape to punch 
cards compatible with a JPL computer program. 

The overall accuracy of the balloon flight 
system has been given as ±O.5%. However, the 
correlations between test results obtained in the 
solar simulators of the different organizations 
and in the JPL solar simulator have generally 
been within ±2.0%. Solar cells other than sili­
con, or silicon solar cells covered with special 
band-pass filters, have exhibited differences as 
high as 13.7% (Table 8-2). These differences are 
attributed to the use of different light sourees, 
different standard solar cells used to set the 
intensity of the light sourees, and measurement 
error. JPL employs a Spectrolab X-25L solar 
simulator (see Section 8-14). 

JPL corrects the balloon flight data for sun­
earth distance and cell temperature. Load 
resistors are permanently attached to standard 
cells and load the solar cells near their short­
circuit current points. The load resistor value is 
usually 1 ohm, but can be lower or higher, de­
pending upon the cell size and mter cover used. 
Since the voltage drop across the load resistor 
is actually measured, the cell output is given in 
millivolts and the temperature coefficient is in 
millivolts per Kelvin. 

Standard Solar Cells for Terrestrial Applications. 
Standardization and calibration methodol­
ogies are presently in the process of being de­
fined. 20,21,22 
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Table 8-2. Correlations between Solar Simulators of Different Organizations.24 

Module Cell 
Number Type 

Manufacture r':' Agency 

GSF-70l N-P HEK Goddard 

GSF-702 N-P HEK Goddard 

GSF-703 N-P HEK Goddard 

GSF-704 N-P HEK Goddard 

GSF-705 N-P SIE Goddard 

GSF-706 N-P AEG Goddard 

LRC-003A N-P HEK Langley 

LRC-003B N-P HEK Langley 

LRC-004A N-P CRL Langley 

LRC-004B N-P CRL Langley 

IPC-70l N-P IPC AFAPL 

IPC-703 N-P IPC AFAPL 

IPC-704 N-P IPC AFAPL 

MSF -8003 N-P CR L Marshall 

MSF-8004 N-P CRL Marshall 

AP L-I" " N-P HEK APL 

APL-U':""'" N-P HEK APL 

APL-Ur" N-P HEK APL 
~': ,': ,': 

APL-IV N-P HEK APL 

N-P HEK APL 

Agency 
Source 

X-25 

X-25 

X-25 

X-25 

X-25 

X-25 

X-25 

X-25 

X-25 

X-25 

X-25L 

X-25L 

X-25L 

X-25 

X-25 

OCLI-3l 

OCLI-3l 

OCLI-3l 

OCLI-3l 

Agency 
Calib 

69. 6 

68. 7 

71. 2 

66. 9 

71. I 

71. 0 

67. 16 

66. 50 

69. 20 

68. 87 

67.0 

66. 0 

66. 0 

59. 21 

60,97 

88. 0 

80. 0 

71. 6 

72.9 

OCLI-3l 81. I 

"',' 
JPL 
Calib 

70.4 

69. 5 

72.7 

67.7 

71. 4 

71. 2 

67.4 

66. 6 

69. 3 

68. 7 

66. I 

65, 5 

65. 6 

58. 0 

59.2 

80. 5 

82. 6 

83. 0 

72.8 

83. 5 

Deviation from 
JPL Calib, 

(%) 

-1. 14 

-1. 15 

-2. 06 

-1. 18 

-0.42 

-0. 28 

-0. 36 

-0. 15 

-0. 14 

tO, 25 

t1. 36 

tO.76 

tO. 61 

t2,09 

t2,99 

t9.32 

- 3. 15 

- 13, 73 

tO, 14 

-2. 87 

HEK = Heliotek, SIE = Siemens Aktiengesellschaft, AEG = AEG-Telefunken, CRL = Centralab, 
IPC = Ion Physics Corporation, 
'::,:: 
~PL calibration using Spectrosun X-25L Solar Simulator, i-AU sunlight equivalent, 30ioK (28°C). 

',", "'Set of solar cells each covered with a different band-pass filt(,f. 

Use of Standard Solar Cells. Standard solar 
cells are maintained for current and advanced 
development programs. The standards can be 
used in either of two ways: 

1. When used with artificial light sourees, 
the standard cell is placed in the light 
beam and the intensity is adjusted until 
the output of the standard cell is equiva­
lent to the calibrated value or to any de­
sired ratio of the calibrated value. The 
temperature of the standard cell is held 
constant at the standard temperature of 
301°K (28°C). Once the intensity of the 
artificial light source has been set, test 
solar cells can be placed in the light beam 
and their parameters measured. Or, 

2. When used in terrestrial sunlight, the stan­
dard cell is placed in the same field of 
view as the solar cell or solar cell array 

being measured. Provisions should be 
made to maintain the standard cell at the 
standard temperature. If this is not practi­
cal, then the temperature of the standard 
must be measured and the output value 
corrected through application of the tem­
perature coefficient. The output value of 
the standard solar cell is used to deter­
mine, by direct ratio, the incident solar 
radiation on the photovoltaic devices 
under test. 

8-14. Light Sources for Solar Cell-testing 

Satisfactory solar cell and array measurement 
results can be obtained only when the measure­
ments are performed in a solar simulator that 
utilizes light from a high-pressure xenon are 
lamp for at least part of the spectrum in which 
the solar cells are responsive. A second best 



choice is natural sunlight under ideal weather 
conditions. Mercury arc and tungsten mament 
lamps are the poorest choices, even though they 
have been used widely. Mercury arcs lack out­
put at longer wavelengths (between 0.6 and 1.0 
J.LIIl), while tungsten lamps lack output at shorter 
wavelengths (below O.5llm). 

Tungsten filament lamps used for solar ceil 
measurements are either evacuated or gas mIed. 
In use are standard types of various manufac­
turers, ranging from 1 V, 0.2 W, to 125 V, 1000 
W types. The lamps are operated at voltages to 
pro du ce color temperatures between 1800° and 
34000 K and intensities up to 100 kW/m2 • Vari­
ations in glass thickness of lamp envelopes have 
little effect in the wavelength range in which 
solar ceils are responsive. 

Excessive blackening of the inside of the 
lamp changes the spectral output slightly and 
should be avoided. Most lamps with apower 
consumption of 100 W or more must be forced­
air-cooled to prevent early lamp deterioration. 
While lamps are operated with direct current 
for critical calibration work, precision-regulated 
alternating current is used for routine measure­
ments. Alternating current is preferable because 
it prolongs the mament life and the calibration 
value of the lamps used as luminosity standards. 

The color temperature of tungsten mament 
lamps must be controiled, and it is measured 
with a color temperature meter, which is cali­
brated against a standard lamp. The most widely 
used color temperature for measurements and 
calibration work has been 28000 K. The inten­
sity may be measured with a footcandle meter, 
having a spectral response closely matched to 
the spectral response of the human eye (Stan­
dard Luminosity Curve, 1924, CIE); however, 
severe intensity measurement errors may result 
(illustrated in Table 8-3) from the different 
spectral response characteristics of silicon and 
selenium ceils and the different spectral distri­
butions of radiant energy from various light 
sources. As illustrated in Fig. 8-10, the corrected 
footcandle meter is responsive only in the low­
output region of a tungsten lamp, while the 
silicon cell is most sensitive near the peak out­
put of the tungsten lamp. A variation in color 
temperature changes the "blue" to "red" ratio 
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labia 8-3. Variation in Solar Cell Short-Circuit 
Current Output with Color 
lemperature of the Incident Light 
for Constant Light Intensity as 
Measured With a Corrected 
Footcandle Meter.25 

Color Light Relative Solar 
Ternperature* Intensity** Cell Outputt 

("K) (footcandles) (%) 

1800 1000 1182 
2000 1000 750 
2200 1000 545 
2400 1000 432 
2600 1000 345 
2800 1000 286 
3000 1000 241 
3200 1000 205 
3400 1000 182 
6000 1000 100 

* 1800° through 3400° K are obtained with tungsten 
fllament lamp; 60000 K is terrestrial sunlight on a 
cloudless day. 

**Corrected footcandle meter spectral response. 
t Silicon cell spectral response is for a deep-diffused, 

conventional solar cello 

of the light, and thus the silicon ceH gets a 
proportionately different amount of energy 
than the footcandle meter. 

Table 8-3, together with Fig. 8-10, also shows 
that various solar ceils may put out different 
amounts of electrical energy with respect to 
one another when the spectral distribution of 
the light source is altered. For example, two 
solar cells may put out a short-circuit current 
of 20 mA each at 1000 footcandles of 20000 K; 
but when tested at 1000 footcandles of 28000 K, 
their output may be 5 to 7 mA. In natural sun­
light near no on at sea level on a cloudless day, 
the solar intensity of 100 mW/cm2 corresponds 
to a light level of 10,000 footcandles. 

8-15. Solar Simulators 

The solar radiation (or illumination) simulators 
available today fall into two classes: continuous 
output and pulsed output. The former type is 
limited in its use to the testing of relatively 



384 SUPPORT DATA 

EYE SENSITIVITY CURVE AND CORRECTED 
FOOT - CANDLE METER 

~ AVERAGE 

I ql? 
~ i A· 

0.2 

i/i 
I , 

UV 

(STANDARD OBSERVERI 

~ I 

INFRA RED 

0.2 0.3 0.4 0.5 0.6 0.8 0.9 1.0 1.1 1.2 

WAVELENGTH (flMI 

Fig.8·10. Spectral response of some detectors (top) 
and spectral distributions of some sources (bottom). 25 

small panels. The latter type generally allows 
accurate testing of large panels and even entire 
arrays. 

In the following, examples are given of in-

FOLDING MIRRORS 

FIELD LENS 

PROJECTION LENS 

INTENSITY FILTERS 
IN HOLDER 
(OPTIONAL) 

struments of each type that are currently in use 
and commercially available. 

Spectrolab Model X-25 Solar Simulator P The 
X-25 optical system, shown in Fig. 8-11, col­
lects and distributes the radiation from a 2500 
W xenon short-arc lamp to illuminate a projected 
area with a collimated beam. The source col­
lecting mirror is mounted with its focus coinci­
dent with the are of the lamp. The optical 
contour of the collector mirror surface is an 
aconic section that optimizes the energy trans· 
fer from the arc of the lamp to the image plane 
of the projection or collirnation system to 
provide uniformity of the output beam with 
minimum fIltering corrections. The field/projec­
tion lens system magnifies and projects this 
image either onto a projection plane for illumi­
nating planar targets, or onto the plane of a 
collirnating element, which, in turn, converts 
the radiation into a parallel beam. Various 
options of projected and collimated beams of 
varying projection distance and/or collimated 
beam diameters are offered by various field/ 
projection and collirnating lens system acces­
sories. 

The spectral distribution of the radiation 
from the Spectrosum Model X-25 solar simula­
tor approximates the sun's emission spectrum 
to varying degrees, depending upon customer 
requirements and specification (Fig. 8.12). The 

SOURCE & ACONIC COLLECTOR 

ACCESSORY 
MOUNTING PLATE 

FOLDING MIRROR 

Fig.8·11. Spectrosun Model X-25 optical schematic.17 
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Fig. 8·12. Spectrosun Model X-25 spectral distribution. 17 

manufacturer claims the performance charac· 
teristics given below. 

• Beam diameter and intensity: 1.0 to 1.6 
kW/m2 for 30 cm diameter ftltered beam. 
Higher intensities available at smaller beam 
diameters. 

• Uniformity of beam intensity: standard 
±10% with 2.5 X 2.5 cm monitor; ±5% and 
±2% available with uniformity-adjusting 
accessory. 

• Collimation (or projection) angle: standard 
basic projection console (output) be am 
co ne angle is ±14°. Alternate projection 
cone angle of ±7° is available. Collimated 
system collimation angles are ±1.2° for 30 
cm diameter systems and ±2.4° for 15 cm 
diameter systems. 

• Spectral match: 0.25 to .27 Mm high-pres­
sure xenon spectrum, as modified by filters 
and opties. 

• Lamp life: Rated at 1500 hours; typically 
800 to 1000 ho urs when used far at least 
20 minutes per ignition. 

TRW lAPSS 111 Solar Simulator. 19 The TRW 
Defense and Space Systems Group (TRW DSSG) 
Large Area Pulsed Solar Simulator (LAPSS), 
now available also from Spectrolab, utilizes a 
pulsed linear xenon arc flashtube. Upon igni­
tion of the lamp, the light output rises to a 
flat-top pulse of approximately one solar con­
stant intensity at 9 m for 1.7 milliseconds dura­
tion. During the central 1 millisecond interval, 
gated integrating circuits measure the short-

circuit current of a standard solar cell and the 
test specimen output. The specimen output 
data is automatically adjusted to one solar con­
stant intensity and 28°C standard test condi­
tions. Both the corrected and uncorrected data 
may be printed out on a digital printer or plotted 
in the form of dots with an X- Y recorder. 

The flux uniformity is typically better than 
±2% over a 2.1 X 2.1 m area, 9 m from lamp, 
at 2.5 kV power supply voltage, measured with 
a 4 cm2 solar cell in non-reflective surround­
ings. The intensity repeats typieally within 
±3%; however, the data control console corrects 
the intensity variations automatically to within 
0.5% overall. The light intensity is maintained 
constant for a 1 millisecond interval by means 
of a five-stage delay line composed of high­
voltage capacitors and a tapped inductor. This 
pulse duration is sufficiently long to prevent 
Re time constant effects to falsify the output 
measurements, but is short enough to prevent 
heating of the test specimens. 

The instrumentation associated with the 
flashlamp is based on the use of gated inte­
grators, whieh are activated during the 1 milli­
second constant-intensity interval, as illustrated 
in Fig. 8-13. During each flash, one point on 
the I-V curve is measured. An automatie se­
quencer biases the test specimen to the next 
load point and refires the lamp. 

The simulator has been used to calibrate 
Intelsat, Pioneer, and many other solar cell ar­
rays. The accuracy and reproducibility are 
nominally ±l % or better in a production set­
ting, and ±0.2% under research control. 
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Fig.8-13. Schematic of flashlamp and readout circuit.18 

The effective black-body temperature of 
xenon flashlamps is a reproducible function of 
current density in the dis charge volume, as 
shown in Fig. 8-14. The strang xenon emission 
lines in the red (800 to 1000 nm) are self­
absorbed at increasing current density. This 
effect eliminates the red content character­
istic of xenon lamps operated in the continuous 
mode. 

The source-to-panel distance is determined 
by panel size and the acceptable variation of 
intensity over the panel. For an illuminated 
spherical surface segment of radius S, 

I::..M/M~S2/D2 

where 

D = source-panel distance 
S = radius of illumination 

M = panel illumination. 

For I::..M/M = 0.02 (a variation of intensity of 
±1%),D/S=7.07. 

The plasma resistivity of linear xenon flash­
lamps is a function of the current density within 
the lamp. Similarly, the lamp resistance and 
lamp eurrent are functions of the current den­
sity and lamp geometrical properties. To contral 
color temperature, it is necessary to contral 
current density. When this is done, both power 
and voltage are uniquely determined by the 
length and bore of the lamp. At high current 

densities, lamp efficiencies of 65 to 75% are 
obtained. 

Table 8-4 summarizes the electrical proper­
ties of three pulsed xenon flashlamps commer­
cially available. They cost under $100.00 each 
(1975). The data shown is for a current density 
of 1600 A/cm2 , which is the selected design 
value for the LAPSS III simulator. 

The intensity of illumination at a distance D 
from the flashlamp is 

where 

J1 = lamp efficieney 
Pe = lamp electrical power. 

For M = 1400 W 1m2 (corresponding to sun­
light) and for a lamp efficiency of 65%, 

Pe = 2.7(104)D2 

in electrical watts. 
Assuming that all of the radiant energy is 

absorbed in a silicon layer 0.25 mm thick, the 
temperature rise, e, is given by 

e =MT/(Cpdm) = 7 X 10-3 oe 
where 

T = flash duration (2 milliseconds) 
M = illumination (1400 W/m2 ) 

Cp = specific heat of silicon (735 J /kg oe) 
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d = density of silicon (2.33 X 103 kg/m 3 ) 

m = cell thickness (0.25 mm). 

8-16. Solar Cell Output Measurements 

Solar cells are tested for their ability to produce 
a specified amount of power under certain con­
ditions of illumination and at a certain cell 

operating temperature. A solar cell test setup 
consists primarily of a light source, a load con­
neeted across the cell's terminals, and electrical 
current and voltage measuring equipment. 

Figure 8-15 shows the equivalent circuit of a 
solar cell and the basic circuit for measuring the 
electrical output of the cello If the load resistor, 
RL , is very smalI, then the voltage across the 

Table 8-4. Electrical Properties Based on Current Density of 
1600 A/cm2 • 

Bore Maximum Maximum 
Are Area, Power, Energy 

EGMG Length, A Resistance, P per Flash 
Lamp Type L (ern) (em2) R (ohms) (MW) (joules) 

FX-47C-3 7.6 1.32 0.16 0.72 2250 
FX-47C-6.5 16.5 1.32 0.35 1.48 4000 
FX-47C-12 30.4 1.32 0.65 2.9 9200 
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SOLAR CELL MEASURING CIRCUIT 
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IN FORWARD DIRECTION 
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Rs = SERIES RESISTANCE 
Rsh = SHUNT RESISTANCE 

A = LOW IMPEDANCE MILLIAMPERE METER 
V = HIGH IMPEDANCE VOLTMETER 

RL = VARIABLE LOAD RESISTANCE 

Fig. 8-15. Schema tic diagram of solar cell under test 
(left) and output measuring circuit (right). 

cell is also very small and the current through 
RL is considered to be the "short-circuit cur­
rent," or Isc . As RL is made larger and larger, 
less current will flow through RL and more 
voltage will appear across the cell, until a point 
is reached where RL = 00 and 1= O. This point 
is called "open-circuit voltage," or Voc . If all 
the points of voltage and current of the cell 
are plotted, the so-called "1- V curve" is ob­
tained (see Chapter 4). This curve can be directly 
plotted with an X- Y recorder. However, for 
routine measurements, a less costly procedure 
is employed. 

The shape and magnitude of the 1-V curve 
depends on the junction cliaracteristics, spunt 
resistance, and series resistance (D, Rsh ' and Rs' 

respectively, in Fig. 8-15), and on the total 
radiant energy converted into electrical energy, 
regardless of wavelength composition. For in­
stance, if a certain radiation with a wavelength 
of 0,4 to 0.7 IJm pro duces a certain I sc ' it will 
also produce a certain I-V curve. Another 
quantity of radiation between 0.8 and 1.0 IJm 
falling onto the same cell with an intensity that 
will produce the same I sc as before will also 
produce the same 1- V curve, as long as the 
temperature remains constant. The amount of 
ripple in the light level, however, may produce 
different effects in the readout equipment. For 
example, xenon lamps operated from ac or un-

filtered dc supplies often produce a depressed 
knee in the I-V curve, as compared to the I-V 
curve obtained with filtered dc. 

Since solar cells have a low impedance at 
high light levels, current meters in the measur­
ing circuit should also have a very low impe­
dan ce to prevent measuring errors. For instance, 
to measure short-circuit current, the internal 
meter resistance should be 0.1 ohm or less. 
At low light levels, the cell impedance becomes 
high and voItage measurements become more 
difficult. For instance, at 0.01 solar constant, 
the input impedance of a voltmeter should be 
10 megohms or more in order to correctly 
measure open-circuit voltage. 

I 

8-17. Array Output Measurements 

Array measurements are, in principle, conducted 
like single cell measurements. The major dif­
ferences are that the light source must uniformly 
cover a larger area and that the readout circuitry 
must be capable of handling higher power 
levels. 

Most array output measurements in the past 
were performed in natural, terrestrial sunlight, 
as discussed in Section 8-12. However, solar 
simulators are now available that permit testing 
of relatively large arrays (see Section 8-15). Of 
considerable concern is the lead resistance be­
tween the panel under test and the test equip­
ment (as described in Section 8-19). A special 
type of simulated array output-testing is dis­
cussed in Section 8-22. 

8-18. Standard Test Conditions 

Solar cells, module.s, panels, and arrays are tested 
under so-called Standard Test Conditions, as 
shown in Table 8-5. 

Table 8-5. Standard Test Conditions. 

Light Intensity 
Light Cell Cell 

mW/cm2 W/m 2 Spectrum Temperature Type 

135.3 1353 AMO 28°C or 25°C Space 
100.0 1000 AMI 25°C Terrestrial 

80.0 800 AM2 25°C Terrestrial 



8-19. Effects of Lead and Contact Resistances 

Two important factors in cell and array mea­
surements are I) the resistance in the cable 
leading from the solar cell to the resistive load, 
and 2) the resistance resulting from poor elec­
trical contact to the cell with metal probes. 
Both of these may be causing a substantial error 
in the measurements, in effect adding series 
resistance to the cell and depressing the knee 
of the 1-V curve. For example, in Fig. 8-15, the 
measuring circuit is connected with only two 
wires to the solar cell between point a' and a", 
and b' and b", respectively; these wires and 
their respective metal probes to the solar cell 
cause voltage losses, as indicated in Fig. 8-16 
for four different cases. Curve A could result 
from using a pair of No. 20 copper wires 3 m 
in length to connect the cell to the load (0.2 
ohm) and at the same time have a slight amount 
of corrosion on the cell ohmic contact and the 
metal probes (0.3 ohm). Corrosion-free contacts 
and probes would still result in a plot resembling 
Curve B. If the total contact and lead resistance 
were reduced to 0.005 ohm by using a pair of 
No. 12 copper wires I m in length, the result 
would be similar to Curve C, but only if the 
contacts and probes remained free of any resis­
tance. Curve D is the true cell output for com­
parison. 

The solution to this problem lies in the so-
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called four-point termination of the cell or ar­
ray. Figure 8-17 shows the circuit used to elimi­
nate the effects of lead and contact resistance. 
This circuit incorporates the use of two separate 
pairs of wires leading from four separate probes 
that make contact with the cell or the array 
terminals and the current and voltage measuring 
equipment. 

The 1-V curve resulting from the use of two 
pairs of leads for cell output measurements is 
the same as Curve D in Fig. 8-16. The 1-V curve 
is now independent of the circuit resistance 
with only one exception: a larger value of con­
tact or wiring resistance causes a gap in the curve 
portion ne ar the short-circuit current. The resis­
tance in the load circuit, however, no longer 
has an effect upon the shape or accuracy of the 
solar cell curve. This holds true for cell-as well 
as array-measurements. 

A simple solution to extending the solar cell 
1-V curve to true short-circuit current or even 
to negative voltages is the addition of a so-called 
"back bias," as illustrated in Fig. 8-18. 

8-20. Three Types of Solar Ceil/- V Curves 

Different solar cell I-V characteristics can be 
obtained by three different test methods. 

Method A. Photovoltaic Curve. The cell is fully 
illuminated and a load resistance across its ter-
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two-point cell pickoff. 
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Fig.8·18. Back bias circuit to measure true I sc when 
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minal is varied between 0 and 00, as described in 
Section 8-16. 

Method B. Diode Curve. The cell is not illumi­
nated (dark) and an external source forward 
biases the cello As the cell terminal voltage is 
varied between 0 and approximately 0.6 V, the 
corresponding values of input current are 
recorded. 

Method C. n·p Junction Characteristics. The 
cell is illuminated with a variable intensity, 
invariant spectral distribution source. As the 
intensity is varied stepwise from 0 to approxi­
mately two solar constants, sets of I sc and Voc 

data points are recorded. 

Corresponding Equations for Methods A, B, 
and C. The 1-V curves shown previously (in 
Chapter 4) were obtained with Method A. The 
non-illuminated cell curves discussed in con­
junction with shadowed cell and array perfor­
mance (Chapter 2) and with "dark forward" 

testing (Section 8-22) were obtained by Method 
B. Method C is of interest only in solar cell 
research. 

Neglecting the ceIl's shunt resistance and 
using the magnitude of I only (i.e.,I = 1/1), the 
three different curves are represented by these 
solar cell equations: 

Method A: 

I=h - 10 {exp [A:T (V +IRs)] -I} 
Method B: 

1=/0 {exP[A:T (V-IRs)] -I} 
Method C: 

I sc = 10 ~xp (A:T Voc) - IJ 
where the symbols are as defined in Section 
2-31. 

8-21. Measurement of Solar Cell Series 
Resistance 

Solar cell as weIl as array series resistance (de­
fined in Section 4-15) can be measured reason­
ably accurately by the procedure given below. 26 

• Determine the two or more light levels at 
which series resistance measurements are to 
be made. These light levels should approxi­
mately correspond to those for which pre­
eise performance predictions are to be 
made. 

• Determine the temperature difference be­
tween the cell test fixt ure and each cell to 
be tested at each light level. If possible, 
bond cells to a heat sink with solder or 
adhesive. 

• Plot the 1-V curves obtained at the differ­
ent light levels on separate sheets of semi­
transparent graph paper; then slide the 
curves over each other until a best match 
of the I-V curves is obtained. Determine 
I1lsc and 11 Voc by the offset of the graph 
paper rulings. 

• Correct I1lsc and 11 Voc for possible te rn-



perature variations, and calculate Rs from 

~Voc 
Rs =--· 

~Isc 

The above method can lead to significant and 
intolerably high errors in the values of series 
resistance if the measurement techniques are 
not tightly controlled. Measurement errors 
typically arise from mechanical, electrical, or 
thermal sources. Mechanical backlash, friction, 
inadequate gain, excessive hysteresis, slight 
miscalibration, or zero-offset in the X- Y re­
corder used can lead to imprecise 1-V curves. 
Instabilities in the light levels during the tests 
can lead to "wavy" and imprecise 1-V curves. 
Excessive thermal impedance between the solar 
cell and the heat sink of the test fixture can 
result in distinctly different cell operating tem­
peratures at the different light levels at which 
the 1-V curves are plotted. 

8-22. Dark Forward-testing 

The testing of the dark (i.e . non-illuminated) 
solar cell array forward characteristics has re­
ceived considerable attention for two reasons: 
I) solar simulators which illuminate very large 
areas or volumes sufficiently uniformly so that 
arrays mounted to spacecraft can be meaning­
fully tested may not be available, and 2) large, 
articulated, oriented arrays, already integrated 
to a spacecraft and mounted in a stowed condi­
tion, cannot always be readily unfolded for 
testing. The so-called dark forward-test method 
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is the only presently known method which is 
applicable for these cases. 

Dark forward-testing consists of connecting 
an external dc bias source to the terminals of a 
non-illuminated solar cell array such that the 
array becomes forward biased. During the test, 
the dark forward characteristics of the solar cell 
"diode" matrix are measured while the bus 
voltage is varied. Typically, the array current 
and bias voltage are recorded automatically by 
an electromechanical X - Y plotter. 

The forward bias current level is not critical, 
but best results are obtained when the maxi­
mum forward bias current exceeds 50% of the 
short-circuit current which would be obtained 
under one solar constant illumination. 

The accuracy of this test method depends to 
a large degree upon the accuracy with which 
the temperature of the array under test can be 
measured, and upon the temperature uniformity 
that can be achieved over the entire array. 
During the test, the forward bias causes a tem­
perature rise of the array under test, and this, 
under most practical circumstances, leads to an 
undesirable error. Therefore, pulsed bias appli­
cations (up to 10 seconds dweil time) have been 
employed. 

The dark forward-test method was effectively 
used during the prelaunch checkout phases of 
the solar cell arrays on Skylab.27 The relation­
ships between the photovoltaic output charac­
teristics and the dark forward characteristics are 
illustrated in Fig. 8-19. The series resistance of 
illuminated solar cells (2 X 2 cm, 0.35 mm 

~/ 
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Fig.8-19. Photovoltaic and dark forward characteristics (illustrative example.)27 (Reproduction granted by the 
American Nuclear Society.) 
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thick, 2 ohm' cm base resistivity) was found to 
be a function of both illumination level and cell 
voltage, as shown in Fig. 8·20. The values of 
series resistance were used in the computation 
of the photovoltaic 1-V curve based on dark 
forward measurements. The method was found 
to be sensitive to temperature, as shown in Fig. 
8·21. 

Figure 8·22 presents dark 1-V curves for vari· 
ous modules in parallel. In Fig. 8-23 is a cross· 
plot of Fig. 8-22, showing the relationship be-

tween the dark terminal voltage and the number 
of parallel modules at several currents. These 
plots indicate that the dark 1-V characteristics 
cannot be used to adequately determine the 
number of modules connected in the circuit, 
except for major discrepancies. For instance, in 
Fig. 8-23, the change in the dark terminal volt· 
age from 20 to 19 modules is only 0.1 V, but 
from 20 to 16 modules, this difference is about 
0.7 V. 

The temperature coefficient of the dark ter-
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minal voltage at an applied current of 800 mA 
was found to be about - 0.26 vtC. In view of 
this high sensitivity of voltage to temperature, 
the temperature of the cells must be aceurately 
determined. For large solar panels, thermal 
gradients aeross the panels must also be eon­
sidered. 

18 

16 

MODULE 
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8-23. Insulation Resistance and Voltage 
Breakdown 

The equipment used for the measurement of 
the leakage resistanee and the breakdown volt­
age of insulating sheets between solar eell cir­
euits and a metallic substrate is of the eonven­
ti on al type and, therefore, is not deseribed 
here. 

Measurements are best performed by shorting 
all positive and negative solar eell cireuit ter­
minals together, and then measuring the resis­
tanee between the solar eell cireuits and the 
substrate. Care should be exercised to prevent 
solar eell or bloeking diode potentials from 
exeeeding safe limits in ease a low-resistanee 
path or are-over suddenly oceurs. Solar cells 
generally are less sensitive to exeessive reverse 
bias voltages than are rectifier diodes because 
1) the solar eells have rather large reverse leak­
age eurrents at low voltages, and 2) the current 
flow from insulation resistanee measuring equip­
ment is usually limited to a few milliamperes, 
preventing a large voltage build-up aeross the 
solar eells. 

Prior to installation of solar eells on a metal­
lic substrate, the insulation quality is frequently 
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determined by a "wet-sponge" test. Experienee, 
however, has shown that for eell·to·substrate 
voltages below 100 V de, pin-holes in the insu­
lating sheet may be of no eonsequenee to array 
operation, even though the insulating sheets 
may not pass the wet-sponge test. 

THERMO-OPTICAL MEASUREMENTS 

8-24. Measurement of Spectral Distribution 
and Spectral Response 

The spectral distribution of light sources is mea­
sured with the aid of a speetroradiometer. Many 
different types of speetroradiometers are in 
use, ranging from relatively simple "filter wheel" 
deviees to sophistieated, continuously reeording 
instruments. In general, very similar or even 
identical instruments are being utilized for mea­
suring the speetral response of solar cells.28 ,29.3o 

The use of a filter-wheel spectroradiometer 
for measuring the refleetanee of solar eells is 
illustrated in Fig. 8-24. The band-pass filter 
indicated in this figure is aetually one of 13 
filters that eover the wavelength range over 
which solar eells are responsive. The filters are 
mounted on a disk ("wheel") and rotated into 
the optical path as shown. 

8-25. Determination of the Solar Absorptance 

The solar absorptanee of opaque materials 
(glassed solar eells, ete.) is generally determined 
as follows: 

1. Measurement of the speetral refleetanee, 
PA. (see Seetion 8-27). 

2. Calculation of the (average) solar reflee­
tanee, Ps, by integrating over the solar 
speetrum, SA. (see Seetion 9-3): 

where the limits of integration, a and b, 
are determined by the wavelength range 
over which PA. was measured (usually a = 
0.28 pm and b = 2.5 pm). 

3. Calculation of the solar absorptanee, cxs, 
from 

CXs = 1 - Ps· 

8-26. Determination of the Hemispherical 
Emittance 

The hemispherical emittance is gene rally deter­
mined by one of the two methods described 
below. 

Spectral Emittance Method. The spectral emit­
tance method consists of four steps. 

1. Measurement of the spectral reflectance, 
PA. (see Section 8-27). 

2. Calculation of the average refleetance, p, 
by integrating over the Planekian black­
body spectral emission spectrum, Pn , for 
a given absolute specimen temperature: 

p=-----

3. Calculation of the average normal emit­
tance, EN, from 

EN = 1 - p. 

4. Calculation of the average hemispherical 
emittance, EH, from 
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EH=C:)EN 
where the ratio ElEn is a correction factor 
which is based on experimentally verified 
electromagnetic theory. The values of ElEn 

are given in Fig. 8-25. 

total emittance method than by the spectral 
emittance method. The total emittance method 
steps are outlined here. 

1. Measurement of the total reflectance, p 
(see Section 8-28). 

Total Emittance Method. The emittance of a 
sampie can be determined more rapidly by the 

2. Calculation of the total normal emittance, 
fN, from 

fN = 1 - p. 
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Fig.8-25. Theoretical and experimental values for the 
ratio of hemispherical to normal emissivity. 31 (Re­
printed with permission of the Verein Deutscher 
Ingenieure Verlag.) 

3. Calculation of the average hemispherical 
emittance from 

fH=(E:)fN 

where ElEn is given in Fig. 8-25 (see the 
discussion of ElEn above). 

8-27. Measurement of the Spectral Reflectance 

Measurement of the spectral reflectance typi­
cally utilizes either an integrating sphere or a 
heated cavity that is attached to a spectro­
photometer. Each of these methods measures 
the normal spectral emittance, ENA' 

Integrating Sphere Method. The test equipment 
typically consists of an Edwards type integrat-
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ing sphere reflectometer attachment and a 
Beckman DK2A Spectrophotometer. 32 The 
Beckman DK2A is a double-beam ratio-re cord­
ing spectrophotometer which automatically 
scans through the wavelength region of interest 
(from 0.28 to 2.5 microns for glassed solar 
cells) and re cords the ratio of the signal from 
the sampIe beam and the signal from the refer­
ence beam. 

The inside surface of the Edwards integrating 
sphere is coated with Eastman 6080 white 
paint. This paint is highly reflecting and highly 
diffusing. So me relatively small openings in the 
sphere permit the two beams to enter and lead­
sulfide and photomultiplier tube detectors to 
be mounted. Light sources for the equipment 
are a hydrogen lamp for the shorter wavelength 
region and a tungsten mament lamp for the 
longer wavelengths. 

The Edwards sphere also contains a sampIe 
holder that places the specimen at the geometric 
center of the integrating sphere such that none 
of the energy reflected from the specimen can 
reach the wall-mounted detector without first 
being reflected from the sphere wall at least 
once. This optical design eliminates some large 
potential errors and permits absolute (in con­
trast to relative) spectral reflectance measure­
ments to be made. 

During operation of the reflectometer, the 
reference and sam pIe beams are directed into 
the sphere through a sm all entrance port. The 
reference beam is incident on the inside sphere 
wall but does not pass through the center of the 
sphere. The sam pIe beam, on the other hand, 
passes through the center of the sphere and, for 
the calibration, is incident upon the sphere wall 
a short distance from the spot where the refer­
ence beam is incident. For this premeasurement 
calibration, the specimen is retracted slightly 
from the center of the sphere. The specimen is 
then translated into the center of the sphere for 
the actual reflectance measurement. In this 
geometry, the sam pie beam is incident upon the 
specimen, and only that energy which is re­
flected from the specimen is detected. Let the 
intensity of the reference beam which is in ci­
dent upon the sphere wall be denoted by IR, 
and let the intensity of the sampIe beam which 
is incident upon the specimen be denoted by 

I s. The two beam intensities are identical: IR = 
I s. The portion of the sampie beam which is 
reflected from the specimen onto the sphere 
wall is P-,Js, where PA is the spectral reflectance 
of the specimen. The ratio-recording detector 
develops a signal which isequal tOPAIs/IR = PA' 
since I s = IR' Hence, the instrument provides 
an absolute measurement of the spectral reflec­

tance, PA' 

Heated Cavity Method. The test equipment 
and measurement method is, in principle, simi­
lar to that of the integrating sphere method 
except that instead of an integrating sphere (at 
room temperature), a heated cavity is used, and 
instead of the sampie beam being compared to 
the reference beam reflected by a highly diffus­
ing and reflecting surface, it is reflected by a 
platinum foH which is kept by the surrounding 
heated cavity at 815°C (1S000P).33 

8-28. Measurement of Total Reflectance 

Measurement of the total reflectance from a 
sampie requires a light source, a detector, and a 
reflectance standard. Both the sam pIe under 
test and the standard should have reasonably 
simHar spectral reflectance characteristics to 
minimize test errors.34 

ENVIRONMENTAL TESTING 

8-29. Particle Radiation-testing 

Solar cell radiation damage experiments are 
performed primarily with electrons, secondarily 
with protons, and, to a small extent, with neu­
trons. Special equipment is required to generate 
the particles and increase their speed until the 
desired partic1e energy is achieved. 

Electron-testing. Electrons are typically pro­
duced by Van de Graaff generators. As an 
example of a typical radiation facility, the in­
stallation at the Jet Propulsion Laboratory, 
Pasadena, California, is described in the follow­
ing paragraphs. The radiation laboratory is built 
around a 3 MeV Dynamitron accelerator, manu­
factured by Radiation Dynamics, Inc. This 
machine pro duces a useful electron beam in the 



range of energies between 0.6 and 2.3 MeV at 
electron beam currents up to 2 mA. This rela­
tively high current capability makes possible 
the irradiation of large areas with high flux 
rates. The flux rate is adjustable from 1 X 109 

e . cm -2 /second to 1 X 1012 e· cm -2 /second. 
The electron beam can be directed (horizon­
tally) down a beam transport system into either 
one of two experimental areas. Patch panels 
installed in each area allow the routing of beam 
monitoring signals to a data acquisition area. 

One experimental area is devoted to a semi­
permanent installation of a vacuum chamber 
designed for measuring radiation effects in solar 
cells. An AMO solar simulator is coupled through 
Corning 7940 fused silica windows into the 
vacuum chamber for producing a beam of light 
on a 12 X 12 cm test plane. A temperature con­
trolled block at the target area can be main­
tained between -150° and +150° C. Provision is 
made for the simultaneous irradiation of up to 
14 solar cells on this target plane, with subse­
quent in situ measurement of their electrical 
parameters using the solar simulator. A thin 
aluminum or copper scattering foil is used to 
diffuse the electron beam uniformly over the 
target area. A small Faraday cup is mounted in 
the center of the target area for measuring the 
electron dose. All areas struck by the beam are 
water-cooled (including the scattering foil). A 
liquid nitrogen shroud in the chamber is used 
during solar cell radiations to trap diffusion and 
fore-pump oil (even though the pumping system 
is LN2 trapped), and to cryopump the chamber. 

An electromagnet may be used to direct the 
electron beam into the second experimental 
room. Here, the beam is brought out into the 
air through a water-cooled titanium foi!. Various 
experimental arrangements may be set up inde­
pendently of the first area. Irradiations may be 
done in the open air (an activated charcoal fIlter 
is provided for ozone rem oval), or the beam 
may be directed into a vacuum chamber through 
a titanium entrance window. 

Electron Energy Spectrum-testing. Most elec­
tron radiation testing is performed using a 
mono-energetic beam of electrons which is 
incident perpendicularly on the solar cell sur­
face. However, the JPL facility discussed above 
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was used to generate an electron energy spec­
trum on occasion. 

Proton-testing. Low-energy protons are pro­
duced by equipment similar to the proton 
source shown in Section 8-32, while high-energy 
protons are generated by cyclotrons. Tandem 
Van de Graaff generators produce protons 
having energies from 2 to 10 MeV, cyclotrons 
from 10 to 50 MeV, and synchro-cyclotrons in 
the range between 50 and 155 MeV, approxi­
mately. 

Neutron-testing. Neutrons are usually obtained 
as by-products from nuclear reactors. One ex­
am pIe of such sources is the Fast Burst Reactor 
at the White Sands Missile Range. 

8-30. Ultraviolet Radiation-testing. 

Ultraviolet test setups differ widely in appear­
ance; however, their common characteristics 
are a strong source of ultraviolet (UV) radiation 
and evacuated volumes in which the test sam pIes 
are contained. One typical UV test system is 
described below; another system is described 
in Section 8-32. 

The UV test system uses a xenon compact 
arc lamp and a number of individually pumped 
sam pIe chambers. In each such in situ vacuum 
test chamber, the sampIe is in contact with a 
temperature controlled (liquid), axially trans­
latable base. The chamber walls consist of uv­
transparent quartz tubes. The test sampIes are 
maintained in a high vacuum by sputter ion 
pumps connected to stainless stee1 tees. All­
metal seals are used throughout to maintain 
ultra-high vacuum and to minimize the poten­
tial introduction of contaminants. The sam pIe 
chambers are pumped down to apressure of 
less than 10-6 torr using molecular sieve sorp­
tion pumps and the integral sputter ion pumps 
on each sam pIe chamber. The construction of 
the in situ chambers permit the sam pIe , while 
still in a vacuum enclosure, to be placed at the 
center of an Edwards type integrating sphere. 

A number of individual sam pIe chambers are 
placed radially around one xenon compact arc 
lamp located at the center. The chambers are 
movable along tracks in order to vary the lamp-
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to-sample distance. Thus, the irradiance on the 
sam pie can be set at any value from less than 
1 "ultraviolet sun" (A < 0.4 microns) to greater 
than 12 "ultraviolet suns." The lamps used 
typically range from 2.2 to 6.5 kW types. Other 
sources are available for degradation testing 
(e.g., the General Electric B-H6 high-pressure 
mercury arc), but the xenon arc source is pre­
ferred as a better simulation of the solar spec­
trum in the UV region (Fig. 8-26). 

8-31. Far Ultraviolet Testing 

In recent years, the [ar ultraviolet (FUV) region 
of the solar spectrum (below 200 nm) has been 
identified as being most damaging to organic 
spacecraft materials such as Kapton and Teflon. 
Radiant energy at these short wavelengths can 
be obtained from electrodeless "continuum" 
krypton or xenon lamps. The gas in these lamps 
is ionized by RF (radio frequency) fields. An 
RF input power of 120 W to the xenon lamp 
pro duces approximately 7 FUV suns (0.5 X 
1014 photons/second) at a distance of approxi­
mately 1 m from the lamp. Typical relative 
spectra are shown in Fig. 8-27. 

Another type of electrodeless krypton lamp, 
in use for FUV testing, is a "resonance" lamp. 
This lamp produces approximately 3 X 1015 

photons/second in two single lines: 116.5 and 
123.6 nm. 

The FUV radiation from the lamps is reflected 
by special FUV mirror coatings (Fig. 8-28) and 
transmitted through magnesium fluoride (MgF 2) 
windows. 

Photodiodes are available for detecting FUV 
radiation. The National Bureau of Standards 
provides calibration services in the FUV region 
of 120 to 254 nm. A typical detector has a 
rubidium-telluride cathode and a MgF2 window. 

8-32. Combined Environments-testing 

In the actual space environment, UV and charged 
particle radiation (electrons and protons), en­
compassing large variations in energy, are simul­
taneously incident on solar cell array materials. 
Inasmuch as synergistic or anti-synergistic ef­
fects can be expected to occur in materials, the 
simultaneous exposure of solar cell array mate-

rials to various forms of radiation in a vacuum 
environment is desirable. Such simultaneous 
exposure is achieved with combined environ­
ment test setups. Pre- and post-exposure tests 
are performed in situ to prevent chemical 
changes from occurring in irradiated sampies 
due to the effects of atmospheric oxygen or 
water vapor. 

As an example of the many different systems 
of this type that are in existence, one of the 
facilities is described in the following for illus­
tration.40 A schematic drawing of this facility 
is shown in Fig. 8-29. 

Vacuum System. The vacuum chamber is in 
the form of a horizontally oriented cylinder 
approximately 46 cm in diameter by 76 cm 
long with a corresponding test section volume 
of approximately 125 liters. The chamber mate­
rials are type 304 or 321 stainless steel for the 
chamber walls and flanges, and fused silica and 
glass for the windows. No polymeric or other 
organic surfaces are exposed to the vacuum 
environment. The ends of the chamber are closed 
with domed, flanged doors sealed with crush­
able copper wire rings. A rotatable cantilever 
end-door-support mounts on either end of the 
chamber for end-door removal. Numerous 
flanged ports of various sizes extend from the 
main chamber to provide access for vacuum 
pumping, environment components simulation, 
fluid, mechanical and electrical feedthroughs, 
viewports, etc. 

A 36 cm diameter titanium sublimation 
pumping (TSP) weIl extends below the main 
chamber, and a 400 l/second ion pump mounts 
to the bottom of this weIl. The TSP weIl has 
fluid feedthroughs and a cop per cold wall for 
increased pumping speeds. A four-filament 
titanium sublimator extends through the weIl 
wall and provides an estimated extra 1200 
l/second pumping speed to handle peak gas 
loads during initial pump down and sampie 
irradiation. 

Pumping down to 1 to 10 11m of pressure is 
accomplished with a roughing system consisting 
of a dry vane mechanical pump and two sorp­
tion pumps operated sequentially. During rough 
pumping, the titanium filaments are outgassed. 
Upon reaching apressure of 1 to 10 JIm, the ion 
pump is started. 
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Fig.8-29. Schematic drawing of a typical combined 
environment facility (CEF).36 

Sam pie Holder and Transfer Mechanism. The 
sampie holder and transfer system was designed 
to provide maximum capa city and adequate 
temperature control during exposure, and to 
permit accurate spectral properties measure­
ments to be made. The design of the mechani­
cal manipulators to transfer sampIes in the 
chamber is consistent with good ultra-high 
vacuum practice. Only inorganic or dry film 
lubricants are used. 

Figure 8-30 illustrates the sampIe holder/ 
transfer system. The system sam pIe capacity , 
using a 1 X 2 cm rectangular sam pIe size, is 
28. Small individual sam pIe holders (1) are 
spring-mounted on four fluid-cooled heat sink 
trays (2). The trays are vertically translatable 
using the externally driven spur gear-rack ar­
rangement (4). Translation of the idler gear (3) 
from one rack gear to another allows horizontal 
movement of individual sam pIe trays using the 
externally driven gear (5). Any particular sam pIe 
may thereby be translated to the "pickup" 
position, removed from the tray (Fig. 8-31), 
and translated into the integrating sphere for 
spectral property measurements. 

(11 TYPICAL SAMPLE HOLDER 

(21 HEATER/COOLANT FLUID RESERVOIR 
(31 TRANSLATABLE IDLER GEAR 
(41 RACK GEAR FOR VERTICAL RESERVOIR MOVEMENT 
(51 DRIVE GEAR 

Fig.8-30. SampIe holder-motion mechanism.36 
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(51 BERYLLIUM·COPPER SPRING CLIPS TO HOLD 
SPECIMEN HOLDER AGAINST RESERVOIR 

Fig.8-31. Illustration of specimen holder pick-up 
techniq ue. 36 

The operation of removing a particular sam pIe 
assembly from the heat sink on ce the sam pIe 
has been moved to the "pickup" position, con­
sists of 1) inserting the alignment pin on the 
end of the sam pIe "pickup" /transfer manipula­
tor shaft; 2) rotating the shaft through 90° to 
engaged the "propeller" into the spring clips; 
and 3) pulling the manipulator back to remove 
the sam pIe holder from the springs holding it 
against the coolant tray. Since the transfer ma­
nipulator shaft can be rotated after the sampie 
has been removed from the coolant tray, direc­
tional re fleet an ce measurements are possible. 

To replace a sam pIe onto the coolant tray, 
one simply reverses the three steps above. 

Proton Source. The charged particle accelera­
tor consists of three basic components: 

I. Source-the chamber in which hydrogen 
is ionized with an RF field and energized 
with a high potential anode; 

2. Mass separator'-a section in which the 
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ionized hydrogen is mass separated to 
provide a near-pure Hr beam; and 

3. Particle detector-a Faraday cup partic1e 
detector for measuring and monitoring 
the proton flux. 

Source. High-purity hydrogen gas (99.999% 
H2 ) is bled into the ionizing chamber through 
a variable leak valve. The ionizing chamber is a 
Pyrex bulb 15 cm in diameter by 9 em long, 
c10sed on one end and sealed to a high-vaeuum 
15 em port flange on the other end. A 10 MHz 
RF field is set up inside the bulb by passing an 
RF eurrent through a eopper tube coiled around 
its exterior. A portion of the hydrogen is ionized 
by this field and is then excited to higher ener­
gies by means of a high-potential anode ring 
mounted inside the bulb. 

Mass Separator. Ions are extraeted from the 
plasma and direeted toward the target plane 
through a mass separator to eliminate other 
ions from the beam. The separator is basieally 
a Bennett tube type RF mass speetrometer 
which has been enlarged to aeeept the full 12 
em ion beam and allow protons (Hr ions) to 
flow undiverted into the test ehamber. At the 
exit end of the mass separator, hot filaments 
injeet thermal eleetrons into the beam to pro­
vide space charge neutralization. 

Particle Detector. A Faraday cup particle de­
tector is used to accomplish four operations: 
beam uniformity mapping, beam spread mea­
surement, beam flux monitoring, and beam 
energy deteetion. 

UV Source. A compact are xenon 1amp is used 
as the UV source. Focusing opties, eonsisting of 
a suprasil quartz lens assembly and first surfaee 
eolleetion mirrors, are arranged inside a lamp 
projector housing, a shown in Fig. 8-32. The 
lamp is a 3.8 kW xenon lamp and is controllable 
from approximately 100 mW/em2 to 750 mW/ 
em2 (below 400 nm) at the sampie plane. The 
total irradianee has been measured with an 
electrically eompensated, blaekened foil radi­
ometer. Filters are used with the radiometer to 
determine the UV conte nt of the beam before 
and after a test. 
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(51 QUARTZ CHAM8ER WINDOW 

161 SAMPLE PLANE 

Fig. 8-32. Schematic drawing of ultraviolet sour ce 
optics.36 

Spectral Reflectance Measurements. Spectral 
reflectance measurements can be performed 
on any of the test specimens, at any time during 
the exposure period, by removing the desired 
sam pie from the heat sink with the sampie 
manipulator and translating it into a fused silica 
test tube mounted on the wall of the vacuum 
chamber. A Beckman DK2A spectrophotometer 
with an integrating sphere of the Edwards type 
is positioned adjacent to the chamber with the 
quartz tube protruding into the sphere. 

8-33. Temperature Cycling-Testing 

Temperature cycling-tests are performed by 
two basically different methods: in vacuum, 
and in air. Temperature cycling in vacuum, also 
known as thennal vacuum or vacuum thennal 
cycling, gene rally provides good simulation of 
the space vacuum environment, but a suffi­
ciently fast temperature decay and sufficiently 
low temperatures, as predicted for deployed 
solar cell arrays in geosynchronous or planetary 
orbits, are gene rally not obtainable. 

The undesirably low rate of temperature 
decay is caused by three unavoidable condi­
tions; namely, a relatively large thermal mass of 
structural elements and light sources in the 
space simulation chamber, a relatively high heat 
sink temperature (-196°C for liquid nitrogen 
cooled walls instead of -273°C for space), and 
the relatively inefficient heat transfer by radia­
tion, especially at lower absolute temperatures. 

Fig. 8-33. Schematic top view of rapid thermal vacuum 
cycling equipment. (Reprinted with permission ofthe 
IEEE.42 ) 

Frequently, some liquid nitrogen vapors are 
introduced directly into the vacuum chamber 
to accelerate the temperature decay and pro­
vide a lower temperature for the array under 
test. The associated loss in vacuum is temporary 
and can be minimized by using high-volume 
vacuum pumps. 

A different type of thermal vacuum-test 
setup that permits rapid temperature cycling in 
high vacuum is illustrated in Fig. 8_33.41 ,42 Four 
solar panel test sections can be mounted with 
stand-offs to the outside walls of a liquid nitro­
gen-cooled rectangular cylinder, which, in turn, 
is able to rotate about its central axis by 90° 
and back. Two of the solar panels face tungsten 
fIlament heaters and the other two face liquid 
nitrogen-cooled walls. All cold walls and heaters 
are maintained at constant temperature. The 
liquid nitrogen is boiled off at ambient pressure 
to reach low cold wall temperatures. Tempera­
ture cycling of the solar panels is achieved by 
rotating the inner assembly into alternate posi­
tions. Two test specirnens are heated and main­
tained at the upper equilibrium temperature, 
while the other two specirnens are cooling to 
the lower test limit. Once this limit is reached, 
the inner assembly is rota ted again and the 
heating and cooling process repeats on the op­
posite specirnens. Solar panel test sections, as 
described in Section 7-14, carrying 2S0 inter­
connected 2 X 4 cm solar cell stacks each, and 
all other elements found on flight panels, reach 
-110°C in 20 minutes and -17SoC in 2 hours. 
The upper temperature of 6SoC is reached in 
about 20 minutes.42 

More rapid temperature cycling than is pos­
sible in vacuum can be achieved with circulating 



air chambers. Typically, precautions are taken 
to eliminate moisture and oxygen from the 
chamber interiors; however, such methods are 
only moderately effective. With liquid nitrogen 
vapor-cooling and electric heating, forced air 
chambers can produce almost any desired tem­
perature profile. Test costs and test durations 
can be as low as 1 % of those for vacuum-tests; 
however, even well controlled air tests frequently 
show interconnector and joint failure rates 
much earlier in the simulated life and at a higher 
rate of incidence than vacuum tests show. Ap­
parently, atmospheric effects play significant 
roles in fatigue life testing (see Section 6-22). 

Electrical test results typically show solar cell 
output degradation, which usually is due to 
increased cell and interconnector series resis­
tance. Depending upon the upper and lower 
temperature limits and the number of tempera­
ture cycles incurred, electrical output losses 
at the maximum power point are typically only 
a few percent. 

SIGNIFICANCE OF TEST DATA 

8-34. Errors 

Any test data, no matter how carefully ob­
tained, is subject to 1) being not absolutely 
correct (or true), and 2) coming out slightly 
different in a repeat test. The science of statis­
ties ean explain not only why this is to be 
expected, but also ean quantize the amount of 
variation which can be expected.43 

For simplicity of illustration, let us measure 
the short-circuit current (Isc) of a solar cell 
under an AMO solar simulator.44 The I sc being 
measured is called a variable. The recorded I sc 

value from this test is called data. Assurne fur­
ther that, based on a light intensity measure­
ment using a primary balloon standard solar cell, 
the light intensity was too low by 1 %. Hence, the 
data is known to be in error by -1 % and requires 
correction. After having corrected the data, the 
result is then reported in the test report. If this 
thusly measured solar cell is flown in space, its 
I sc output will be the true output, denoted 
here by I;c' The value of the difference between 
the measured result of the Isc and true I;c is the 
error of this single-sample experiment. How-
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ever, prior to the space flight, the true I;c is not 
known, so then we only speculate as to what 
I;c might be. We say that the measured result of 
Isc has associated with it an uncertainty. Since 
the value of the uncertainty is what one thinks 
the error might be, uncertainty is based on an 
estimate or assessment by the experimenter of 
all the possible errors that might be associated 
with a specific experiment. The errors can fall 
into any of the categories below. 

• Accidental errors, such as a time lag in the 
solar simulator intensity stability control, 
or x-y recorder friction. 

• Fixed errors, such as deviations in spectral 
distribution of the solar simulator from 
that of natural space sunlight. 

• Mistakes, such as accidentally using a long­
lead two-terminal connection to the solar 
cell under test instead of a four-terminal 
connection (see Section 8-19). 

It has been found that most of the errors tend 
to be rather small, but, nevertheless, very large 
errors are possible, even if expected only rarely. 
The errors can be positive or negative. 

In most experiments reported in the litera­
ture, uncertainty is typically taken as being 
identical to the probable error. The probable 
error is usually calculated by taking the square 
root of the sum of squares of the individual 
errors. The calculated probable errors found in 
different publications of test results usually 
differ from each other eonsiderably, because 
some experimenters inc1ude more sources of 
errors than others; the given individual errors 
due to similar apparatus and equipment are 
usually quite consistent with each other. 

8-35. Uncertainties 

The user of the design and test data in this 
handbook is cautioned that each of the many 
different sets of data included were typically 
obtained by slightly different test methods and 
from different test specimens selected from dif­
ferent production lots. None ofthese differences 
can be fully ascertained from the available test 
documents, so it is not surprising to find that 
so me of the data sets may not be mutually 
compatible with each other (as would be re-
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Table 8-6. Typical Uncertainties in Predicted 
Array Performance.44 ,4S,46,47 

Project 

1PL Statistical Prediction, 
Mariner 

General Electric, ERTS-l 
TR W, Intelsat III 
Hughes, Intelsat IV 

Uncertainty or 
Difference from 
Prediction (%) 

± 3.8 
2 

o to 3 
1 to 2 

quired, for instance, for comparative analyses 
and trade-off studies). 

The total uncertainty (or probable error) for 
predicting solar cell array performance in space, 
based on ground testing of array subassemblies 
(solar panels, modules, or strings) and computer 
aided extrapolations to space, is in most cases 
on the order of a few percent and usually well 
below 5%. Some observed values of uncertainty 
are shown in Table 8-6. The uncertainty in­
creases as the complexity of shadow patterns 
and the angle of non-normal incidence of sun­
light increases. 

8-36. Uncertainties in Inspection 

Many solar cell array design and performance 
requirements and criteria are verified by inspec­
tion. Some examples of such inspections are 
concerned with the following: 

• Cover alignment over solar cells 
• Cracked and chipped solar cells and covers 
• Adhesive voids and overflow 
• Soldered joint quality 
• Damaged interconnectors and wires. 

Inspectors are inherently not capable of find­
ing all existing defects, even after having received 
the proper training and orientation. The reasons 
for inspector errors are given below.48 

• Wilful errors, including fraud and collusion; 
falsification for the convenience or to the 
advantage of the inspector; and falsifica­
tion due to management pressure and 
deadlines. 

.lntennediate errors, including inspector 
bias (usually affects borderline cases); 

rounding off (related to readability of 
meter scales); and overzealousness . 

• lnvoluntary errors, including blunders 
(usually caused by others rather than the 
inspector); fatigue; and human imperfec­
tion. 

The accuracy, A, of an inspector can be de­
fined by the percentage of defects he can iden­
tify correct1y:48 

where 

d-k 
A=--­

d-k+b 

d = number of defects reported 
k = number of non-defective units rejected 
b = number of defects missed. 

The quantity (d - k) is the true number of de­
fects found by the inspector; (d - k + b) is the 
true number of defects in the inspection lot. 

Illustrative Example No. 8-1 

Inspection lot: 10,000 cell stacks mounted to a 
solar cell panel. 

Number of cracked covers found 92 

Number of acceptable cracked covers 2 
Number of cracked covers not found 10 

From the equation above, the inspector's ac­
curacy is 

92 - 2 
A = = 90%. 

92 - 2 + 10 

In the usual case, the true number of defects, 
(d - k + b) is unknown because the number of 
defects missed, b, is unknown. Under the as­
sumption of k = 0, an estimatx of the total 
number of defects, denoted by N, can be made 
from 

A 

N=d/A 

where d andA are as previously defined. 
In the above example, 

A 

N = 02/0.90 = 102 

and b = 102 - 92 = 10 defects were missed. 
During a second inspection, either by the same 
or by a different inspector, b2 = b 1 • A 2 defects 



would be discovered (under the assumption 
that the defective covers are marked or re­
corded). In the above example, if A z = 0.90 
also bz = 10 X 0.90 = 9 defective covers would 
be discovered in addition, or 92 + 9 = 101 de­
fectives in both inspections together. 

If an environmental exposure had been per­
formed between these two inspections, the ad­
ditionally discovered nine defective covers 
may not have been due to the environmental 
exposure. 

In actual industrial settings, inspector ac­
curacies are highly dependent upon the nature 
of the defects, ease of inspectability, clarity of 
the definitions of fall/pass criteria, available 
inspection tools (lighting, etc.), personal com­
fort or discomfort during inspections, boredom, 
fatigue, motivation, schedule press ure , general 
working conditions, time of day (relating to 
daily alertness and productivity cycles), train­
ing, and other factors. The actual accuracies for 
a given number of solar cell panel inspections 
can, therefore, be expected to be varying both 
from panel to panel and from one inspection to 
another inspection of the same panel. 

Accuracies of inspectors of solar cell assem­
blies have not been found in the literature; 
however, they can be expected to be similar to 
the accuracies found in other industries, where 
they range from 50 to 100%, with 80 to 90% 
occurring quite frequently. 

Recommended Practice. The above discussion 
suggests that a solar cell panel should be in­
spected prior to an environmental exposure at 
least twice, or at least as many times prior to 
the environmental exposure as it will be in­
spected after the exposure. 

8-37. Significance of Sampie Size 

It is a weIl recognized fact that increasing the 
(random) sampie size (the number of cells in a 
test sam pie selected at random from a popula­
tion, or production lot) will permit a more ac­
curate prediction of the mean behavior of the 
population. The estimated mean m of the popu­
lation is always calculated from the measured 
mean x of the sam pie ; however, there is a risk 0: 
that the estimated population mean m is off 
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from the true (but unknown) mean, by an 
amount d or greater. Or, conversely, there is 
1 - 0: confidence that the estimated population 
mean is different than the true mean by an 
amount less than d. If the potential error d is 
fixed, the confidence 1 - 0: (or the risk 0:), de­
pends upon the sam pIe size n, and on the stan­
dard deviation a of the population (or the 
spread in the test data s, if a is unknown) in 
accordance with the Eq. 8-1. 

(8-1 ) 

The standard normal variable, zp, where p = 1 -
0:/2, is given in a statistical table of "Cumula­
tive Normal Distribution Values of zp." 

In order to obtain an estimte of a to use in 
Eq. 8-1, a number of sets of solar cell test data 
were reviewed.36 It was found that the test 
sampies are seldom selected at random from an 
entire production run and, therefore, rarely 
represent the entire population statistically. 
However, both the mean and the distribution of 
the entire population (many production lots) is 
reasonably well known from the cell manufac­
turer's quality control records, at least for elec­
trical output under standard test conditions 
(28°C, one solar constant, AMO). Some large 
solar cell procurements made during the mid-
1970's were designed to encompass the cell 
manufacturer's yield distribution as shown 
below. 

Electrical Minimum Output Current at 
Group No. 0.425 V for 0.004 A Intervals 

1 0.235 A 
2 0.239 A 
3 0.243 A 
4 0.247 A 
5 0.251 A 
6 0.255 A 
7 0.259 A 

Typical calibration and test repeatability was 
±0.002 A, or one·half of the interval of an out­
put group. From this, the population mean and 
the standard deviation were estimated to be: 

m = 0.249 A 

a = 0.005 A 
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Fig. 8-34. Confidenee in test data as a funetion of sampie size with allowable error as a parameter. 

where it was assumed that the 6a limits (±3a) 
include the entire distribution ranging from 

0.235 to 0.263 A. Knowing m, values of d can 

be selected corresponding to any desired un­

certainty. For example, d = 0.00249 A corre­

sponds to a ±1 % uncertainty. 

Using Eq. 8-1 and values for a, zp, and d, as 

discussed above, values for confidence 1 - a 
were calculated as a function of sam pie size n 
and are plotted in Fig. 8-34. For a sam pIe size 
n, Fig. 8-34 gives the confidence 1 - a that the 

sam pie mean x is off from the population me an 

by an amount less than d. 
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9 
Environments and Their Effects 

9-1. The Solar Cell Array Environment 

The total solar cell array environment is the 
complex of sunshine, climatic conditions, 
biotic factors, and, for space arrays, extra­
terrestrial phenomena. For convenience only, 
at the risk of oversimplification, the total 
environment is divided into the terrestrial 
and the space environment. Each of these is 
further subdivided into a number of individual 
environments. While some individual environ­
ments interact with each other, others do not. 
The interaction may be synergistic or anti­
synergistic. Synergism results in a greater effect 
on the array from combined environments than 
thesum of the effects from each individual 
environment. Anti-synergistic effects partially 
nullify the individual effects. 

Most environments have adetrimental effect 
on the long-term performance capability and 
reliability of solar cell arrays. The most signifi­
cant environments against which terrestrial 
arrays must be protected include high wind, 
snow, and ice loadings, and corrosion aided 
by moisture, high temperature, and air-borne 
contaminants. The most significant environ­
ments against which space arrays must be 
protected include ground handling, launching, 
and space radiation. A significant, life reducing 
environment for both terrestrial and space array 
is temperature cycling, caused by periodic 
interruptions of the array's insolation by 
clouds, night-time, or solar eclipses. Many other 
environments also have deleterious effects on 
solar cell arrays. 
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Beneficial environments for terrestrial arrays 
include low air temperatures and moderate 
wind velocities that increase the solar cell 
operating efficiency. 

SOLAR ENERGY 

9-2. The Sun 

The sun is a gigantic thermonuclear reactor 
emitting energy from its surface approximately 
like a black-body radiator at 6000°K. The 
emitted energy is mainly in the form of electro­
magnetic radiation, langing from about 30 m 
short-wave radio waves to 10-10 m X-rays. 
However, most of the solar energy is in the 
visible and near-infrared wavelength range. 1 

The earth revolves around the sun in a slightly 
elliptic path which gives rise to annual varia­
tions in the solar intensity falling onto the 
earth's surface. The inclination of the earth's 
spin axis by 23.5° produces the summer/winter 
variation in sun elevation above the earth's 
horizon. Having a diameter of approximately 
1.39 X 109 meters, the sun appears from the 
earth as a disk subtending a total angle of 
31°59' (as seen from the center of the earth), 
known as its mean angular diameter. Hs sea­
sonal variation is ± 1. 7%. 

9-3. The Solar Constant 

The total energy received from the sun on a 
unit area perpendicular to the sun's rays at the 
mean earth-sun distance, termed an astronom­
ical unit (1.000 AU = 1.496 X 1011 m), is called 



the solar constant. The solar intensity at solar 
distances other than 1 AU is typically expressed 
as a fraction or a multiple of the solar constant. 

The value of the solar constant has been re· 
vised many times. The most widely used values 
for solar array work during the period between 
1958 and 1972 were 1400 W/m 2 and l396 
W/m2 , based on the work done by Johnson. 2 

In 1971, the value of the solar constant was 
revised to a design value of 1353 W/m 2 or 
1.940 cal . cm -2 . min -1. It is taken for a mean 

earth-sun distance of 1 AU and in the absence 
of the earth's atmosphere. The estimated error 
is ±2.l mW cm-2 or ±0.03 cal' cm-2 • min- l • 

(The calorie is the thermochemical calorie and 
the milliwatt is 10-3 absolute joule/second.)3 

Revisions in the value of the solar constant 
may only affect the predicted solar cell array 
temperature in orbit. There is no effect on the 
photovoltaic performance of the solar cell on 
the array, because solar cells are calibrated in 
near-space against the sun directly without 
having to know the solar intensity. Inasmuch 
as changes in the measured values of the solar 
constant do not alter the sun's actual intensity, 
they also do not alter the solar cell output 
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obtained in space at a given distance from the 
sun. (For calibration techniques of solar cells, 
see Section 8-l3.) 

The term total solar irradiance refers to total 
radiant energy received at a given distance, 
whereas the term solar constant describes the 
same parameter at 1 AU. This handbook has 
adopted the gene rally accepted terms solar 
illumination and solar intensity instead of 
solar irradiance in order to minimize potential 
confusion with radiation effects (Le., ultraviolet, 
charged particles, etc.). 

On the basis of the value adopted for the 
solar constant, Table 9-1 gives the variation in 
total solar intensity with changes in earth-sun 
distance du ring the year. Table 9-2 gives the 
corresponding solar intensity values for the 
other planets of the solar system. 

The spectral irradiance of the sun at the dis­
tance of 1 AU in the absence of the earth's 
atmosphere is given in Table 9-3 and Fig. 9-1. 
The estimated error in these values is ±5% in 
the wavelength range of 0.3 to 3.0 JLm, and 
greater outside these wavelength limits. Figure 
9-1 also shows terrestrial sunlight spectra 
and identifies atmospheric absorption bands. 

Table 9-1. Variation of Solar Intensity with 
Earth-Sun Distance. 3 

Solar Intensit/' 
~;, ~, 

Date (mW. cm -2) Re lative 

January 3 (perihelion) 139.9 1.0340 

February 1 139.3 1. 0296 

March 1 137.8 1.0185 

April 1 135.5 1. 0015 

May 1 133.2 0.9845 

June 1 131. 6 0.972 7 

July 4 (aphelion) 130.9 0.9675 

August 1 131. 3 0.9704 

September 1 132.9 0.9823 

October 1 135.0 0.9978 

November 1 137.4 1. 0155 

December 1 139.2 1. 0288 

*The changes in sun-earth distance for the same date from year 
to year are such that values may vary by ±O.l mW cm -2. For 
precise comparison, the table of radius vector given in the 
American Ephemeris should be consulted. 

**Relative to 135.3 mW . cm -2. 
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Table 9-2. Orbital Constants of the Planets and Solar Intensity at Planetary Distances. 3,4,5 

Solar Intensity 
Ratio of Max 

at Distance of 
Semirnajor Axis Eccen-

Sernimajor Axis ':' 
to Min 

of Orbit Sidereal tri city of Intensity':';\: 
Period Orbit 1971 Solar I -2 (~/ Planet (AU) (10 6 km) (days) (€ ) Constant : mW·cm 1 - ,. 

Mercury 0.387 099 57. 91 87.9686 O. 205 629 6.673 5 902.9 2.303 

Venus 0.723 332 108.21 224. 700 0.006 787 1. 911 3 258.6 1.028 

Earth 1. 000 149.60 365.257 0.016 721 1. 000 0 135.3 1. 069 

Mars 1. 523 69 227. 94 686. 980 0.093 379 0.430 7 58.28 1.454 

Jupiter 5. 2028 778.3 4332.587 O. 048 122 0.036 95 4. 999 1. 212 

Saturn 9. 540 1427 10 759.20 0.052 919 O. 010 99 1. 487 1. 236 

Uranus 19. 18 2869 30 685 O. 049 363 0.002 718 0.3678 1. 218 

Neptune 30.07 4498 60 188 0.004 362 0.001 106 o. 1496 1. 018 

Pluto 39.44 5900 90 700 0.252 330 O. 000 643 o. 0870 2. 806 

*Solar intensity is I/R 2 in units of the solar constant and 135.3/R 2 in mW· cm -2 where R is the semi­
major axis of the planetary orbit. 

* *Values of eccentricity change with time; the ratio of solar intensity at perihelion to that at aphelion in 
the last column is computed on the assumption of constant eccentricity. 

9-4. Albedo 

The fraction of solar energy or sunlight re­
flected from a body in space is known as the 
body's albedo. The reflections may be from the 
surface, from clouds, or from scattering effects 
by the atmosphere. The effect of the albedo 
on the solar cell array is twofold: additional 
energy ineident on the array increases its 
operating temperature, thereby lowering the 
solar cell's effieiency; and albedo energy falling 
on the solar cells will increase the cell's output 
only if the energy lies in the spectral range in 
which the solar cell is responsive. For the 
albedo light to re ach the solar cells, the array 
must be properly oriented (see Fig. 9-2). 

Figure 9-3 shows the calculated maximum 
albedo contribution to solar cell output as a 
function of altitude. For solar cells to receive 
this maximum albedo illumination, they must 
be oriented toward the earth. Forthis calcula­
tion, the earth was assumed to be a uniform 
diffuse reflector with an albedo of 0.34. The 
spectral characteristics of the reflected light 
were assumed to be similar to Air-Mass One 
(AMI) sunlight in the wavelength region of 
the solar cell's spectral response. On the dark 
side of the earth, the albedo is zero. 7 

9-5. Solar Radiation Pressure 

As was shown in Section 2-26, the phenomenon 
of sunlight shining upon a surface is equivalent 
to the surface being bombarded with photons. 
In the collision process, the momenta (mo­
mentum = mass X velocity ) of the photons are 
conserved, with the result that the radiation 
pressure acting on a highly reflecting surface is 
much greater than the pressure on a highly 
absorbing surface. 

For illustration, consider the small surface 
area dA in Fig. 9-4. In the center of the area, a 
normal unit vector n has been erected and 
another unit vector s points toward the sun (a 
unit vector points in one direction only, and 
has a value of unity). The force on the area 
consists of two components: one acting op­
posite to n, denoted by vector K, and another 
one, L, acting in the plane of the area and at­
tempting to push it sideways. The two force 
components add to the total force dF, which, 
in vector notation, is written as 

dF= K+L 

and where 
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Table 9-3. Solar Spectral Irradiance at 1 AU (Solar Constant of 135.30 mW • cm -2).3 

Average 
Portion oi solar 

lrradiance, * Area under constant with 

Wavelength, P" 
curve, 0 to )", wavelength <X, 

" -2 - 1 
A, D" 

(~ml (W.cm tJ.rn ) (mW.cm- 2 ) (1.1 

0.120 o. 000010 0.00059993 O. 00044 
0.140 O. 000003 O. 00073000 O. 00054 
0.150 O. 000007 0.00072000 o. 00058 
0.160 0.000023 0.00093000 o. 00069 
0.170 O. 000063 0.00135000 0.00101 
0.180 o. 000125 O. 00230000 o. 00170 
0.190 o. 000271 0.00428000 o. 00316 
0.200 O. 00107 O. 010985 0.0081 
0.210 O. 00229 0.027785 o. 0205 
0.220 0.00575 0.067985 O. 0502 

0.225 o. 00649 0.098585 O. 0729 
0.230 0.00667 0.131485 O. 0972 
0.235 0.00593 O. 162985 o. 1205 
0.240 o. 00630 0.193560 0.1430 
0.245 o. 00723 0.227385 0.1681 
0.250 o. 00704 o. 263060 o. 1944 
0.255 0.0104 o. 306660 0.2267 
0.260 0.0130 O. 365160 0.270 
0.265 0.0185 0.443910 o. 328 
0.270 0.0232 O. 548160 0.405 

0.275 O. 0204 0.657160 0.486 
0.280 o. 0222 0.763660 0.564 
0.285 o. 031 5 O. 897910 0.644 
0.290 O. 0482 O. 09716 0.8tt 
0.295 0.0584 1. 36366 1. 008 
0.300 0.0514 1. 63816 1. 211 
0.305 0.0603 1. 91741 1. 417 
0.310 o. 0689 2.24041 1. 656 
o. 315 O. 0764 2. 60366 1. 924 
0.320 0.0830 3.00216 2.219 

0.325 O. 0975 3.45341 2.552 
0.330 0.1059 3. 96191 2.928 
0.335 0.1081 4. 49691 3. 324 
O. 340 0.1074 5. 03566 3.722 
0.345 0.1069 5.57141 4. tt 8 
0.350 0.1093 6. tt 1 91 4. 517 
O. 355 0.1083 6.65591 4.919 
0.360 0.1068 7.19366 5. 317 
0.365 o. tt 32 7.74366 5.723 
0.370 O. tt 81 8. 32191 6. 151 

0.375 O. 1\ 5 7 8. 90641 6. 583 
o. 380 O. 1\ 20 9. 47566 7.003 
0.385 O. 1098 10. 0302 7.413 
0.390 0.1098 10.5792 7.819 
0.395 O. tt 89 11.1509 8. 242 
0.400 0.1429 11.8054 8.725 
0.405 0.1644 12.5737 9. 293 
0.410 0.1751 13.4224 9.920 
0.415 0.1774 14. 3037 10.572 
0.420 0.1747 15.1839 tt.222 

0.425 O. 1693 16.0439 tt. 858 
0.430 0.1639 16.8769 t 2.474 
0.435 o. 1663 17.7024 13. 084 
0.440 0.1810 18.5707 13.726 
0.445 0.1922 19.5037 14.415 
0.450 o. 2006 20.4857 15.141 
0.455 0.2057 21. 5014 15.892 
0.460 o. 2066 22.5322 16.653 
0.465 o. 2048 23.5607 17.414 
0.470 O. 2033 24.5809 18.168 

0.475 0.2044 25.6002 18.921 
0.480 O. 2074 26.6297 19.682 
0.485 0.1976 27.6422 20.430 
0.490 0.1950 28.6237 21.156 
0.495 o. 1960 29.6012 21. 878 
0.500 0.1942 30.5767 22. 599 
0.505 0.1920 31. 5422 23. 313 
0.510 0.1882 32. 4927 24.015 
0.515 0.1833 33.4214 24. 702 
0.520 0.1833 34.3379 25. 379 

0.525 o. 1852 35. 2592 26. 060 
0.530 0.1842 36.1827 26.743 
0.535 0.1818 37.0977 27.419 
0.540 0.1783 37.9979 28.084 
0:545 0.1754 38.8822 28.738 
0.550 0.1725 39.7519 29. 381 
0.555 0.1720 40.6132 30.017 
0.560 0.1695 41. 4669 30.648 
0.565 O. 1705 42. 3169 31. 276 
.0.570 O. 1712 43. 1712 31. 908 

0.575 0.1719 44.0289 32.542 
0.580 0.1715 44. 8874 33.176 

Average Portion of solar 
Area under constant with lrradiance, * 

Wavelength, P" 
curve. 0 to X. wavelength d. .. 

" A" D" 
(~ml (W,cm-Z""m- t ) (mW.cm- 2, ('/.I 

0.585 0.1712 45. 7442 33. 809 
0.590 0.1700 46. 5972 34. 440 
0.595 0.1682 47.4427 35. 065 
0.600 0.1666 48. 2797 35.683 
0.605 o. 1647 49. 1079 36. 296 
0.610 0.1635 49. 9284 36.902 
0.620 0.1602 51. 5469 38. 098 
0.630 0.1570 53.1329 39. 270 

0.640 0.1544 54. 6899 40.421 
0.650 0.15tt 56. 2174 41. 550 
0.660 0.1486 57.7159 42. 658 
0.670 0.1456 59. 1869 43.745 
0.680 0.1427 60.6284 44.810 
0.690 0.1402 62. 0429 45. 856 
0.700 0.1369 63.4284 46. 880 
0.710 0.1344 64.7849 47.882 
0.720 0.1314 66. tt 39 48. 865 
0.730 0.1290 67.4159 49. 827 

0.740 0.1260 68. 6909 50. 769 
0.750 0.1235 69.9384 51. 691 
0.800 O. tt 07 75.7934 56.019 
0.850 o. 0988 81. 0309 59. 890 
0.900 o. 0889 85.7234 63.358 
0.950 0.0835 90. 0334 66. 544 
1. 000 O. 0746 93. 9859 69. 465 
1.100 o. 0592 100.676 74. 409 
1. 200 o. 0484 106. 056 78. 386 
1. 300 0.0396 tt O. 456 81. 638 

1. 400 O. 0336 114.116 84. 343 
1. 500 O. 0287 11 7.231 86. 645 
1. 600 O. 0244 11 9. 886 88.607 
1.700 O. 0202 122.tt6 90. 256 
1. 800 0.0159 123.921 91. 590 
1. 900 0.0126 125. 346 92. 643 
2.000 0.0103 126.491 93.489 
2.100 o. 0090 127.456 94. 202 
2.200 o. 0079 128. 301 94. 827 
2. 300 O. 0068 129. 036 95. 370 

2.400 o. 0064 129. 696 95. 858 
2.500 o. 0054 130.286 96. 294 
2.600 o. 0048 130.796 96.671 
2.700 o. 0043 131. 251 97. 007 
2.800 o. 00390 131. 661 97. 3104 
2.900 o. 00350 132.031 97.5838 
3.000 0.00310 132. 361 97.8277 
3. 100 o. 00260 132.646 98. 0384 
3. 200 O. 00226 132.889 98.2180 
3. 300 O. 00192 133.098 98. 3724 

3.400 o. 00166 133.277 98.5047 
3.500 0.00146 133.433 98. 6200 
3.600 o. 00135 133.573 98. 7239 
3.700 0.00123 133.702 98. 8192 
3.800 O. 001 tt 133.819 98.9057 
3.900 o. 00103 133. 926 98. 9848 
4.000 o. 00095 134. 025 99. 0580 
4.100 0.00087 134. tt6 99. 1252 
4. 200 O. 00078 134.199 99. 1862 
4. 300 O. 00071 134.273 99. 2412 

4.400 o. 00065 t 34.341 99. 2915 
4.500 o. 00059 134. 403 99. 3373 
4.600 o. 00053 134. 459 99. 3787 
4.700 o. 00048 134.510 99.4160 
4.800 O. 00045 134.556 99.4504 
4.900 O. 00041 134. 599 99.482195 
5.000 0.0003830 134.63906 99. 51\ 500 
6.000 o. 0001750 134. 91806 99. 717709 
7.000 o. 0000990 135.05506 99. 818965 
8.000 O. 0000600 135. 13456 99. 877724 

9.000 o. 0000380 135.18356 99. 913939 
10.000 0.0000250 135.21506 99.937221 
11. 000 O. 0000170 135.23606 99. 952742 
12.000 0.0000120 135. 25056 99.963459 

*Spectral irradiance averaged over small bandwidth 
centered at 71.: 

0.3 to 0.75 /-Lm (bandwidth, O.Ol/-Lm) 
0.75 to 1.0 /-Lm (bandwidth, 0.05 /-Lm) 
1.0 to 5.0 /-Lm (bandwidth, O.l/-Lm) 
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Tabte 9-3. (Continued) 

Average 

Wavelength, Irradbance. * , , 
(fJ.m) (W.cm-2fJ.m-1) 

13. 000 o. 0000087 
14.000 0.0000055 
15.000 o. 0000049 
16.000 0.0000038 
17.000 0.0000031 
18.000 0.0000024 

19. 000 o. 0000020 
20. 000 o. 0000016 
25. 000 o. 000000610 
30. 000 O. 000000300 
35. 000 o. 000000160 
40. 000 o. 000000094 
50. 000 0.000000038 
60. 000 O. 000000019 
80. 000 O. 000000007 

100. 000 O. 000000003 

1000. 000 O. 000000000 

Area under 
curve, 0 to >.., 

A, 
(mW.cm- Z) 

135.26091 
135. 26801 
135.27321 
135.27756 
135.28101 
135.28376 

135.28596 
135.28776 
135.29328 
135.29556 
135.29671 
135.29735 
135.29801 
135. 29829 
135.29855 
135.29865 

135.30000 

Portion of solar 
constant with 

wavelength Ö •• D, 
1'1.) 

99.971109 
99.976356 
99.980200 
99.983415 
99. 985965 
99.987997 

99.989623 
99. 990953 
99.995037 
99.996718 
99. 997568 
99. 998038 
99.998525 
99. 998736 
99. 998928 
99. 999002 

100. 000000 

* S pectral irradiance averaged over small bandwid th 
centered at A: 

0.3 to 0.75 !-Im (bandwidth, 0.01 !-Im) 
0.75 to 1.0 !-Im (bandwidth, 0.05 !-Im) 
1.0 to 5.0 !-Im (bandwidth, 0.1 !-Im) 

2.0 

L:;: -Pil - p)(s· n)[n X (s X n)] dA 

and p is the surface reflectivity and Ps is the 
solar pressure constant. The value of Ps is 
proportional to the solar constant and is ap­
proximately 4.5 X 10-6 N· m-2 (0.94 X 10-7 

lb/fe) at a solar distance of 1.00 AU. The mag­
nitude of dF and K, modified by the reflectiv­
ity term (1 + p), is seen to be twice as great 
when p :;: 1 (highly reflecting surface) as when 
p :;: 0 (black surface). In vector notation, 
s· n:;: cos e so that the vertical component K, 
proportional to cos2 e, is largest at normal inci­
dence and falls off rapidly with misorientation.' 

9-6. Terrestriat Sunshine 

The earth's atmosphere is a spectrally selective 
filter which modifies the space sunlight de­
scribed in Section 9-3. The optical path through 
the atmosphere to a point on the earth's sur­
face at normal sea level, perpendicular to the 

1.5 Solar Irradiation (urve Outside Atmosphere 

.--I 
I 

::1 
E 

N 
I 
E 
~ 

x 

H 

1.0 

0.5 

0, 

ot Sea Level 

10r 810ckbody 01 59000 K 

component (some haze) 

component (clear sky) 

Wavelength, \-lffi 

Fig. 9-1. Spectral distribution of sunlight. 6 
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SUNLIGHT 

ALBEDO HEATING 
AND ILLUMINATION 

_ATMOSPHERE 

~ 
Fig. 9·2. Albedo effects on array. 

40.-~--------------------------, 

600 1200 1800 2400 3000 
CIRCULAR OR81T AL TlTUDE (KM) 

Fig.9·3. Calculated maximum contribution of earth 
albedo illumination to solar cell output as a function 
of altitude for a uniform diffuse reflecting earth with 
albedo equal to 0.34. 7 

local mean earth surface, is said to have pene­
trated "Air-Mass One" or AM l. Other air mass 
values indicate the ratio of the optical path 
length through the atmosphere to the path 
length through AM 1. 

In the absence of any atmospheric attenua­
tion or modification of the sun's radiation, the 
optical air mass is zero, denoted by "AMO." 

The atmospheric attentuation due to an air 
mass is spectrally selective and non-linear with 
air mass as shown in Figs. 9-1 and 9-5. As an 
example, the direct solar irttensity (Le., with­
out sky radiation) near sea level on a clear day 
near noon is approximately 100 mW/cm 2 , 

while in free space (Le., at AMO), the solar 
intensity is 135.3 mW /cm2 • The short-circuit 
current output of a silicon solar cell at AMO, 
however, will not be 135.3% of its near-sea 
level output, but only approximately 120%. 
The difference arises from the change in spec­
tral distribution by the atmosphere that is most 

17 
dv AREA 

L '------i---r---'dA 

11 
K 

Fig.9-4. Solar radiation pressure. 

pronounced between AMO and AM 1, as shown 
in Fig. 9-5. This figure also illustrates that the 
silicon solar cell's energy conversion efficiency 
is higher for AM 1 spectral conditions than far 
AMO conditions. The AM 1 spectrum is deficient 
in the short-wavelength or "blue" region of the 
spectrum, and, therefore, a relatively greater 
percentage of the incident total solar energy is 
in the larger wavelength region of the spectrum 
where the cell is spectrally more sensitive (see 
Figs. 9-1 and 4-26). 

The actual amount of sunlight falling on a 
specific geographic location, known as insolance, 
is highly dependent upon the prevailing local 
climate, and varies primarily with general 
weather patterns. Secondary effects include 
the location's latitude, the seasonal variation 
of the earth-sun distance, and local air pollution 
levels and air mass variations. The amount of 
sunshine may be numerically expressed as an 
average of several years, of one year, of one 
month, or of one day, or it may show the 
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APPROX1MATEL Y AM 1 
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SPECTRAL RESPONSE OF 
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~ 
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Fig.9-5. Silicon solar cell short-circuit current output 
versus solar intensity (collimated sunlight perpen­
dicularly ineident on solar cell and on Eppley Normal 
Ineidence Pyrheliometer). 

instantaneous value throughout a typical day. 
Any of these numerieal expressions, however, 
are by themselves insufficient to permit realistic 
sizing of solar eell arrays. What needs to be 
eonsidered is the probabilistie nature ofweather 
patterns as they vary over ten to fifty years, or 
even over longer periods. Presently, insufficient 
insolance data exists for the world to design 
solar eell arrays having the smallest possible 
size and, henee, the lowest possible eost. 
Rather, eurrently, photovoltaic systems, to­
gether with any energy storage devices, must 
be overdesigned based on worst-ease assump­
tions of load, sunshine, and weather eonditions. 
The worst-ease assumptions eannot be baeked 
up at the present time by statistically signifieant 
isolanee data, so that eaeh designer must take 
his own risk of meeting specifie power delivery 
specifieations. 
Efforts are presently underway to upgrade the 
existing network of weather stations that 
reeord insolanee. Most stations have reeorded 
only the total solar energy falling on a hori­
zontal surfaee, using broad-band radiometers. 
Only a few stations have measured the direet 
beam energy, or direet normal energy; so, for 
most stations, the direet normal energy must 
be ealculated from the horizontally measured 

insolanee, using estimates of the amount of 
diffuse, or sky, radiation that adds to the direet 
normal incidenee radiation. The largest and 
presently most widely used insolanee data are 
being aeeumulated by the Environmental Data 
Service of the National Climatic Center, Na­
tional Oeeanic and Atmospherie Administration 
(NOAA), D.S. Department of Commerce, Ashe­
ville, North Carolina. Their data have been 
analyzed widely, reeently resulting in the Aero­
spaee Insolation Data Base (AIDB) available 
from the Aerospaee Corporation, EI Segundo, 
Califomia. This data base eontains on magnetic 
tape hourly direet and diffuse solar and elimato­
logical data for the 33 eities aeross the D.S. 
(listed in Table B-l of Appendix B). 

The AIDB has been analyzed and simplified 
to provide monthly and yearly averages for the 
two-year time period 1962 to 1963 of solar 
energy falling on a flat plate or the entranee 
apperture plane of a eoneentrator system (as 
shown in Table B-2). The simplified data base8 

for the six apperture eases is shown in Table 
B-3. The monthly variations of the lowest and 
third to fourth highest station in the data base 
are illustrated in Figs. 9-6 and 9-7. 

Inasmueh as photovoltaie eonvertors require 
a eertain minimum of solar energy before they 
produce a practically useful output, it is neces­
sary to know for how many hours sufficiently 
intense sunshine is available. The simplified 
da ta base was analyzed by breaking the solar 
energy reeeived hourly into intensity level 
bands and finding the average numbers of 
hours per year during whieh the intensity is 
in one of the levels (the resulting da ta are 
shown in Table B-4). The aetual variation of 
the solar intensity during one day is illustrated 
in Figs. 9-8 through 9-10 for a typieal, clear 
day; a partly cloudy day; and a cloudy day; 
respeetively. 

For sizing the maximum heat load eapabili­
ties of eertain array designs, the amount of 
maximum possible sunshine is of interest. 
Figure 9-11 illustrates the extreme insolanee 
predieted for a geographie area that includes 
the northem Gulf of Mexieo, Huntsville, 
Alabama, New Orleans, Louisana, and the 
Coastal areas of Florida. 9 
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Fig. 9·6. Solar energy incident in Cleveland, Ohio.8 
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Fig. 9·7. Solar energy incident in Albuquerque, N .M. 8 

The angular position of the sun relative to a 
terrestrial array is discussed in Section 3·12. 

9-7. Ultraviolet Radiation 

Sunlight having wavelengths in the range be­
tween about 10 nrn and 400 nrn is defined as 

ultraviolet (UV) light. Visible light starts at 
the violet end of the spectrurn at about 400 nrn 
wavelengths and continues through blue, green, 
yellow, and red at about 700 nrn. Infrared light 
has wavelengths greater than 700 nrn. 

The high UV content of space sunlight (see 
Table 9-3) is absorbed in the upper atrnosphere, 
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NORMAL INCIDENCE INSOLATION 
CLEAR DAY 

TOTAL INSOLATION 
CLEAR DAY 

11 12 13 

HOURS OF THE DA Y 

Fig.9-8. Insolation data for a dear June day at Albuquerque, N.M.s 

particularly by ozone, such that very litde 
energy from wavelengths shorter than 0.3 J.lm 
(3000 Angstroms) reaches the earth. The small 
fraction of UV radiation that does penetrate 
the atmosphere accounts for widespread 
destruction of many materials on the earth. 

Effect of UV Light on Materials. In space, 
damage to plastics materials from UV radiation 
is gene rally minor, because the presence of 
oxygen is essential for major damage to occur. 
The following materials have been studied 
under vacuum conditions while being irradiated 
with UV light (0.20 to 0.25 J.lm) and were 
found to exhibit insignificant damage: poly­
ester, epoxy and phenolic laminates, aluminum 
oxide, and polyethylene. In the presence of 
oxygen, UV damage can be reduced by incor­
porating into the original material a UV inhibi­
tor. In utilizing these types of inhibitors, a 
vacuum weight-Ioss study is necessary on the 
finished composition to determine whether their 
effectiveness would be lost by vaporization in 
outer space. 

UV radiation darkens solar cell coverglasses 
and the cover adhesive. This darkening reduces 
the sunlight transmission to the solar cells. 
Solar cell and cover degradation due to UV 

radiation is related to specific products that 
are discussed in Chapters 4, 5, and 10. Also, see 
Section 9-44. 

UV Radiation Dose. For solar cell array work, 
the UV exposure dose is typically expressed in 
equivalent sun hours, abbreviated ESH. To be 
meaningful, such equivalence must always be 
associated with a wavelength band in which the 
equivalence was established. For example, a test 
specimen exposed to an intensity of two UV 
suns, as measured between 0.2 J.lm and 0.3 J.lm 
for 100 hours, is said to have been exposed to 
"200 ESH in the 0.2 to 0.3 J.lm wavelength 
band." 

It should be noted that the accumulated UV 
dose on solar cell assemblies is a function of 
solar distance, illumination angle, and array 
configuration (approximately I/rr for cylin­
drical arrays). 

TERRESTRIAL ENVIRONMENTS 

9-8. Temperature-Terrestrial 

In the terrestrial atmosphere, solar cell arrays 
attain temperatures that are determined by the 
heating or cooling effects of the surrounding 
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Fig.9-11. Extreme insolance during June. 9 

atmosphere, by sunlight shining on it, and by 
the areas that radiate he at away. Additional 
cooling effects are introduced in systems that 
utilize external cooling facilities. In general, 
different surfaces of an array are at different 
temperatures, causing stresses to be set up in 
solar cells, solar cell in terconnectors, potting 
materials, encapsulants, frames, support struc­
tures, and bearings of orientation systems. 
Surfaces are not necessarily at the same tem­
perature as the surrounding air, depending upon 
the specific he at transfer mechanisms that pre­
vail (see Sections 2-S3 through 2-S8). 

Air Temperatures Near the Earth Sur­
face. 9,lO,1l,12 The air temperature changes 
diurnally (cyc1es daily), reaching a maximum 
usually shortly after (or within a few hours 
after) local noon, and a minimum just before 
sunrise. Most of the world experiences tempera­
ture variations ranging from no less than - 400 e 
in winter to no more than +4Soe in summer. 

Air temperatures above 4Soe are usually 
limited to latitudes between about 4So South 
to about SSO North. Extremely high air tem­
peratures above sooe occur rareiy and usually 
only in the following areas: the central deserts 
in the U.S. and Mexico (between about ISO N 
and SOoN latitude and between 800 Wand 12So 
W longitude), the North African and Middle 
Eastern areas (between about 7° N and 37° N 
latitude and between about ISO Wand 80° E 

longitude), and an Eastern inland portion of 
Australia. 

Air temperatures below - 400 e occur on the 
North American continent, in Europe, and in 
Asia, above approximately SSO N latitude. 
Temperatures below - 600 e occur usually only 
in arctic and antarctic regions. Extremely low 
air temperatures are believed to lie around 
-700 e, with -900 e being a possibility after 
prolonged periods of darkness. 

Extremely low and extremely high tempera­
tures tend to occur at zero (or low) air speeds, 
typically at less than 1 m/second. Extremely 
low temperatures can be reached practically 
only in low-temperature surroundings by radia­
tion losses into a c1ear night sky. Extremely 
high temperatures require that hot air pockets 
form atmospheric (or "hot-house") effects to 
contain the hot air locally while the sun shines 
through a low air mass. It is therefore possible, 
but not gene rally occuring, that unexpectedly 
low or high temperatures are observed, at least 
for short periods of time, in areas where such 
temperatures would ordinarily not be expected. 
Furthermore, reflections and reradiations from 
the ground or other nearby objects or buildings 
may cause local "hot spot" air temperatures up 
to perhaps 700 e, at least for short periods of 
time. 

Air Temperature at Higher Altitudes. See Sec­
tion 9-1S. 
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Surface Temperatures. See Thermal Analysis in 
Chapter 2 and Thermal Design in Chapter 3. 

9-9. Humidity 

The moisture content of the atmosphere is 
commonly expressed by the relative humidity, 
defined as the ratio of the actual vapor pressure 
of the water vapor contained in the air to the 
saturated vapor pressure of water vapor at the 
same temperature. Air with a constant water 
vapor content will experience a decrease in 
relative humidity with a rise in temperature. 
Another measure of atmospheric moisture 
content is the dew point. The dew point tem­
perature, which is a function of the absolute 
quantity of moisture in the air, is the tempera­
ture to which the air must be lowered for water 
vapor to condense. Atmospheric moisture ranges 
from low relative humidity to precipitation. 

Relative humidity is measured with hygrom­
eters. Direct1y recording hygrometers are fre­
quently used in solar ceIl array production areas 
where humidity control and its documentation 
are practiced. 

Water vapor in the atmosphere is invisible to 
the human eye, but is "seen" by solar ceIls. 
The absorption bands visible in Fig. 9-1 at 
approximately 0.93 J.LIll, 1.13 J,Lm, and 1.38 J,Lm 

wavelength, are primarily caused by water 
vapor. 

The most humid areas of the world are all 
tropical areas between approximately 20° S 
and 25° N latitude (except for the Sahara and 
Arabian desert), the low-lying coastal areas of 
South America, Austrialia, North Alnerica, 
Northwestern Europe, Japan, and New Zea­
land. In these, as weIl as in most other regions, 
the relative humidity may reach 100% for a 
significant number of hours/day during a 
number of days/year. In certain desert areas, 
the relative humidity is believed to approach zero 
during periods of extremely high temperature. 

Control of Humidity. The major control of 
humidity is achieved by modern refrigeration­
type air-conditioning processes. In these pro­
cesses, the naturaIly occurring increase in 
relative humidity associated with a decrease 
in air temperature is circumvented by con-

densing and removing from the air significant 
quantities of water. Typical relative humidity 
values in many modern plants lie below 60%. 

Additional precautions are usually taken to 
protect humidity-sensitive solar ceIls having 
unprotected titanium-silver contacts (see Sec­
tions 9-17 and 9-26). 

Effects of Humidity on Adhesives. Control of 
humidity during the assembly process may be 
required. Certain adhesives will not develop 
their highest adhesive strength in the presence 
of high humidity, while other adhesives may 
require a high humidity level for adequate 
curing. The specific manufacturer's recommen­
dations for each adhesive to be used should be 
foIlowed carefuIly. 

Effects of Humidity. The primary effect of 
humidity on terrestrial solar ceIl arrays is cor­
rosion, especiaHy in the simultaneous presence 
of high temperature (see Section 9-17). Other 
effects, not necessarily negligible, inc1ude 
growth of fungus (see Section 9-19) and the 
formation of a "sticky" surface film of mois­
ture that tends to "catch" dust and dirt particles 
(see Section 9-12). The use of improperly 
designed, fabricated, or treated solar ceIl arrays 
in high-humidity, high-temperature c1imates can 
be expected to result in premature solar ceIl 
output degradation and physical disintegration 
of the array. 

A decrease of the temperature to the dew 
point or below will cause a condensation layer 
and/or droplets to form on surfaces. A continu­
ing temperature decrease to the freezing point 
and below will cause ice to form on surfaces 
and in crevices, a process that may be destruc­
tive to the array package. 

Effects of Humidity on Structural Components 
for Space Applications. A relatively large 
quantity of moisture trapped inside voids 
(such as in honeycomb panels, box beams, or 
resilient materials) will vaporize during and 
after the launch phase because of a loss of 
ambient pressure, as weIl as aerodynamic and 
solar heating. Structural damage can usuaIly 
be prevented only by providing adequate vent 
openings. 



9-10. Preeipitation 

Precipitation may oeeur in the form of rain, 
hail, snow, or ice. 

Rain. This form of precipitation may oeeur 
anywhere in the world, ranging from essentially 
zero to several meters annual average. The ef­
feets of rain are usually beneficial, cleaning 
dirt off the solar eell array surfaees. Loeal rain 
patterns are usually of interest only for estab­
lishing proper drainage requirements. 

Hai!. Defined as solid preeipitation in the form 
of ice balls or irregular lumps having at least 
5 mm diameter and a density of between 0.60 
and 0.92 g/em3 , hail may oeeur almost any­
where, even though oeeurrenees are infrequent. 
Smaller ice grains are ealled small hai! or ice 
pellets. Small hail has a soft snow eore that is 
eovered by a thin ice erust. lee pellets are solid 
and hard, rebounding from the hard surfaees 
(such as glass) upon whieh they fall. Hail 
stones of 8 to 13 mm diameter fall frequently; 
those over 50 mm in diameter fall only oe­
easionally. The largest measured hail stone was 
137 mm in diameter and weighed 0.68 kg. Typ­
ical hail stones have densities of around 0.80 
g/em3 and fall in approximately 10 m/seeond 
winds at veloeities of 20 to 30 m/seeond. Hail 
storms are relatively brief, typieally lasting 
no more than 15 minutes and oeeuring between 
the early afternoon and evening hours, de­
positing no more than 50 mm of hail at a 
surfaee density of 2.4 kg/m 2 per em layer 
thickness. 

Larger hail stones ean do signifieant strue­
tural damage to solar eell arrays. The impact 
loading ean shatter the transparent glass and 
plastic solar eell array paekage windows and/or 
the underlying solar eells. 

Snow. This eategory includes all forms of fro­
zen precipitation other than hail and rime iee. 
Snow deposits usually weigh between 0.5 and 
2.0 kg/m2 per em of depth. The maximum 
snowfall onto a horizontal surfaee during a 
single storm may exeeed 1 m in high-snowfall 
areas, but tends to be less than 0.5 m. The 
typical design snow load on a nearly horizontal 
array eovered with an 0.5 m thiek layer of 
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snow will be 50 kgj .~, using a 1.0 kg/m2 • em 

density. Snow has some transpareney for solar 
radiation, so that even thickly eovered arrays 
will show some output. 

lee. lee may form on solar eell arrays from a 
number of eauses: freezing of eondensation (see 
Seetion 9-9), freezing of precipitation, melting 
of earlier snow and ice deposits and subsequent 
refreezing, and direet precipitation from the 
air at high wind veloeities (this is known as 
rime ice). 

lee and snow usually transmit signifieant 
amounts of solar radiation, so that even under 
heavy iee and snow loads the array produces 
power output. The real danger from iee build-up 
arises from the possibility of large pieces melt­
ing or breaking off from a higher strueture and 
falling onto the array. 

9-11. Wind 

Wind is defined as the three-dimensional move­
ment of air: in an east-west, north-south, and 
up-down direetion. The direetion of the wind 
is defined as the angle, measured cloekwise 
from true North (00

), from whieh it is blowing. 
The strength of the wind is defined by its 
speed, measured with an anemometer at a 
standard height of 10 m above ground. Wind 
speed ean be estimated from the Beaufort 
seale (Table 9-4). 

Uneven heating of the atmosphere causes 
prevailing and local winds. The prevailing winds 
generally blow from the west (Westerlies) in 
two belts around the earth, extending from 
approximately 300 N to 600 N and from 300 S 
to 600 S latitude. In the belt between 300 Sand 
300 N latitude, the Trade Winds blow from the 
east and toward the equator. At around 30° S 
and 30° N latitude, winds eome down from the 
upper atmosphere so that very little, if any, 
surfaee winds blow in those narrow, calm belts. 
At the equator, and about 1000 km on eaeh 
side of it, warm air rises upward, causing 
another calm belt at the surfaee. 

Loeal Winds. These include the relatively ex­
tensive monsoons in Asia and many smaller 
winds having either unusually low or unusually 
high temperatures. Other loeal winds are of the 
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Table 9-4. Beaufort Wind Scale. 1O 

Wind Speed 
Beaufort 
Number Identification Miles/hour Knots m/second Effect 

0 Calm o to 1 o to 1 o to 1 Smoke rises vertically 
1 Light air 1 to 3 1 to 3 1 to 2 Smoke drifts with air 
2 Ligh t breeze 4 to 7 3 to 6 2 to 3 Wind feit on face; leaves move lightly 
3 Gentle breeze 8 to 12 7 to 10 4 to 5 Leaves and twigs move; light flags extend 
4 Moderate breeze 13 to 18 11 to 16 6 to 8 Small branches move; dust and paper gets 

picked up 
5 Fresh breeze 19 to 24 17 to 21 9 to 11 Small trees sway; whitecaps form on lakes 
6 S trong breeze 25 to 31 22 to 27 12 to 14 Large branches sway; umbrellas are 

difficult to use 
7 Moderate gale 32 to 38 28 to 33 15 to 17 Whole trees sway; walking against wind is 

difficult 
8 Fresh gale 39 to 46 34 to 40 18 to 21 Twigs break off trees; walking against 

wind is very difficult 
9 Strong gale 47 to 54 41 to 47 22 to 24 Shingles blow off roofs; slight damage to 

buildings 
10 Whole gale 55 to 63 48 to 55 25 to 28 Trees are uprooted; considerable damage to 

buildirlgs 
11 Storm 64 to 73 56 to 63 29 to 33 Widespread damage; very rare 
12 Hurricane ;;>74 ;;>64 >33 Severe destruction 

From The World Book Encyclopedia. © 1979. World Book-Childcraft International, Inc. 

cyclone type and include twisters, whirlwinds, 
tornadoes, and hurricanes. Tornadoes tend to 
occur over the Central Plains of the D.S. and 
along its Eastern seacoast. They are char­
acterized by the highest estimated wind speeds 
and largest air pressure differentials of any 
wind. Tornadoes possess the most destructive 
wind forces, but they are limited to relatively 
sm all areas (about 6 km 2 ). Hurricanes affect 
much larger areas than tornadoes, ranging from 
one hundred to many hundreds of square 
kilometers. Hurricanes develop over most 
oceans in narrow belts centered at approxi­
mately 20° Sand 20° N latitude. 

9-12. Sand, Dust, and Dirt 

Sand consists of loose, siliceous particles rang­
ing in size from approximately 0.08 to 1.0 mm 
in diameter. Dust consists of multiple com­
posite particles ranging from 0.1 to 80 ~m in 
diameter. Dust particles may be electrically 
conductive and are usually soluble in water. 

Sand and dust are most severe in low-humidity 
regions. Dust becomes air-borne with slight 
winds and may remain suspended for hours as 

dust clouds. During wind storms, dust particles 
penetrate almost any enclosure which is not 
hermetically sealed. 

The effects of sand and dust on equipment 
and materials include increased friction be­
tween sliding surfaces, causing abrasion, exces­
sive wear, and bin ding of parts; degradation of 
plastics and elastomers used for dynamic seals; 
clogging of orifices, such as vent ports; con­
tamination of lubricants; erosion of paints, 
coatings, glass, plastics, and surface finishes; 
and potential short circuiting of electrical 
elements. Also, dust may be hygroscopic; its 
presence on metallic surfaces may aggravate 
corrosion. 

A sm all amount of dust on the solar cell 
covers has a negligible effect on the sunlight 
transmission to the solar cells. Heavy layers of 
dust accumulation on terrestrial arrays may 
cause 10 to 20% reduction in output, poten­
tially necessitating washing operations. 

9-13. Earthquakes 

Earthquakes are three-dimensional motions of 
the ground. They may manifest themselves as 



ENVIRONMENTS AND THEIR EFFECTS 423 

102 

PRESSURE 

100 
DENSITY 

2000 

I 
10-2 f--------+--~----+--_______,\O;~ 

M , 
:;> I -+-~~~~~-I1000 

<.:l 
~ 10-4 ;: 

I 900 

~~~~~+-~~~~~~~-+~~~~~~800 

~ 
0 
0 
Z 

" " ':;> 
U 

10-6 

700 
-t--~--~---i600 

500 
-1\-1'<-------1400 

~ 10-8 
w 

~ 
r-~~~~~~~~=======f==========~T\~~----__l300 I TEMPERATURE 

il' 

10- 10 

10- 12 

10- 1 

AL TlTUDE (KM) 

Fig.9-12. Altitude variations of density, temperature, and pressure.9 

sliding of portions of land past each other 
horizontally or vertically, or as vibrations. The 
ground may shake (vibrate) horizontally or 
may deform in wave-like fashion similar to the 
disturbance of a water surface by waves. The 
magnitude of an earthquake depends upon the 
source location, known as the epicenter, the 
distance from the epicenter, and the soll type 
through which the earthquake is transmitted. 

Earthquake shocks and vibrations will be 
transmitted by the support structures to solar 
cell panels, potentially causing their destruc­
tion. Space arrays are capable of withstanding 
severe vibration environments, and terrestrial 
arrays can probably be designed readily to 
withstand severe earthquakes. 

9·14. Gravity 

The effects of gravity are primarily of concern 
to large solar cell panels and arrays. Hardware 
designed for space applications is usually not 
sufficiently strong to be handled safely in the 
terrestrial gravity field without the use of 
appropriate handling equipment. Large-sized 

terrestrial panels may equally require handling 
equipment to prevent the panels from ben ding 
excessively when handled in a horizontal 
position. 

9-15. The Atmosphere 

The atmosphere is a gaseous envelope that sur­
rounds the earth, extending from sea level to an 
altitude of several hundred kilometers. The 
upper limit of the atmospheric gas pressure 
decreases with increasing distance from the 
earth until it reaches the so-called interplane­
tary value of 10-11 newton/cm 2 near 20,000 
km. The variations of temperature and pressure 
in the atmosphere are illustrated in Fig. 9-12. 

At sea level, the dry atmosphere is made up 
of about 78% nitrogen, 21 % oxygen, 1% argon, 
less than 0.1 % carbon dioxide and neon, and 
less than 0.01% helium, krypton, xenon, 
hydrogen, methane, nitrous oxide, ozone, 
sulfur dioxide, nitrogen dioxide, ammonia, 
carbon monoxide, iodine, radon, and other 
components. Additional constituents, even in 
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relatively high concentrations, may be present 
locally from industrial sources. Water vapor is 
usually present, even in dry c1imates. 

The atmospheric composition changes with 
altitude. Between approximately 100 and 1000 
km altitude, molecular oxygen (02 ), atomic 
oxygen (0), and ozone (03 ) dominate. Above 
1000 km, only 'atomic and ionized hydrogen 
and helium are believed to exist. 

At sea level, the density of the air is approxi­
mately 2.5 X 1019 gas molecules or atoms/cm 3 . 

At an altitude of 30 km, the density drops to 
4 X 1017 , and at 230 km, the density goes down 
to 1016 (molecules or atoms/cm3 ). At 1000 km, 
106 ions (ionized atoms or molecules)/cm3 are 
found, dropping to 1000/cm3 'at 7400 km, and 
to 10 to 100/cm3 at 26,000 km. 9,10 

Electrical Arcing. Partial vacuum at high al ti­
tudes can cause flashover between electrical 
conductors. The breakdown voltage is a func­
tion of many parameters, inc1uding the con­
ductor shape, size, composition, and te m­
perature; the presence of illumination or 
other radiation; the composition and config­
uration of surrounding dielectrics; and other 
factors. Apparently, definitions of the electric 
field and the ionization potential of the sur­
rounding air are insufficient criteria to assess 
the possibility of arcing. As an estimate, it may 
be assumed that the arc-over voltage at some 
low pressure may be only about 10% of the 
value obtained at sea level pressure. 

Mechanical Effect of Pressure/Altitude on 
Space Arrays. During ascent, following launch, 
the solar cell array is subjected to rapid depres­
surization. The rate of this depressurization 
depends upon the rate of ascent and the rate of 
air leakage from the shroud, and therefore is 
highly mission dependent. Typical depressuriza­
tion rates range from 1 to 10 minutes to reduce 
the initial ambient pressure to 1 % or less. 

Solar cell array components are generally 
not sensitive to such depressurization, except 
for elements containing gas fi11ed voids. Such 
elements-for example, honeycomb substrates, 
box beams, or foams-must be vented with suf­
ficiently large openings to prevent excessive 
internal net pressure from damaging these 

elements. An even more catastrophic result 
can be expected when a large amount of 
moisture is trapped inside inadequately vented 
voids, especially when the satellite protective 
shroud (nose cone) is ejected early and the 
array is subjected to high temperatures by 
aerodynamic and/or solar heating. 

9-16. Atmospheric Electricity 

Several atmospheric effects can endanger per­
sonnel or equipment at a terrestrial photo­
voltaic generator site, even if the system is not 
connected to the public utility grid and pro­
duces only low-voltage output. These effects 
may inc1ude the build-up of electric charges on 
solar panels and ungrounded structures and 
direct lightning strikes. Lightning, resulting 
from thunderstorm activities, may occur in 
almost any location on earth, even though the 
expected frequency may be very low in certain 
regions. Lightning occurs when the voltage 
breakdown of the air, abou t 3 X I 06 V/rn on 
the average, is exceeded. On the average, peak 
currents of 10,000 A can be expected, while 
currents exceeding 100,000 A are rare. The 
e1ectrical energy of about 25 to 100 coulombs 
is discharged in about 20 microseconds. Electric 
current flow in the ground can cause voltage 
gradients in the ground sufficient to electrocute 
personne1 and animals, and can induce rela­
tively high voltages in electric circuits. 9 

Static electricity in the air, typically in the 
order of 300 V/rn on c1ear days, will increase 
during periods of cumulus c10ud development 
or thunderstorm activity, resulting in charge 
build-up of ungrounded equipment. Con­
siderable currents, in the order of milliamps 
or amps, can flow even if there is no lightning 
strike. Frequently, corona is present while 
potential gradients are high. 

9-17. Corrosion 

The general phenomenon of deterioration, 
disintegration, or loss of material is called cor­
rosion. Chemists differentiate between chem­
ical, electrochemical (also known as galvanic), 
electrolytic, oxidation and reduction, atmo­
spheric, and other corrosion processes. Cor­
rosion affects primarily metals, but to a lesser 



degree also affects non-metals. Corrosion pro­
cesses are accelerated by conditions of high 
humidity, high temperature, high concentra­
tions of ionic compounds, and high mechanical 
stress. 

Usually posing as the most severe environ­
mental problem for solar cell arrays, electro­
chemical corrosion is related to dissimilar 
metals that are in intimate contact with each 
other. Consider, for example, steel bolts used 
in the assembly of aluminum structures, or 
brass screws and washers used to attach copper 
grounding wires to steel or aluminum frames. 
Dissimilar metals are differentiated by the 
relative positions they occupy in the so-called 
electrochemical series, as shown in Tables 
9-5 and 9-6. The relative positions of the 
metals in the series are not fixed; they depend 
to a certain degree on the specific reaction that 
takes place. Hydrogen is arbitrarily used as the 
zero reference potential. The electrochemical 
series differs from the galvanic series; the latter 
gives the relative positions of metals when im­
mersed in sea water, while the former is related 
to the ionization potential of the metal in an 
electrolyte. 

Atmospheric Corrosion. Atmospheric constitu­
ents cause oxidation as weIl as corrosion of the 
surfaces of most metals. While the presence of 
humidity accelerates oxidation, it is necessary 
for corrosion to occur. Sm all quantities of 
ionizable substances, always presen t in the 
atmosphere, form an electrolyte with a humid­
ity layer on a material's surface, as shown in 
Fig. 9-13. At locations where different ma­
terials are in contact with each other, a galvanic 
ceIl exists, causing an electric curren t to flow 
from the anodic material through the electrolyte 
to the cathodic material. 

Table 9-5. Electrochemical Series of Pure 
Metals. 13 

Anodic End Chromium Silver 
Least Noble Meta! Iron Rhodium 

Cadmium Palladium 
Magnesium Nickel Platinum 
Beryllium Molybdenum Gold 
Aluminum Tin 
Titanium Lead Most Noble Metal 
Zine Copper Cathodic End 
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Table 9-6. Electrochemical Series of Structural 
Metals. 13 

Anodic End 

Magnesium alloys 
Zinc and galvanized steel 
Aluminum 2S, 3S, 4S, 

52 SR, 53S-T 
Alclad 
Cadmium 

Aluminum 17S-T, 
AI7S-T, 24S-T 

Mild steel, wrought and 
cast iran 

Stainless steel, 13% Cr, 
410 (Al 

Solder, lead-tin 
Stainless steel, 18-8, 18-8-3, 

304,316 (Al 

Lead and tin 
Muntz metal 
Manganese bronze, naval 

brass 
Nickel and Inconel (Al 
Brass, yellow, admirability, 

red 
Cop per 

Bronze, silicon, G, M 

Nickel and Inconel (Cl 

Monel 
Stainless steel, 18-8, 18-8-3, 

304,316 (C) 

Cathodic End 

NOTE: Cathodic (C) materials attack anodic (Al ones. Example: nickel 
(Cl corrodes aluminum, but nickel (Al may be corroded by stainless 
steel (C). 

Corrosion of Solar Cell Contacts. 16- 22 The 
most important corrosion phenomena on solar 
cell arrays is the potential deterioration of 
titanium-silver (Ti-Ag) contacts on silicon 
solar cells in humid environments. Conditions 
of high temperature (generally above 40°C) 
and high humidity (generally above 60% 
relative humidity) can cause long-term deteri­
oration of these contacts. Typically, higher 
temperatures and higher humidity levels ac­
celerate the corrosion process, as may the 
presence of minute quantities of ionizable 
contaminants (such as salts). 

lt has been found that a thin interlayer of 
palladium (Pd) between the silver and titanium 
significantly reduces the corrosion rate of the 
contacts. 19 Most contemporary solar cells 
having solderless contacts use the Ti-Pd-Ag 
contact system. 

Protection from Corrosion. The use of dis­
similar metals is difficult, if not (at the present 
time) impossible, to avoid in the construction 
of highly efficient, long-lived solar ceIl arrays. 
Therefore, it is necessary to protect array com­
ponents and assemblies from adverse environ­
ments such that corrosion processes are either 
avoided or slowed to a sufficiently low rate. 

Terrestrial arrays are designed, const~ucted, 
and packaged such that the solar ceIls, inter­
connectors, and electrical circuit elements 
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are hermetically sealed in a weatherproof 
encapsulation. All exterior components are 
either made from corrosion resistant materials 
or are appropriately protected by surface treat­
ments such as galvanizing or painting. 

Space arrays are usually protected from ad­
verse humidity /temperature conditions during 
their terrestrial life by storing them in air­
conditioned rooms and in low-humidity con­
tainers. Desiccated plastic bags are frequently 
used for long-term storage, keeping the relative 
humidity inside the bag below 50%. Storage 
times in excess of five years under controlled 
conditions have not resulted in any space array 
electrical or mechanical degradation. There 
appears to exist no practieal limit to array 
storage under room temperature, low-humidity, 
clean air conditions. 

Protection of space arrays from adverse 
terrestrial environments by protective coatings 
or surface treatments, directly applied to the 
arrays, is usually not practical for weight rea­
sons and because such protective treatments 
tend to be unstable in the space environment, 
resulting in undesirable outgassing and, sub­
sequently, possible contamination of nearby 
thermal control surfaces and optical elements. 

9-18. Ozone 

Occurring naturally in the atmosphere, ozone 
(03 ) is produced mainly by a photochemieal 
action of short wavelength, solar UV radiation 
(below 0.2537 Ilm) on molecular oxygen (02 ), 

It is also produced du ring electrical storms as a 
consequence of lightning. Man-made 0 3 occurs 
mainly in the vicinity of metropolitan areas and 
is caused by UV light sources, motor and gen­
erator brushes, and photochemieal processes 

whieh produce smog. The UV radiation from 
solar simulators also produces significant 
amounts of 0 3 locally. 

High concentrations of 0 3 are explosive and 
toxie; a concentration of I part per million 
(ppm) is lethai to man. Typieal 0 3 concentra­
tions on the earth's surface range from ne ar 
zero to normally less than 3 parts per hundred 
million (phm) and up to 6 phm du ring periods 
of intense smog. The 0 3 concentration increases 
with altitude up to about 10 ppm at 30 km. High 
concentrations in solar simulator installations 
must be prevented by adequate ventilation. 

Effects of Ozone. The cracking of natural 
rubber, butadiene-styrene (SBR), butadiene­
acrylonitrile (NBR), and some other elastomers 
under stress are all caused by °3 . 0 3 cracking 
resistance of an elastomer part is dependent on 
exposure time, temperatures, material strains, 
humidity, and 0 3 concentration. Polymers 
classified according to 0 3 resistance are pre­
sented in Table 9-7. To increase the resistance 
to 0 3 anti-ozonants may be added to the 
materials. An anti-ozonant is a substance which 
inhibits cracking due to the action of air con­
taining 0 3 when the elastomer is subjected to 
tension strains. The effect of an anti-ozonant 
may be lost after exposure to high vacuum at 
room or elevated temperature. 

Effects of Ozone on Solar Cell Arrays. The 
effects of 0 3 on solar cell array materials are 
generally negligible for space arrays, but must 
be considered in the material selection for ter­
restrial arrays, especially for external wire 
insulation and weather seals. Special precau­
tions are required for arrays that are to operate 
at the fringes of the earth's atmosphere. 

9-19. Fungi and Bacteria 

Micro-organisms such as fungus, mold, and 
bacteria grow on certain materials under 
high-humidity and high-temperature condi­
tions. The growth rates are highest at relative 
humidity levels between 75% and 95% and 
at temperatures between 20° and 40°C. Ma­
terials such as wood, leather, organic adhesives, 
RTV rubbers and sealants, so me plastic ma­
terials, paints, and even metals may support 
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Table 9-7. Elastomers According to Ozone Resistance. 23 

lnherently Ozone Resistant (if properly compounded) 
Ozone-

Resistant Without Antiozonant With Antiozonant 

Acrylons B rominated butyl Buna N 
Hypalon Butyl Carboxylic Buna N 
Vyram Neoprene Butadiene-styrene (SBR) 
Hycar 4021 Urethane (Genthane S) Vinyl pyridine 
LS-53 Natural rubber 
Kel-F Synthetic cis 1-4 polyisoprene 
elastomer ci s 1 -4 pol ybutadiene 

Poly FBA Conventional polybutadiene 
Silicone Mercapan modified adducts 
Vitron A of polybutadiene 

Polysulfide 
Urethane (Adiprene B, C) 

(Reprinted with permission 01 the Southwest Research Institute) 

fungus and bacteria growth. The acidic secre­
tions from these organisms aid in the corrosion 
processes. The growths themselves can severely 
interfere with light transmission to the solar 
cells. 

Fungus and bacteria growth retardants and 
treatments are available for structural surfaces, 
but not for optical surfaces. 

9-20. Salt Spray 

Wind blowing over bodies of salt water will 
pick up small droplets that remain suspended 
in the air to altitudes of 3000 m for long periods 
of time and may be carried inland for several 
kilometers. Eventually, the salt will deposit on 
surfaces, coating them with sufficient thick­
ness to cause large light transmission losses. In 
the presence of moisture, highly corrosive 
solutions will form. 

The rate of salt deposited on exposed sur­
faces along the coast may range from 5 to 100 
J.Lm per day. The particle sizes may range from 
0.1 to 20 J.Lm. 

9-21. Biotic Elements 

Terrestrial solar cell arrays are subject to dam­
age or degradation from small animals and 
insects. Rodents enjoy gnawing on certain types 
of electrical wire insulation materials and 
crawling into sm all openings in electrical equip­
ment, especially into vent holes of heat-dissipat­
ing equipment. Certain types of flying and 
crawling insects tend to spread deposits on 
certain surfaces, or infest them for living or 
fee ding purposes. Birds, especially gulls and 

pigeons, enjoy resting on elevated structures 
and covering them with droppings. 

By proper design and installation, using 
fences, armored cabling, physical separation 
from trees and other tall plants, and closely 
spaced rods along the upper edges of solar 
arrays, most light reducing contamination and 
physical damage can probably be prevented. 

9-22. Vandalism 

Man has been found to be one of the more 
destructive terrestrial threats to solar cell 
arrays. Theft and the discharge of firearms 
have been common causes of damage. Throw­
ing of rocks has also been reported as a damage 
mechanism. In several installations, a thin but 
strong wire mesh is now mounted in front of 
the arrays. The mesh is spaced several centi­
meters off the arrays so that flying rocks are 
bounced back. Mounting the mesh a larger 
distance from the array, say 10 to 20 cm, also 
has an advantage in terms of reducing solar cell 
shadowing (see Chapter 2). 

HANDLING AND TRANSPORTATION 

9-23. Handling and Assembly 

Handling of solar cell panels during fabrication, 
assembly, test, transportation, loading and 
unloading, and field installation can be severely 
damaging to solar cell arrays. Typical handling 
damage includes breakage arising from the 
accidental dropping of tools, snagging of 
clothing on solar cell covers and interconnec­
tors, pulling on wires and cables, bumping into 
arrays with other objects, and improper lifting. 
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Table 9-8. Typical Vibration Levels in Transportation. 24 

Source V ibration Environment 

Jet aircraft Acoustical vibration due to jet wake and combustion turbulence. Frequency range 
up to 500 Hz and maximum amplitude approximately 25 f-Lm. 

Piston engine 
aircraft 

Engine vibration range up to 60 Hz and maximum amplitude to O. 25 mm. Propel­
ler vibrations range up to 100 Hz with maximum amplitudes to 0.25 mrn. Ampli­
tudes of vibration vary with Ioeation in aircraft. 

Ships Engine vibration in diesel or reciprocating steam types range up to 15 Hz with 
maximum amplitude 5 to 0.5 mrn. Most vibrations are amplified. An amplifi­
cation factar of 3 is usually acceptable. 

Trucks Suspension resonance of 4 Hz with maximum amplitude of 13 cm. Structural 
resonance above 80 Hz and maximum amplitude of O. 13 mm. 

Passenger 
automobiles 

Suspension resonance of 1 Hz and maximum amplitude of 15 cm. Irregular transit 
vibrations due to road roughness above 20 Hz and maximum amplitude of 50 f.!m. 

Railroad trains Broad and erratic frequency range. Isolation re sonant frequency of 20 Hz has 
been successful in railroad applications. 

9-24. Vibration and Acoustic Noise in 
Transportation 

Solar panels transported by truck, railroad car, 
or aircraft are subject to long-duration vibra­
tional stress. Panels shipped by aircraft may 
also be exposed to acoustic noise that has a 
similar effect as vibration. Typical vibration 
levels encountered in different transportation 
vehic1es are given in Table 9-8. 

9-25. Mechanical Shock in Transportation 

Shock loads arise from dropping an object 
onto a hard surface. For example, briskly 
setting down a heavy solar cell panel on a 
concrete floor causes a shock loading of the 
panel at the point of impact that may be of 
sufficient magnitude to defonn the panel edge. 
Metallic frames around the panel's edges should 
be designed to defonn without relaying the 
deformation to the solar cells or the cell cover­
glass or other brittle encapsulant. Shock loads 
are usually expressed in multiples of "g" units 
(see Section 9-29; also see Section 9-30). 

9-26. Storage 

Solar cells· and solar cell panels are believed to 
be storable for indefinite time periods as long as 
the storage environment is controlled. Delete­
rious storage environments inc1ude high tempera­
ture, high humidity, corrosive atmospheres, dust, 
and, to some degree, the ordinary atmosphere. 
These environments cause corrosion and light 
obscuration. Even the ordinary atmosphere 

causes a film deposit ("makes glass blind") 
that reduces light transmission (see Sections 
9-9,9-12, and 9-19). 

9-27. Pressurel Altitude in Transportation 

Transportation of solar cell panels in non­
pressurized compartments of aircraft are sub­
ject to a partial vacuum environment (see 
Section 9-15). Under reduced external air 
pressure, air or gas pockets contained and 
sealed within solar cell panels can exert great 
static forces on the panel's package, potentially 
causing its explosion, especially when dynamic 
transportation stresses are added (see Section 
9-23, 9-24, and 9-25). 

LAUNCH AND FLiGHT OF 
SPACE ARRAYS 

9-28. Dynamic Forces During Launch 
and Flight 

The launch and flight of a spacecraft is ac­
companied by a number of events that can 
cause significant mechanical stresses on the 
array, inc1uding acceleration, mechanical shock, 
vibration, and acoustic field exposure. Some or 
all of these "environments" can combine to 
lead to some temporary, very high mechanical 
stress levels. Additionally, even higher stress 
levels may occur when, at the same time, the 
array is at some very low or very high te m­
perature (relative to room temperature). 

Vibrational and shock forces are transmitted 



to the solar cell array by structural members 
and, as long as it is sufficiently dense, by the 
surrounding air. The magnitudes and frequency 
spectra of the forces from their original sources 
are modified by the transrnitting media before 
they reach the solar cell array. The vibrational 
amplitudes may be attenuated or amplified by 
the structure. Inasmuch as the actual forces 
acting on the array are very dependent upon 
the choice and the design of a specific launch 
vehiele, satellite, and structural spacecraft and 
array system, the data given in this chapter can 
serve as a general guide only. 

The initial launch phase of aspace vehiele is 
characterized by engine ignition and an intense 
acoustical field from the rocket engine exhaust, 
which builds up in intensity until the moment 
of launcher release. The acoustic field is re­
flected from the ground to the launch vehiele 
and diminishes as the launch vehiele rises. The 
acoustical excitation increases again sharply 
due to aerodynamic disturbances as the vehiele 
approaches the speed of sound. Once past the 
speed of sound, aerodynamic excitation dimin­
ishes until stage separation, when the vehiele is 
subjected to shock forces resulting from ex­
ploding bolts and/or second stage engine 
ignition. 

Vibration and shock are generally negligible 
during space flight. However, in a mission 
which requires maneuvering for rendezvous 
or for transfer between orbits and/or soft 
landing by throttling, vibration and shock 
during space flight may be significant. Sources 
of dynamic forces may arise from the operation 
of maneuvering or landing engines (start-up, 
shut-down, random pulsing, and discrete fre­
quency thrust variations), touchdown, or 
rendezvous. It should be noted that even 
though the solar cell array may not be operat­
ing at the time of the earth launch, it is usually 
electrically biased by an energy storage battery. 
Therefore, the array must be designed to with­
stand the adverse effects of acceleration and 
vibration loads without potentially short­
circuiting or discharging the battery. 

9-29. Acceleration 
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velocities are changed. Acceleration forces 
are also inherent in mechanical shock and 
vibration. 

Acceleration is commonly given in terrestrial 
g units where 1 gequals 9.8 m/second2 (32.2 
ft/second2 ). To obtain the forces on a body in 
a different gravitational field or under accelera­
tion, the weight under a 1 g acceleration or 
terrestrial weight is multiplied by the number 
of g units. Typical acceleration values used in 
solar cell array design are given in Table 9-9. 

Under high acceleration loads, parts not 
rigidly mounted will deflect from their 0 g or 
I g position. This deflection may be temporary 
or permanent, depending upon the softness of 
the mounting elements. For example, adhesive­
mounted solar cell stacks will temporarily move 
slightly; and blocking diodes, supported only 
by their soft leads, may bend permanently. 
Inadequately supported conductors attached 
to solar cell contacts may pull the cell contacts 
off the silicon wafer. 

To avoid potential problems caused by sus­
tained acceleration, components should be 
oriented such as to nullify or minimize the 
effects of acceleration. Also, the avoidance 
of large moments by mounting each part elose 
to its center of mass, providing adequate 
stress relief, and fastening wires at short in­
tervals elose to the substrate are all important. 

9-30. Shock {Mechanicall 

Shock, sometimes referred to as impulse or 
impact loading, may be defmed as a suddenly 
applied load of short dura ti on. The magnitude 
of a shock load is usually high, but the time 
duration of the loading is relatively smalI. The 
characteristic of a shock load which makes it 
different from a static load is the time required 
for the force to rise from zero to a maximum, 
compared to the natural period of vibration 
of the structure. If the time of load applica­
tion is less than one-half the natural period of 
the structure, it is considered an impact load. 
If the time of load application is greater than 
three times the natural period of the structure, 
it is considered a static load. 

The response of a solar cell array under 
Acceleration forces are encountered during shock conditions has characteristics similar to 
launch and in orbit when linear or angular those of systems under acceleration and vibra-
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lable 9-9. lypical Acceleration Levels.24 

lable 9-9a. lypical 9 Forces During Launch/Ascent 
(Test Levels). 
(Solar Cell Array Test Levels) 

Intensity 
Launch Vehic1e (g) Time 

Saturn/Apollo 8 to 12 5 minutes in each of 
Lunar Module three mutually per-

pendicular axes 
Titan III 4.5 420 seconds 
Thrust Augmented 5 to 10 5 minu tes each axis 

Delta 
Atlas Centaur 1 to 7.3 5 minutes each axis 

lable 9-9b. lypical 9 Forces During Re-entry. 

Direct Entry at Direct Entry at 
Escape Velocity* Orbital Velocity* Entry by Decay 

from Satellite 
Planet () = 5° 20° 90° () = 5° 20° 90° Orbit 

Venus 28.6 112 326 14.3 56 163 8.9 
Earth 28.3 111 324 14.3 55.5 162 9.5 
Mars 1.6 6.3 18.3 0.8 3.2 9.2 9.2 

*Where () is the re-entry angle with the horizontal, and decelerations are given in 
earth g's. 

tion. The initial deformation of the structure is 
large; it then goes to zero as a damped harmonie 
oscillation. The intensity of the response of 
a structure to a pulse loading depends upon 
the natural frequency of the structure and the 
intensity and duration of the pulse. 

In most cases, shock loads need not be con­
sidered for solar cell arrays which are located 
some distance away from the booster interface. 
If, however, the array attaches to the structure 
elose to the booster interface or elose to active 
deploymentjlatch-up or pyrotechnic elements, 
shock isolation may be required to prevent 
solar cell or coverglass cracking. 

Sources of shock environment inelude: 

• Transportation and handling 
• Pyrotechnic (firing of explosive bolts, 

cable cutters, restraining mechanisms, etc.) 
• Deployment (initial release, latch-up) 
• Rocket engine ignition 
• Rocket engine combustion instability 

• Stage separation forces 
• Satellite separation forces 
• Impact loads due to meteoroid bom-

bardment 
• Docking loads 
• Landing impact loads. 

Typical values used in solar cell array design 
are up to 2500 g in elose proximity of explosive 
bolts. The shock pulses have typical durations 
of 1 to 10 milliseconds. 

9-31. Vibration 

Vibration may be defined as a cyclically varying 
displacement of a body from its equilibrium 
position, or as the cyclically varying deforma­
tion of a body from its equilibrium shape. 
Vibration may be free or forced. Free vibration 
in an elastic system refers to a system free of 
impressed forces but under the action of forces 
inherent in the system itself. A freely vibrating 



system will vibrate at one or more of its natural 
frequencies. Forced vibration refers to a vibrat­
ing system under the excitation of an external 
force; i.e., a forcing function, which may be of 
a sinusoidal or a random frequency nature. 

In general, the frequency, or frequency spec­
trum, of the exciting force is independent of 
the natural frequency of the system. However, 
the frequency (frequency spectrum) of a force 
actually driving a component may be severely 
altered by the elements which connect this 
component with the exciting force. This is 
particularly true for ftxed solar cell arrays 
which are mounted via relatively long struc­
tural members to the spacecraftjbooster inter­
face elements, and for deployable arrays. 

When the frequency of the driving force is 
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ne ar the natural frequency of the structure, 
resonance will occur. When no damping is 
available in the system and when the driving 
frequency is equal to the natural frequency, 
the amplitude of vibration increases until the 
system becomes non-linear. Non-linearity is 
often associated with permanent damage, such 
as deformation or bond separation. Avoiding 
or damping of resonance in the array support 
and in the array panels is a primary objective 
of the structural designers. The solar cell array 
designer, however, provides necessary inputs 
and interface considerations. 

Vibrational exciting forces encountered dur­
ing transportation, launch, and flight (see 
Tables 9-10 and 9-11) are almost always of a 
random frequency and random amplitude na-

Table 9-10. Typical Vibration Levels During Launch. 24 

Source 

Rocket naise 
generated in 
exhaust stream 

Space vehicles 
earth launch 

Space vehicles 
low earth orbit 

Space vehicles 
lunar orbit 

Lunar launch 

Lunar landing 

Vibration Environment 

Usually most severe vibration environment in missiles. Results in randem high 
amplitude vibrations during launch in atmosphere. Characterized by a broad 
spectral distribution coinciding with resonance frequencies cf vehicle structure, 
skin, and equipment. 

A pproximately 10 g' 5 rms, 600 to 1600 Hz. Acoustical naise in field cf payload 
150 decibels for 60- second duration. 

Vibration range to 1000 Hz and up to 50 g' 5 for 5-minute duration. 

Vibration range above 1000 Hz and up to 50 gl S for 10-minute duration. 

Vibration levels up to 15 gl s with frequency spectrum greater than 1000 Hz. 

Vibration levels up to 50 gl sand frequency range from a few to several thousand 
Hertz. 

Table 9-11. Typical Random Vibration Intensities 
During Launch/ Ascent. 24 

(Solar Cell Array Test Levels) 

Launch Vehicle Frequency Range Intensity 

Saturnj Apollo 15 - 100 Hz 0.01 g2 jHz to 0.06 g2 jHz 
Lunar Module 

100 Hz - 1 kHz 0.06 g2 jHz 

1 kHz - 2 kHz 0.06 g2 jHz to 0.015 g2 jHz 

Titan !Ir 20 - 800 Hz 0.01 g2 jHz to 0.4 g2 jHz 

800 - 1500 Hz 0.4 g2 jHz 

1.5-2.0kHz 0.4 g2 jHz to 0.3 g2 jHz 

Atlas j Agena 20 - 150-Hz 0.023 g2 jHz 

150 - 300 Hz 0.023 g2 jHz to 0.045 g2 jHz 

300 - 2000 Hz 0.045 g2 jHz 

Thrust Aug- 20 - 2000 Hz 0.07 g2 jHz 
mented Delta 11.8 g rms 

Scout 20 Hz - 20 kHz 0.07 g2 jHz 

11.8 g rms 
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ture. To pennit design and test engineers to 
perfonn their functions, the natural vibration 
environment is idealized, and the system 
response is evaluated in simplified fashion, 
usually using sinusoidal vibration having a 
slowly varying frequency. The response of 
solar cell arrays is typically expressed in one 
of three quantities: amplitude, acceleration, 
and mean-square acceleration density; all of 
these are functions of frequency. Many other 
quantities are also used, the differences being 
either semantic or due to slightly different 
mathematical definitions. 

Amplitude Frequency Spectrum. Usually ex­
pressed as double amplitude, this quantity gives 
the peak-to-peak deflection (response) of a 
point on the array relative to the tie-down 
(excitation) points plotted as a function of 
frequency. This maximum deflection must be 
limited by the design process for two reasons: 

1. To prevent excessive ben ding of the array 
substrate with attendant potential struc­
tural damage of the substrate, solar cells, 
cell covers, or interconnectors; and 

2. To prevent the array from touching other 
spacecraft components or the shroud, 
and damaging itself or these components. 

Acceleration Frequency Spectrum. Usually ex­
pressed in g units (1 gis a force of 9.8 N created 
by the earth's gravitational field on a mass of 
1 kg), it is also an "amplitude" type of quantity 
and is plotted as a function of frequency. Ac­
celeration amplitude is typically measured by 
accelerometers placed at the excitation point 
and at various response points, especially where 
large vibrational amplification is expected. Ac­
celeration amplitude is applicable only for the 
description of sinusoidal vibration, and is 
especially helpful to identify resonance fre­
quencies. Both the peak and the rms amplitude 
of acceleration, A, is being used: 

Anus = {-i i T 
[Apeak sin (wt)] 2 dt } 1/2 

where w = 21Tf, T is the period, and t is time. 
For the special case of purely harmonie 

motion, this expression reduces to: 

1T 1 
Anus = 2...(2 Aaverage = ...(2 Apeak. 

Mean-square Acceleration Density Spectrum. 
Usually expressed in units of g2/Hz, this quantity 
is proportional t.o power density and is used to 
quantize the severity of random vibration. 
Random vibration is characterized by indepen­
dent statistical variations of both amplitude and 
frequency as time passes. Thus, at each instant 
of time, there exists both a probability distribu­
tion for the acceleration amplitude and an asso­
ciated continuous vibration frequency spectrum. 
To make this infonnation useful, both the 
amplitude prob ability distribution and the 
frequency spectrum is required not for each 
instant of time, but rather for a longer time 
interval, such as for the entire launch phase 
during which vibration exists. As a most useful 
quantity, a mean-square spectral density func­
ti on W(n has been defined such that 

[
00 li 1 IT 

W(f)df= ~ - f2(t)dt 
o T--+oo T 0 

where fis the frequency, T is the period, and t 
is time. 

Minimizing the Effects of Vibration. The ef­
fects of vibration may be rninimized by the 
techniques listed below. 

• Provide solar cell array substrate isolation 
from the spacecraft structure. 

• Change the natural frequency of the solar 
cell array by modifying its shape, mass, or 
stiffness, or break up larger areas into 
smaller ones or into modules. 

• Dissipate energy and limit amplitude by 
the use of dampers, resilient pads, or 
additional tie-downs. 

• Avoid sharp bends, mlets, notches, and 
long runs of unbonded (fastened) wire. 

• Space wire spot bonds and interconnector 
joints at irregular intervals to prevent 
build-up of large deflections. 

• Rivet members (rather than weId them) 
because they provide interface friction 
and, therefore, damping between members. 
Cold-driven rivets should not be loaded in 
tension because of residual stress concen­
tration at the fonned head. 



• Lock bolts and nuts, since they tend to 
loosen under vibration and shock. Slip page 
of the joint due to excessive elearance in a 
bolt hole should be avoided by using elose 
tolerance bolts or dowel pins. Bolts made 
from materials with low yield strengths, 
such as 18-8 stainless steel, tend to stretch 
and loosen under shock loads even though 
they have a high ultima te strength. The 
fatigue strength of bolts may be increased 
by cold working, such as rolling of thread, 
rolling of fillets near head, and shot peen­
ing the shank. Typical locking devices in­
elude threading of lock wires through holes 
in the nuts or bolts and then fastening 
them to the structure, friction nuts with a 
polymeric insert or distorted holes, and 
friction bolts with a polymeric insert in 
the threaded portion. Lock-washers should 
be used cautiously as locking devices when 
shock and vibration are present. Bolted 
structures provide friction damping be­
tween members and may be more desirable 
than a welded structure if damping is 
required. 

9-32. Acoustic Field 

An intense acoustic field is generated by two 
mechanisms during launch: first, by rocket 
engine exhaust and its reflection from the 
ground to the launch vehic1e and the shroud 
that covers the payload; and second, by aero­
dynamic excitation of the shroud itself at 
high air speeds. The vibrating launch vehi­
ele and shroud also generate an acoustic 
field inside the volume enc10sed by the shroud, 
in turn exciting a vibrational response of the 
solar cell array. Acoustical1y induced vibration 
(random frequency distribution) of the solar 
cell array is especially high for body-mounted 
arrays that are in elose proximity to the shroud. 
Frequently, the acoustically induced vibrations 
ofthe array are larger than vibrations transmitted 
to the array through structural components, 
so that meeting the acoustic field requirements 
becomes one of the important design aspects. 

Typical failure modes during acoustic-testing 
are similar to those observed du ring vibration­
testing and typically occur in the substrate 
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rather than in the solar cells or their associated 
components. The design recommendations 
made in Section 9-31 to minimize the effects 
of vibration also apply to minimizing the ef­
fects of acoustic fields. 

The acoustic field intensity is measured with 
microphones and is expressed in units of dB 
sound pressure level. The decibel (dB) scale is 
a logarithmic ratio of power levels, the square 
of force levels, the square of displacement levels, 
or the square of acceleration levels. If F is the 
measured acoustic field intensity (force per 
unit area), then the dB level is 

dB = 10 IOglO(F 2/FÖ) = 20 10glO(F/Fo) 

where Fo is a reference sound pressure level, 
usually taken as 2 X 10-5 N/m2 (0.0002 
dynes/ cm 2 ). Typical sound pressure levels 
are shown in Table 9-12 for test and design 
purposes. The expected flight level is gen­
erally 3 dB lower in each one-third octave 
band. 

THE SPACE ENVIRONMENT 

9-33. The Solar System 

The solar system consists of the sun as a central 
body (with approximately 99% of the total 
mass), 9 planets, their 31 known satellites, tens 
of thousands of asteroids, and countless num­
bers of smaller objects which are occasiona11y 
observed as comets, meteors, or meteorites. 
All of these bodies revolve in different elliptical 
orbits about the sun. All of the planetary orbits 
can be bounded by a thin disk, having a diam­
eter of 80 AU or one-eight-hundredth of a 
light-year. 

The characteristics of the solar system are 
summarized in Table 9-13 and in Fig. 9-14. 
The properties of the sun are discussed below; 
its radiation is treated in Section 9-3. The 
orbital terminology and the orbits of artificial 
satellites are described starting in Section 9-41. 

Asteroids. The asteroids (planetoids or minor 
planets) are smalI, irregularly shaped bodies of 
widely differing sizes (from 1 to 500 miles), 
the solar orbits of which He principal1y between 
those of Mars and Jupiter, with mean distances 
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Table 9-12. Typical Acoustic Field Levels During 
Launch/ Ascent. 24 

(Solar Cell Array Qualification Test Levels)' 

1/3 Octave - Band 1/3 Octave Band Sound Pressure Levels (dB) 
Center Frequency 

(Hz) Atlas Centaur Titan IIIC Titan IIID 

5 98 
6. 3 102 
8 105 

10 108 
12. 5 111 
16 114 
20 117 
25 120 
31. 5 122 
40 125 124 136 
50 127 125. 5 138 
63 129 127 140. 5 
8Q 131 129 142. 5 

100 132 130.5 144 
125 133. 5 131. 5 145 
160 134. 5 132. 5 146 
200 135. 5 133.5 147 
250 136 134 147. 5 
315 135. 5 134.5 148 
400 135 134. 5 148 
500 133. 5 134 147. 5 
630 131 133. 5 147 
800 129 133 146. 5 

1,000 127 132 145. 5 
1,250 125 131 145 
1,600 123 129. 5 143 
2,000 121 128. 5 142 
2,500 119 126. 5 140 
3,150 117 125 138. 5 
4,000 115 123 136. 5 
5,000 112. 5 121. 5 135 
6,300 110 120 133. 5 
8,000 108 118 131. 5 

10,000 106. 5 129. 5 

Overall SPL 146. 0 145. 0 158. 0 

*Reference level 2 X 10-5 N· m-2 

from the sun of 2.1 to 3.5 AU. Eight asteroids 
have perihe1ia smaller than that of earth, and 
one (Icarns) penetrates even closer to the sun 
than Mercury. It is estimated that there are 
80,000 asteroids brighter than the nineteenth 

magnitude. Orbital elements are available today 
for about 2000 of them. 

Semi-
Major Period 
Axis Earth-

to Sun Years 
Body (AU!" (Earth = 1) 

Sun 

Mercury 0.387 0.241 

Venus 0.723 

Earth 1.000 1. 00 

Mars 1. 524 1. 88 

Jupiter 5.203 11.9 

Saturn 9.539 29.5 

Uranus 19.25 84.0 

Neptune 30.04 164.8 

Pluto 39.64 247.7 

Earth's 0.075 
Maan 

Comets. The observable aspect of a comet is 
the extensive atmosphere (coma, tail) which is 

Table 9-13. Characteristics of the Solar System. 1,25 

Number Equatorial Surface 
Mean Relative of Surface Surface Atmospheric 

Diameter Mass Natural Gravity Temperature Pressure {in Atmospheric 
(Earth = i) (Earth = 1) Satellites (Earth == 1) (oC) Albedo atmosphere s) Composition 

109.2 3 x 10 5 28 6500 

0.379 0.055 0.380 400 0.06 «1 Traces of heavy gases 

0.956 0.815 0.893 430 0.76 161 93 percent COZ; p08sibly 
NZ trace of water vapor 

1. 00 1. 00 1. 00 15 0.36 See Table 2.1 ~1 

0.535 0.108 0.377 30 to -120 0.15 0.01 90 to 100 percent COZ 
remainder unknown, but 
upper limit for N2 is 
possibly 3 percent 

11.14 317.9 12 2.54 -140 0.51 "'1 

9.47 95.1 10 1. 06 -170 0.50 

3.69 14.5 1. 07 -210 0.66 NH 3 , CH4 • H2, He 

3.50 17.0 1.4 -220 0.62 

1. t? 0.8? 0.7? -220 0.16 Heavy gases? 

0.272 0.012 0.165 -150 ta 130 0.07 10-17 Traces af very heavy 
gases 

* 1 AU = 92,959,670 miles = 1.4959789 X 1011 m. 
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GENERAL DIRECTION OF REVOLUTION 
ABOUT SUN - COUNTERCLOCKWISE 
VIEWED FROM POINT NORTH OF ECLIPTIC 

PLUTO 

"" 

---~'G';"" 'F-~+~~~~=!..L. 
~, , ' J 'Y ~ e cf 4- n 6 \jJ ~ 

EDGEWISE VIEW ALONG ECLIPTIC PLANE I I I I I I I I, 

SHOWING ORBITAL INCLlNATIONS OF I ,,' "" """" , , 

PLANETS AND THEIR SATELLITES 0.3 1 10 20 
MEAN DISTANCE FROM SUN (AU) 

Fig.9-14_ The basic solar system_I (Reprinted with permission of TRW, Inc_) 

developed and irretrievably lost during passage 
through the inner solar system_ The source 
(an unobserved nucleus, probably a few miles 
in diameter) forfeits perhaps a thousandth 
part of itself in each passage. To date, some 
550 different comets have been satisfactorily 
observed. The motion is found to be Keplerian 
and eccentric, the periods of the closed ellipses 
being long (thousands of years for about 450 
objects) or short (6 or 8 years for fewer than 
100 objects). Halley's famous comet is one of a 
few hybrids between these two classes_ In spite 
of the prevalence of near-parabolic orbits, no 
fundamentally extrasolar object has yet been 
recorded. 

9-34. The Space Vacuum 

The vacuum of space consists of a low-density 
gas mixture, made up primarily of hydrogen, 
helium, protons, and alpha particles_ The 
estimated gas pressure in interplanetary space 
is approximately 10-18 N - m-2 (10-16 mm Hg)_ 
In interstellar space, pressures lower than 
10-27 N· m-2 may be encountered. The best 
vacuum obtainable in a laboratory ranges 
from 10-12 to 10-15 N - m-2 ; however 10-12 

N . m -2 is considered practical for the best 
commercial vacuum systems, with 10-8 N· m-2 

(10-6 mm Hg) being more typical for space 

chambers. The transition between the atmo­
sphere and space is discussed in Section 9-15. 

For design purposes, the following are 
typically recommended: 

• Gas pressure 
• Density 
• Kinetic gas temperature 

10-11 N' m-2 

10-23 g' cm-3 

2 X 105 K 

Effects of Vacuum on Metals. Metals which 
might vaporize at an appreciable rate, if heated 
in the space vacuum environment, are magne­
sium, cadmium, and zinc_ These should be 
avoided for outer space applications unless 
they are maintained at a low temperature, 
utilized in thick sections, or overcoated with 
some other material of lesser volatility. Of 
the above metals, magnesium was utilized on 
the exterior of the Midas 11 satellite_ The 
problems associated with utilizing volatile 
materials are at least twofold: they are re­
moved by the action of the space vacuum from 
the devices in which they are intended to be 
used; and they may condense on the cooler 
surfaces, possibly causing electrical short­
circuiting, change of surface emissivities, or 
change in optical properties of mirrors and 
solar cell covers_ Sublimation of the base 
material can be retarded by the use of sur­
face coatings with low vapor pressures; for 
example, inorganic coatings such as oxides. 
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Table 9-14. Sublimation of Metals in High Vacuum.26 

Temperature ("C) at Whieh Given 
Sublimination Rate Oeeurs 

Melting Point 
Element O.I/Lm/yr 10/Lm/yr 1 mm/yr (0C) 

Cadmium 38 77 122 320 
Zine 71 127 177 420 
Magnesium 110 171 243 650 
Silver 480 590 700 960 
Aluminum 550 680 810 660 
Beryllium 620 700 840 1280 
Copper 630 760 900 1080 
Gold 660 800 950 1060 
Chromium 750 870 1000 1870 
Iron 770 900 1500 1540 
Nickel 800 940 1090 1450 
Titanium 920 1070 1250 1670 
Molybdenum 1380 1630 1900 2610 
Tantalum 1790 2040 2320 2980 
Tungsten 1870 2150 2480 3430 

NOTE: To convert sublimation rate g in gm/ cm2 to cmj s, divide g by density in 
gm/cmJ . 

In general, the weight loss rate in vacuum 
increases directly with increasing vapor pres­
sure of the material. Table 9-14 presents a list 
of several metals and their corresponding 
sublimation rates for different temperatures. 

The mechanical properties of materials in 
vacuum are different from those exhibited in 
air. Some metals tested in vacuum grow stronger, 
while others become weaker and have altered 
creep and fatigue properties. 27,28,29 The fol­
lowing two surface reactions in air are believed 
to be the controlling factors in these differences: 
1) the surface of the material strengthens and 
hardens by oxidation or is altered by gas dif­
fused into its interior; or 2) surface cracks form 
and adsorbed gases tend to wedge the crack. 
The material will be stronger in either vacuum 
or in air , depending upon which of these 
reactions is the controlling factor. Ordinary 
glass is three tirnes as strong in a vacuum of 
10-5 mm Hg as it is in air. Surface finishes can, 
therefore, be expected to control or signifi­
cantly influence the strength of metals in 
vacuum. 

Effects of Vacuum on Plastics. The high 
vacuum of outer space will cause volatile ma­
terials, plasticizers, and additives to vaporize. 

The weight loss exhibited by organic polymers 
in vacuum is usually the result of th~ evapora­
tion of relatively lower molecular weight frac­
tions; unreacted additives; contaminants; and 
adsorbed (on surfaces) and absorbed (in bulk) 
gases, moisture, and other materials. The loss 
of these additives and contaminants, however, 
can change important properties of the poly­
mers. For example, the loss of a plasticizer by 
evaporation in a vacuum environment will 
produce a more rigid or brittle part, with a 
corresponding decrease in elongation and an 
increase in tensile and flexure strength. Elec­
trical components, such as capacitors, may 
change in value if the insulating materials 
used in their construction lose moisture or 
any other contaminants which are trapped 
du ring their manufacture. 

The rate of weight loss at a given pressure 
and temperature varies as a function of time. 
The initial weight loss is usually high and is 
due to the loss of adsorbed gases, water, and 
other contaminants. During this stage, the 
total weight loss may be as great as 3% for some 
polymers. This relative1y high initial weight loss 
will drop to a very low value when the loss of 
weight is due primarily to degradation of the 
basic polymer. 



In general, polymers of relatively high mo­
lecular weight, such as Teflon, do not evaporate 
or vaporize in vacuum, but when supplied with 
sufficient thermal energy, they decompose or 
depolymerize. These polymers have such low 
vapor pressures that the thermal energy re­
quired to cause evaporation exceeds that 
required to break the chemical bonds of the 
polymer. Many polymers of engineering im­
portance do not sublime or evaporate in high­
vacuum environments, and the thermal stability 
of these polymers should be at least as good in 
a high vacuum as in the earth atmosphere (see 
also Section 10-13). 

The additional points listed below should be 
noted. 

• Weight loss rate and amount of weight loss 
are greatest early in the test period, when 
the materials at or near the surface evap­
orate. These loss factors decrease sub­
sequently to a rate determined principally 
by diffusion rates through the polymer 
to the surface. 

• Rigid plastics are, in general, preferred over 
flexible, elastomeric materials. 

• Materials with a minimum number and 
quantity of additives and modifiers are 
preferred. 

• Complete eure of the plastics must be 
obtained by extended time and/or elevated 
temperature post-cu ring to ensure the 
elimination of unreacted, low-molecular 
fractions in the product. 

• Those materials exhibiting high loss rates 
but considered necessary for use on space 
vehicles because of special desirable proper­
ties should be preconditioned in vacuum at 
elevated temperature to reduce, as much 
as possible, the potential loss of the ma­
terial to space. 

Lubricants in Space Vacuum. Conventional 
lubricants are generally not suitable for use in 
the space vacuum because of their high vapor 
pressure, which results in loss of fluid by 
evaporation. Even if the rate of evaporation 
of a fluid lubricant is acceptable, the vapors 
may condense on cooler surfaces such as lenses, 
solar cell covers, and thermal control surfaces. 
Other problems associated with using a lubri-
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cant in a vacuum are 1) the absence of oxygen­
essential to forming a metallic soap; and 2) the 
absence of absorbed water vapor-necessary 
for the lubricating properties of bearing ma­
terials, such as graphite. 

9-35. Meteoroids 

Interplanetary space contains many small 
particles called meteoroids. When a meteoroid 
passes through the earth's atmosphere, its lurni­
nous, incandescent body is called a "meteor." 
The remnants of meteoroids found at the 
earth's surface are termed meteorites. 1 

Meteoroids are classified according to. their 
most likely origin and frequency of occurrence; 
they may originate either from asteroids or 
from comets: Cometary meteoroids may occur 
sporadically or in streams or showers, while 
asteroidal meteoroids occur only sporadically. 

Asteroidal meteoroids are relatively dense 
(with an average of approximately 3.5 g' cm-3 ), 

stone-like, iron-rich, irregularly shaped particles. 
Cometary meteoroids are less dense (with an 
average of 0.5 g' cm-3 ) and frequently possess 
a dustball or porous structure. Even though 
most of the cometary meteoroids are less than 
1 mm in diameter, their greater frequency and 
hypervelocity (an average of 20 km/second, 
and rarely as high as 72 km/second) may cause 
a threat to spacecraft and solar cell arrays. 

The meteoroidal particle mass of most con­
cern to solar cell arrays is estimated to lie be­
tween 10-6 g and 10-3 g, since particles with 
mass below 10-6 g, in general, do not have suf­
ficient energy to cause significant damage, and 
since particles with mass greater than 10-3 g 
are less frequently encountered. 

To assess the potential damage of meteoroids 
to solar cell arrays, the meteoroidal particle 
mass and frequency of occurrence must be 
known, as weIl as the prob ability of intercept­
ing such particles in a given orbit at a certain 
date. 30,31 

Effects of Meteoroids on Solar Cell Arrays. The 
damage expected from meteoroid impacts on 
the solar array is primarily erosion of the cover­
glass and the substrate rear surface thermal con­
trol coating. 
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Coverglass erosion would consist first of 
mechanical abrasion of the anti-reflective 
coating (typically magnesium fluoride) and 
then pitting of the cover itself (similar to 
sandblasting). Heavier particles impacting the 
solar cell cover at high velocity may cause the 
covers to crack; however, very few such par­
tic1es, if any, are expected to impact an array 
in each earth orbit. Cracked covers typically do 
not affect the solar cell outpUt.31,32,33 

The orbital performance of satellites has 
not indicated significant damage due to mete­
oroids, so that the array output degradation 
due to meteoroids is usually assumed zero. 

9-36. Deposits 

One source of solar cell array output degrada­
tion in space may be contamination of the 
solar cell array surfaces by engine exhaust 
plumes and by condensation of outgassing 
products stemming from exposed non-metallic 
materials or from sublimating metals on the 
spacecraft. This contamination may cause solar 
cell array output degradation by two different 
mechanisms: I) loss of light transmission to 
the solar cells, and 2) increased solar cell 
operating temperature. The increase in cell 
temperature is due to a deterioration in the 
thermo-optical characteristics of the cell 
covers and thermal control surfaces on the 
array back side. Attempts have been made to 
experimentally measure the impact of exhaust 
plumes on array power loss, but significant 
effects (probably in excess of 2%) were not 
found. Theoretical predictions of the effects 
of deposits from outgassing materials are more 
severe, and had been estimated to re ach 10% 
for Skylab. The actual flight da ta of Skylab 
during 200 days in orbit has shown evidence 
of such deposits; however, their impact on 
solar cell array performance was not distinguish­
able from the small, but measurable, total array 
degradation due to all environmental effects, 
inc1uding UV and corpuscular irradiation. 34 -4 0 

9-37. Gravity in Space 

The gravitational potential, U, of the earth 
decreases approximately with the square of the 

distance from the center of the earth, r, as 
follows: 

GE 
U=­

r2 

where GE = 398601.2 (±0.4) km3 • second-2 , 

the geocentric gravitational constant. Computa­
tions of satellite orbits require detailed con­
siderations of the non-spherical shape and 
non-homogeneous mass distribution of the 
earth. 30 

Effects of Zero Gravity. The effects of zero 
gravity on solar cell array materials and as­
semblies are generally beneficial, especially 
when the array is large and of lightweight 
construction. However, absolute zero gravity 
rarely exists on actual solar cell arrays, due to 
a number of disturbing forces that may be 
caused by any of the following: 

• Gravity gradients 
• Spacecraft velocity and attitude changes 
• Solar cell array reorientation 
• Solar radiation pressure 
• Spacecraft spinning or tumbling. 

Simulation of zero gravity for the testing of 
larger, deployable, lightweight arrays is difficult 
to achieve but has been done repeatedly and suc­
cessfully, utilizing so-called "zero-g" flXtures, 
water tanks, and aircraft. 

Gravity Gradient Torques. Because the gravita­
tional potential in an inverse square law field 
varies with altitude, the center of gravity of a 
body will not lie at its mass center. Unless the 
gravitational force passes through the mass 
center, a torque will result. Although this ef­
fect generally degrades attitude accuracy, it 
can provide control capability for a spacecraft 
which is properly configured. 

9-38. Time in Space 

In the past, typical satellite design lifetimes 
ranged from several months to three years. 
Recent successful spaceflights have prompted 
the planning of longer duration missions. 
Examples are communication satellites and 
manned earth-orbiting space stations for ten 
year durations and unmanned Grand Tour 



reconnaissance missions to Jupiter, Satum, 
Uranus, and Neptune or Pluto, requiring 
mission durations of six to twelve years. 

The effects of time in space are adverse, 
causing continuing degradation of the array 
due to the space radiation environment (see 
Seetion 9-49 and following). The probability 
of failure of the solar cell interconnecting 
system and/or soldered or welded joints by 
metal fatigue increases with exposure time, 
especially with the number of thermal cyc1es 
due to solar eclipses (see Seetions 6-4 and 
following). Solar cell, cover, and adhesive 
damage due to the space radiation are cumula­
tive functions of time. 

9-39. Magnetic Fields 

The earth's magnetic field, also called the 
geomagnetic or terrestrial magnetic field, origi-

1.0 

8 
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6 
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nates in its center, but is neither coincident 
with the earth's geographie poles nor sym­
metrical to the earth's surface. The total strength 
of the geomagnetic field varies from approxi­
mately 3.0 X 10-5 to 3.5 X 10-5 tesla, T (0.30 
to 0.35 gauss, G) at the equator to approxi­
mately 6.5 to 7.0 X 10-5 T (0.65 to 0.70 G) 
at the magnetic poles. With increasing altitude, 
the field strength falls off approximately with 
the cube of the distance from the center of the 
hypothetical earth's magnet (Fig. 9-15). 

The geomagnetic field is disturbed by the 
solar plasma. The solar plasma also limits the 
extent of the geomagnetic field in the direc­
tion of the sun to approximately 10 earth radii. 

The geomagnetic field strength at synchro­
nous altitude is approximately 1.38 X 10-7 T 
(138 gammas). The magnetic field strength in 
interplanetary space is due to the solar plasma; 
its magnitude is about 5 X 10-9 T (5 gammas) 
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Fig.9-15. Magnetic flux density of the geomagnetic fieId. 30 
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at a distance of 1.0 to 1.5 AU from the sun. 
The interplanetary magnetic field strength 
temporarily increases by up to two orders of 
magnitude during periods of increased solar 
activity.30 (See also Section 9-44). 

Effects of Magnetic Fields. Magnetic fields 
produced by the solar cell array may have an 
impact on two other subsystems: attitude con­
trol and magnetic field experiments. For a 
spacecraft in an environmental magnetic field 
(such as the earth's magnetic field), the pres­
ence of residual magnetism or current loops will 
result in a torque on the vehiele. Occasionally, 
this phenomenon is purposely used for attitude 
control (e.g., Tiros, OAO), but most often the 
effect is undesirable. For this reason, especially 
on spacecraft carrying large solar cell arrays, the 
electrical solar cell circuits are laid out such 
that the current loops produce no net torque. 

For missions flying sensitive magnetometers, 
the entire spacecraft and solar cell array designs 
may be restricted to the use of non-magnetic 
materials (potentially exeluding Kovar and 
Invar for cell interconnector material) and 
require careful circuit layout, so that the 
magnetic fields induced by the spacecraft or 
the array have a negligible strength at the 
magnetometer location. 

Magnetic fields produced by electrical cur­
rent loops can be minimized by laying out the 
solar cell circuits such that fields from neighbor­
ing circuit loops cancel each other. Different 
degrees of field cancellation can be achieved 
by different methods, as described in Sections 
3-38 and 3-39. 

9-40. Temperature in Space 

Interplanetary space consists of widely sepa­
rated gas molecules, so that the concept of 
temperature environment in space is quite dif­
ferent from the concept of temperature as an 
environment in the atmosphere. Due to the 
extremely low density of the interplanetary 
gas mixture, it is necessary to consider tem­
perature in terms of the kinetic theory of gases. 
Based on this theory, gas temperatures of 
several thousand degrees have been predicted. 
However, since these high-temperature gas 
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Fig.9-16. Conventional mariner solar array tempera­
ture versus heliocentric distance at normal incidence 
(illustrative example). 

molecules are so widely scattered, they have 
a negligible effect on the temperature of a 
solar cell array due to the sm all amount of 
heat energy involved. The temperature of a 
space vehicle, there fore , is determined not by 
the temperature of the surrounding atmo­
sphere, but rather as a result of radiation from 
other sources, such as the sun, and re-radiation 
to the heat sink of space. 

The primary external source of thermal 
energy for a solar cell array traveling within 
the solar system is direct radiation from the 
sun. The heat flux intensity varies inversely as 
the square of the distance from the sun (see 
Section 9-3), as illustrated in Fig. 9-16. 

Another, secondary source of heat for 
bodies in elose proximity to a planet is their 
reflected and emitted energy. The emission and 
reflectivity of heat energy from a planet de­
pends on its temperature and emissive proper­
ties, and on its albedo (rejlective properties). 
The albedo represents the percentage of inci­
dent energy reflected by a planet. The average 
albedo for several solar system bodies is given 
in Sections 9-4 and 9-33. 

The steady-state temperature of a solar cell 



array in space can be detennined by an energy 
balance equation, as shown in Chapter 2. The 
effects of temperature on the solar cell array 
are of an electrical and mechanical nature, as 
described in Chapters 4 and 6, respectively. 

9-41. Solar Cell Arrays in Orbit 

The power output capability of a solar cell 
array is significantly affected by its orientation 
to the sun. This orientation is determined by 
mission-imposed requirements for attitude 
control and maneuverability, by the capability 
of the attitude control subsystem, and by the 
physical configuration of the solar array and 
the spacecraft body. The interaction of mission 
requirements and spacecraft design charac­
teristics is illustrated in Table 9-15, which also 
contains examples of typical earth-orbiting 
spacecraft and descriptions of solar array 
orientation. 

Solar cell arrays may be fIXed relative to the 
spacecraft coordinate system or oriented to­
ward the sun. Fixed arrays may be space­
craft body-mounted (approximating cylindrical, 
spherical, or tetrahedral shapes), or they may 
be in the fonn of deployed panels (or both). 
Oriented arrays are generally composed of flat 
panels that are driven and controlled in one or 
more axes. The array drive systems are designed 
to track the sun and are often capable of off­
pointing part or all of the array to reduce 
excess power. 

Table 9-15 does not describe all of the pos­
sible array-spacecraft configurations. Some 
possible configurations are limited to special 
applications because of constraints on field­
of-view or power capability. For example, 
besides orienting the principal axis of a spin 
stabilized spacecraft perpendicular to the orbit 
plane, it is also possible to point the axis to­
ward the earth or to fIX it in inertial space. 
However, earth-pointing, spin stabilized space­
craft with cylindrical solar cell arrays usually 
require auxiliary solar panels to compensate 
for reduced power at satellite high noon (Le., 
when the solar vector is parallel to the satellite 
spin axis). 

Two-axis control of a flat panel is required 
to maintain its pointing directly to the sun. A 
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solar cell array attitude control system such as 
that contained in the flexible rolled-up solar 
array (FRUSA) system (see Chapter 7) provides 
this control. Most other oriented solar cell 
arrays are, however, controlled in only one 
axis, with second axis control provided, if it 
is required, by rotation of the entire spacecraft. 
Table 9-15 shows spacecraft axis orientation for 
selected examples and, in each case, identifies 
the axis that is used for array control. It is seen 
from the table that various options exist for 
reducing the impact of spacecraft orientation 
on power output. For example, a yaw rotation 
perfonned twice per orbit pennits substitution 
of a flexible hamess for a set of slip rings. 
Canting the panels with respect to the array 
drive axis reduces the effect of seasonal changes 
of the angle between the sun vector and the 
orbit plane. In the case of a geosynchronous 
equatorial orbit, the canting of the oriented 
panels by 11.7°, coupled with seasonal yaw 
axis rotations, can provide an array power in­
crease of approximately 4% over one year, 
for an array configuration that otherwise 
experiences the total effect of the ±23.4° in­
clination of the ecliptic plane. 

Section 2-62 (and following) contains an 
analytic treatment of orbital mechanics and 
spacecraft configuration orientation analysis 
at a level of detail sufficient for the detailed 
calculation of the insolation intercepted by 
solar array surfaces. 

9-42. Solar Eclipses 

Whenever the view from the sun to the space­
craft is obstructed by a planet or one of its 
satellites, the spacecraft is said to be in an 
eclipse. If the sun is completely obscured by 
an object (as viewed from the spacecraft), the 
satellite finds itself in the umbra, or full shadow, 
of the object. If the sun is only partially ob­
scured, the satellite is in the penumbra. When 
a spacecraft is in a penumbra shadow, the 
solar illumination is reduced by approximately 
the same percentage as the area of the solar 
disk (as it appears from the spacecraft) is ob­
scured. The number of eclipses experienced 
over the lifespan of a spacecraft depends 
mainly upon the orbit altitude and eccentricity, 
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being highest for circular orbits at the lowest 
practical altitudes. Figure 9-17 illustrates the 
relationship between the number of eclipses 
and the flight altitude for circular orbits. 

Not all eclipses of a spacecraft in a given 
orbit are of the same duration. Variations are 
produced by the motion of the planet around 
the sun, resulting in changes to the angular rela­
tionship between the earth-sun line and the 
orbit plane. Fractional sun time of circular 
orbits is illustrated in Fig. 9-18. Subtraction of 
the fractional sun time from unity gives the 
fractional eclipse time. Figure 9-19 shows the 
eclipse duration in real time. The temperature 
variations due to eclipses of varying duration 
can be determined from the data given in 
Chapter 2. 

THE RADIATION ENVIRONMENT 
IN SPACE 

9-43. Radiation Terms 

Radiation may be classified as either electro­
magnetic, having zero rest mass, or particulate 
(also ca11ed corpuscular), having finite rest 
mass. Electromagnetic radiation includes UV 
light, X-rays, and gamma rays. Particulate 
radiation includes electrons, protons, neutrons, 
and alpha particles. The more frequently en­
countered radiation terms are defined below. 

Alpha Particles (al. Positively charged particles 
whose properties are identical to all properties 
of the nucleus of a helium atom, consisting of 
two protons and two neutrons. 

Beta Particles (ßl. Negatively or positively 
charged electrons emitted from a nucleus, 
and having an energy of approximately 1 MeV. 

Photons. Quanta of electromagnetic radiation 
(see Section 2-26 for further details). 

Bremsstrahlung. The secondary radiation in­
duced by high-energy electrons which are 
deflected by another charged particle, such as 
a nucleus. The Bremsstrahlung photons are 
X-rays having energies ne ar that of high-energy 
electrons, but which are more penetrating than 
the electrons themselves. 
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Cosmic Rays. High-energy particles or electro­
magnetic radiation originating in interstellar 
space. 

Electrons (e). Elementary particles of rest mass 
m ::: 9.109 X 10-31 kg, and having acharge of 
1.602 X 10-19 coulomb. An electron's charge 
may be positive or negative. A negative electron 
is also ca11ed a negatron, but the term electron 
is usually used. A positive electron is called a 
positron. Negative electrons occurring in space 
are designated by e-. 

Gamma Rays (r). A form of electromagnetic 
radiation with wavelengths of approximately 
10-8 to 10-11 cm. Gamma rays are highly pe ne­
trating, and are emitted by a nucleus in its 
transition from a higher to a lower energy 
state. 

Protons (p+). Positively charged particles of 
mass number one (having a mass of 1.672 X 
10-27 kg) and acharge equal in magnitude to 
the electron. A proton is the nucleus of a 
hydrogen atom. 

X-Rays. Electromagnetic radiation with wave­
lengths of approximately 10-8 cm. X-rays are 
highly penetrating and are usually formed by 
bombarding a metallic target in a high vacuum 
with a particle. X-rays are also called Roentgen 
rays, named after their discoverer. 

Flux. Defines the number of particles, pho­
tons, or energy passing through a given area 
in a specified time, usually given in particles' 
cm-2 • second-1 or photons' cm-2 • second- I • 

Flux may also be specified in terms of the 
number of particles per unit time passing 
through an area on the surface of a sphere 
enclosed by a solid angle. The units are 
particles' cm-2 • second- ' . sr-I, where a stera­
dian (sr) is defined as the solid angle which en­
closes a surface on a sphere equal in area to 
the radius of the sphere squared. 

Fluence. Also known as time-integrated flux; 
the total number of photons or particles in 
any given time period. 
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Omnidirectional Flux. The number of particles 
of a particu1ar type that wou1d transverse a 
test sphere of 1 cm2 cross-sectional area in 
second (particles . cm -2 . second -1 ). 

Unidirectional Flux. The flux arriving at a 
test sphere per unit solid angle from any 
partieular direction, having units of partieies . 
cm-2 • second-1 • sr-1 • If the ineident radia­

tion is isotropie, the undirectional flux equals 
the omnidirectional flux divided by 41T (there 
are 41T steradians in a sphere). The conversion 
of omnidirectional into unidirectional flux in 
conjunction with solar cell damage calculations 
is more complex, however, and is discussed in 
Chapter 2. 

Radiation Dose. This can be expressed either 
in terms of the exposure dose, which is a 
measure of the radiation field to which a 
material is exposed, or in terms of the absorbed 
dose, whieh is a measure of the energy absorbed 
by the irradiated material. Absorbed dose units 
are given below. 

• Joules/gram is the energy expressed in 
joules absorbed by a gram of the irradiated 
material. 

• Rad is the absorbed dose defined as I X 10-5 

joules (100 ergs) of radiation energy of any 

type absorbed per gram of any irradiated 
material. (See Gray.) 

• Gray is a new unit replaeing Rad. (I Gy = 
1 X 10-2 Rad.) 

• Roentgen (R) is an exposure dose defined 
as the quantity of X- and gamma-radiation 
which will produce one electrostatic unit 
of electrieal charge (3.335 X 10-10 cou­
lombs) in the mass of dry air contained in 
I cm3 at standard conditions of tempera­
ture and pressure (0.001293 gram). This 
amount of energy gives an absorbed dose 
of 87.7 X 10-7 joules of energy per gram 
of air. 

• Joules/gram carbon or joules/gram (e) is 
an indirect measure of a gamma radiation 
field based on an absorbed dose, using 
carbon as a standard. One roentgen, R, of 
gamma rays is equivalent to approximately 
87.7 X 10-7 joules/gram carbon. 

• Dose rate is the rate of energy delivered 
or absorbed; e.g., R/month, R/year, 
rad/day. 

Damage Equivalent Radiation Dose in Solar 
Cells. For convenient calculation of solar cell 
performance degradation in a corpuscular 
radiation environment and simplified labora­
tory radiation test methods, the concept of 
"normally ineident damage equivalent 1 MeV 
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fluence" was evolved. Particulate radiation 
damage to solar cells is dependent on the 
energy and type of the partic1e. Conversion 
into "1 MeV fluence" utilizes so-called "equiva­
lent damage coefficients," as discussed in 
Chapter 2. The unit of equivalent fluence is 
1 MeV electrons per cm2 , or, in brief, "e/cm2 " 

or "e' cm -2," for a specified time period, 
usually either 1 year or end-of-mission. 

9-44. Space Radiation and its Effects 

The radiation environment in space is charac­
terized primarily by electrons and protons. 
Alpha particles and other charged particles 
are usually of negligible quantity as far as 
solar cell arrays are concerned. 

The space surrounding the earth can be 
divided into a number of different regions, 
the boundaries of which are defined by natu­
ral phenomena that arise from interactions of 
the solar wind with the earth's magnetic field. 
Illustrated in Fig. 9-20, the earth's magnetic 
field distorts the otherwise uniform flow of 
the solar wind in the interplanetary space and 
deflects it around the earth. In the outer magne-

INTERPLANETARY SPACE 

NOTE: 

P = PLASMA LEAKAGE FROM SOLAR 
WIND INTO MAGNETOSPHERE, 

tosphere (the magnetosheath, high-Iatitude mag­
netotail, and plasma sheet), the solar wind, in 
turn, distorts the magnetic field lines emanating 
from the earth dipole ("bar magnet") and 
pushes them in a tail-like fashion away from 
the sun. In the immediate vicinity of the earth, 
up to a distance of about 8 earth radii (known 
as the inner magnetosphere), electrons and 
protons become trapped by the magnetic field 
lines in the so-called radiation belts. Current 
models of the various radiation environments 
are listed in Table 9-16. 

The radiation particles possess energies over 
a wide range and propagate through space with 
different velocities. The presentation of the 
number of particles having a certain energy, 
measured over the entire range of energy from 
a few keV to many MeV or GeV, is known as 
the energy spectrum for that partic1e type. 
Different types of particles, and particles of 
the same type but of different energy, produce 
different types and amounts of damage in 
different materials. 

Effects of Radiation on Solar Cell Arrays. 
Solar cells in orbit are damaged (Le., their 

NETOPAUSE 

POLAR CAP 

NEUTRAL SHEET 

PLASMA SHEET 

--
MAGNETIC 

..... .....FJELD LlNES. 
~ TYPICAL 

:A~~TOSPHERE 

Fig.9-20. Regions of the magnetosphere shown in the noon-midnight meridian plane.41 
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Table 9-16. Current NSSDC Radiation Environment Models.42 

Name of Model 

AE-4 

AE-5 
(1975 projeeted) 

AE-6 

AP-8 

AEI-7 

Particle and 
Energy Range 

Eleetrons 
0.04 to 4 MeV 

Eleetrons 
0.04 to 4 MeV 

Eleetrons 
0.04 to 4 MeV 

Protons 
0.1 to 400 MeV 

Eleetrons 
0.04 to 5 MeV 

L-Range 

2.8 to 11.0 

1.2 to 2.8 

1.2 to 2.8 

1.17 to 6.6 

2.8 to 11.0 

Remarlcs 

Flux values for epoeh 1964 and 1967 eorrespond­
ing to solar minimum and maximum eonditions. 
Solar eyele effeets only oeeur between 2.8 .;; 
L ..;;; 5. Energies above 4 MeV are strietly exra­
polations, and data above 1.9 MeV did not have 
proper calibration. 

Flux values for Oetober 1967, but Starfish residue 
subtraeted and solar eycle effeets used, so 
projeeted valid epoeh is 1975, eorresponding 
to solar minimum eonditions. 

Flux values for Oetober 1967, but Starfish residue 
subtraeted. 

Model has both solar minimum and maximum 
values; these ehanges oeeur only at low 
altitudes. 

Interim model with upper and lower limit 
for energies above 1.5 MeV to aeeount for 
ATS 6 data at 3.9 MeV and OVI-19 data up to 
5 MeV. Model is interim until diserepaneies 
between Azur data at 4.5 MeVand OVI-19 data 
ean be properly studied. At energies below 1.5 
MeV, this model is same as AE-4 in the outer 
zone for solar maximum. 

energy conversion efficiency is permanently vironment seen by the solar cells is, in part, 
degraded), mainly due to irradiation with design related (see Chapters 2 and 4). 
electrons and protons. In lower earth orbits, 
both geomagnetically trapped electrons and 
protons may be of significance, while at higher 
altitudes, such as at synchronous altitude, 
during periods of high solar activity, solar flare 
protons may add significantly to the total cell­
damaging fluence. 

The radiation particles of significance to 
solar damage have approximately the following 
energy ranges when they impinge on the solar 
cell covers: 

• Electrons-0.2 to I MeV. 
• Protons-4 to 40 MeV. 

The actual radiation environments seen by 
the solar cells differ from the naturally existing 
environment because the energy-flux spectra 
of the natural radiation environments are 
modified by the solar cell radiation shields, 
and the solar cells receive radiation both 
through the front shield (coverglass) and the 
back shield (substrate); Le., the radiation en-

Effects on Solar Cell Covers. Solar cell covers 
are discolored (darkened) by particulate radia­
tion, thereby absorbing some of the sunlight. 
This increased light absorption reduces solar 
cell output by two mechanisms: 1) reduction 
of the amount of sunlight that reaches the cell, 
and 2) increased array operating temperature 
(hence, a decrease in cell efficiency). (See 
Chapter 5.) 

Effects on Other Array Materials. Organic 
materials, as a class, are the least stable in a 
radiation field. Radiation damage to organic 
materials is dependent upon the total energy 
absorbed and sometimes upon the radiation 
intensity. Damage is usually not dependent 
upon the type of radiation, but may be de­
pendent on the particle energy. Radiation 
damage to polymers may occur because of the 
rem oval of bonded electrons, leading to bond 
rupture, free radicals, and discoloration. Poly-
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mers may be degraded by a loss in mechanical 
strength, an increase in vapor pressure and 
viscosity, and a reduction in molecular weight. 

It is important to note that test data from 
radiation exposure in the presence of air and 
in a vacuum· environment indicate that radia­
tion damage is reduced considerably in vacuum. 
This is explained by the fact that the presence 
of an oxidizer in the environment causes oxida­
tion of ionized polymers, which results in 
greater alteration of the molecular structure 
than in a chemically inert (vacuum) environ­
ment. Inert atmospheres available in the labora­
tory, having an oxygen contentas high as 1 
ppm, may be insufficiently pure of such tests. 
Vacuum of less than 10-6 torr (1.3 X 10-4 

N' m-2 ) is usually mandatory. 
Solar cell array materials and components 

other than solar cells and covers of special 
interest to radiation damage studies (in regard 
to both mechanical and electrical characteristics) 
are the following: electrical insulation on wires, 
terminals, connectors, and between the solar 
cells and a metallic substrate; adhesives, both 
exposed and lightly shielded; blocking diodes; 
shadow bypass diodes; Zener diodes; and tem­
perature transducers. 

It should be noted that the corpuscular 
radiation, even that from solar flares, travels 
in spiral orbits along geomagnetic flux lines 
and thereby becomes an "ornnidirectional" 
flux, which impinges on all array sides. 

Particulate and UV Radiation Combined. In 
most practical satellite orbits, corpuscular and 
UV radiation exists simultaneously. Divergent 
views exist re gar ding the effect of such com­
bined radiation on solar cell assemblies. One 
view, supported by ground-testing, is that f!V 
exposure bleaches some of the darkerung 
induced by corpuscular radiation. The other 
view, supported by comparing ground-test data 
with orbital data, holds that the simultaneous 
exposure causes greater darkening than each 
exposure alone. However, the data of the very 
few ground-tests which have been performed 
are in question, orbital data analysis is not 
very accurate, and the darkening mechanism 
is not fully understood at this time. (See also 
Orbital Performance in Chapter 1.) 

9-45. Radiation in Interplanetary Space 

Interplanetary space is defined as the space 
between the planets, their moons, the stars, 
and the sun. Radiation in interplanetary space 
consists of the solar wind, solar flare radiation, 
and galactic cosmic rays. 

The solar wind at a distance of one AU from 
the sun consists primarily ofhydrogen, moving at 
a speed of typically near 450 to 500 km/second 
(but varying by a factor of up to four) away 
from the sun. The average flux is about 2 X 108 

hydrogen atoms/cm2/second. The average den­
sity is about 5 hydrogen atoms/cm3 • The flux 
and the density are believed to vary approxi­
mately inversely with the distance from the 
sun squared. 

The solar wind also contains lower-energy 
electrons and protons in the quantities and 
with the energies shown in Figs. 9-21 and 
9-22. Higher-energy electrons and protons of 
solar or galactic origin are also present, as 
shown in Fig. 9-23. Solar wind electrons, 
having energies up to 1 keV, constitute a 
reasonably isotropie flux; however, solar 
wind protons tend to arrive near the earth 
in bundles within a 20° cone angle. Fluxes 
of electrons above I keV ene rgy , and fluxes 
of protons above 10 keV energy, tend to 
arrive near the earth sporadically, with their 
timing being related to solar activities. 

Galactic cosmic rays, radiation of galactic 
origin, consist of protons (ab out 85 to 93%) 
and alpha particles (about 7 to 13%), along 
with about 2% of the nuclei ofheavier elements. 
The energy of the protons is in the range of 
5 X 108 to 2 X 1010 eV. Although the energies 
are quite high, the free space flux of particles 

2 d-1 S· is only 2.5 particles' cm - . secon . mce 
this flux is small, radiation damage to solar 
cell arrays due to cosmic rays can usually be 
neglected. 

9-46. Solar Flares 

Solar flares are eruptions of the sun that are 
not always associated with optical phenomena 
(called "sun spots"), but always with the emis­
sion of energetic particles. The emissions of 
importance to solar cell arrays are mainly 
protons and alpha particles. The frequency 
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with which sun spots occur increases to a 
maximum and deereases again during approxi­
mately eleven-year-long solar cycles. The 
duration of solar maximum is approximately 
seven years. The solar cycles of eurrent interest 
are defined in Table 9-17. 

Table 9-17. Solar Cycles.43 ,44 

Solar eyc1e Period of Duration of 
No. Cyc1e Maximum Activity 

19 1953 to 1964 1955 to 1961 
20 1964 to 1975 1965 to 1972 
21 1976 to 1987 1978to1984 

After its sudden eruption, the solar flare 
rapidly expands over an area of several million 
square kilometers of the solar disk, reaches a 
peak intensity, then gradually deeays and 
eompletely disappears within aperiod of 
several minutes to several hours. Within a 
period of about half an hour or more follow­
ing an eruption, energetie particles are de­
tee ted at the earth, partieularly in the polar 
regions inside the auroral zones. This radia­
tion disappears within aperiod of one to 
three days. The eonstituent particles are elee­
trons, protons, alpha particles, and very small 
numbers of medium nuclei (C, N, and 0). 
The ratios of protons to alpha particles, and 
of protons to medium nuclei, vary eonsiderably 
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between different solar events, whereas the 
ratio of alpha particles to medium nuclei re­
mains relatively eonstant. If has been found 
that solar tlare events producing a large proton 
fluenee tend to oeeur during the period of 
inereasing or deereasing sunspot aetivity, rather 
than during solar maximum. Observed sunspot 
numbers for the previous solar eycles and the 
predieted numbers for the twenty-first eycle 
are shown in Fig. 9-24. 

Solar flare particle fluxes measured near the 
earth are highly time dependent in intensity, 
speetrum, and isotropy (spacial uniformity), 
arriving from a highly preferred and fairly 
narrow direetion in spaee from 30° to 60° 
west of the earth-sun line. 

Many statistical analyses have been made of 
past proton events observed near or on the 
earth to predict the magnitude, speetrum, 
and timing of solar flare proton events. Un­
fortunately, the eorrelation between the 
prediction and observations has been poor. 
A Poisson distribution may appropriately 
deseribe the sunspot numbers and visually 
observable solar flares, but not solar flare 
proton events. The flares whieh are large 
enough to emit a large number of energetie 
protons to reaeh the earth belong in a special 
dass of solar flare events. Phenomena observed 

during the nineteenth and twentieth solar 
eycIes have indieated that most of the total 
proton flux during the past two solar eycles 
has oeeurred during one (or a few) anomalously 
large solar proton events. The number of these 
events is too small to warrant a meaningful 
statistical analysis for predieting the time of 
oeeurrenee of anomalously large events. Table 
9-18 shows all of the larger proton events 
observed during the twentieth solar eycle, 
grouped by year. Aeeording to this table, the 
annual relative solar flare proton flux was 
approximately as shown below. 

1966 to 1971 
1972 

5 % per year 
70% 

Therefore, a small degradation due to ordinary 
flare protons should be allowed for during the 
en tire aetive solar period, even if no anomalously 
large flare events oeeur in some years. 

Several observed and eomputed energy spee­
tra from the nineteenth and twentieth solar 
eycIes are given in Fig. 9-25. The most likely 
proton fluenee to be eneountered during the 
twenty-first eycle ean be estimated from this 
graph. 

Beeause solar flare proton clouds emanating 
from the sun enlarge upon their departure from 
the sun, the proton flux density within the 
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Fig.9-24. Predicted and observed sun spot numbers.41 



Table 9-18. Major Solar Flare Proton Events 

During Twentieth Cycle.41 

Year 

1966 

1967 

1968 

1969 

1970 

1971 

1972 

Flux for E > 10 MeV 
(10 7 p. cm -2) 

} 
75 } 66 

3 

4 
160 

4! } 
26 

110 
28 

6 
4 

150 
87 

3 
10 
6 
8 

26 
10 

} 

15~ } 

38 

7 } 
2250 
3280 

Percentage of Total 
Seven-year Flux 

Annual Cumulative 

5.0 5.0 

4.4 9.4 

6.5 15.9 

7.5 23.4 

1.9 25.3 

5.8 31.1 

68.9 100 

100.0 

cloud decreases with distance from the sun. It 
is gene rally , but not universally, assumed that 
a solar cell array penetrating such a cloud will 
be exposed to a flux that is proportional to 
between D-2 and D-3 , where Dis the array-sun 
distance. 

9-47. Radiation Near Earth 

The earth acts like a large magnetic dipole (bar 
magnet) with magnetic field lines connecting 
its poles. The axis of this magnetic dipole does 
not coincide with the earth's axis of rotation, 
but rather is inc1ined by 11.5° to it. A geo-
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magnetic coordinate system, known as the 
B-L system, pennits convenient expression 
of the magnetic field intensity, B, relative to 
the earth's location, using a distance param­
eter, L, that is related to measurements made 
of Bat different geographie locations: 

B = M (4 _ 3R) 1/2 

R 3 L 

where R is the radial distance from the center 
of the coordinate system to the point in space 
at which B is to be calculated, M is the magnetic 
dipole moment of the earth, and L is related to 
R by R = L cos2 A, where Ais the geomagnetic 
latitude. 

The magnetic field lines will trap moving 
charged particles (but not electrically neutral 
particles) if the particles have the proper mo­
mentum and direction of travel relative to the 
magnetic field lines. The charged particles may 
have their origin in outer space or in a high­
altitude nuclear explosion. They travel along 
helical paths of varying pitch until they reach 
so-called reflection (or mirror) points ne ar 
the earth's magnetic poles just outside the 
earth's atmosphere. As the particles spiral 
back and forth in their latitudinal motion, 
they also drift around the earth in a longi­
tudinal direction. Near the mirror points, the 
particles collide with upper atmosphere gas mol­
ecules, thereby gradually losing their energy 
until they fall into the lower atmosphere. 

At some distance from the earth, the geo­
magnetic field is distorted by the solar wind, 
as shown in Fig. 9-20. The solar wind interacts 
with the geomagnetic field, resulting in the 
formation of a shock wave, and-behind the 
shock wave-turbulence in the magnetic field. 
There is a region of hot (high-energy) plasma 
near the earth-sun line on the day side. The 
solar wind defonns the geomagnetic field and 
squeezes it into a cavity called the magneto­
sphere, enveloped by the magnetosheath, which 
ranges from 10 to 14 earth radii. 

The geomagnetic field lines just behind the 
magnetosheath are qualitatively similar to those 
associated with the simple dipole model, and 
they trap corpuscular radiation in the plasma­
sphere as described above (Fig. 9-20). During 
solar quiescence, a relatively steady flow of 
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Fig.9-25. Solar flare proton environment of solar eycle 20.41 

solar wind tends to blow the field away from 
the sun, thereby eausing an asymmetrie shape 
of the radiation belt, eompressed on the sun's 
side and forming the elongated tail of the 
magnetosphere and the thin neutral layer on 
the dark side of the earth. However, during 
periods of high solar aetivity, the entire quasi­
equilibrium eondition depieted in Fig. 9-20 
beeomes greatly disturbed. 

Geomagnetically trapped radiation is eon­
fined by the outer boundary of the magneto­
sphere, whieh, on the sun side of the earth, is 
at a distanee of 8 to 10 earth radii (50,000 to 
64,000 km) from the earth. 

The Auroral Zone. The auroral zone is loeated 
between approximately 60° and 65° geomag­
netie latitude. Auroral displays (Northern Lights) 
are produeed by low energy (less than 200 keV) 
eleetrons ente ring the atmosphere. Protons may 
also be present. The auroral particles are easily 
stopped and, eonsequently, do not present a 
serious radiation problem on the ground. 
Auroral displays are especially intense some 
time after a solar flare has oeeurred. 

Geomagnetically Trapped Radiation. Both 
eleetrons and protons are trapped in the Van 
Allen radiation belts, as shown in Figs. 9-26 
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Fig.9-26. Equatorial radial profiles from the AE-4, AE-6, and AP-8 Models. (Courtesy of NSSDC.42 ) 

and 9-27. (For the conversion of the natural 
environment to assess solar cell damage, see 
Chapter 2.) 

The Outer Magnetosphere. The electrons and 
protons in the magnetosheath, plasmasheet, and 
magnetotail are shown in Fig. 9-28. 

9-48. Radiation at Synchronous Altitude 

Satellites in 24 hour orbits revolve around the 
earth with the same (Le., synchronized) angular 
velocity as the earth so that the satellites appear 
to remain stationary over the earth's surface. 
Therefore, such orbits are called synchronous 
or stationary orbits. The prefIx geo, sometimes 
used, indicates that the orbits are around the 
earth rather than about another planet. Syn­
chronous satellites in circular orbit are at an 
altitude of approximately 35,807 km. For a 
variety of reasons, all stationary satellites 
actuaBy move about slightly and require that 

station-keeping maneuvers be performed from 
time to time. 

Radiation at synchronous altitude includes 
trapped electrons and protons, solar flare 
protons and alpha particles, and the solar 
plasma. The effects of these particles on solar 
cell arrays include transmission degradation of 
optical elements, electrical degradation of solar 
cells, and material degradation, aB as discussed 
in Seetion 9-44, and two additional phenomena: 
low-energy proton damage and electrostatic 
charging, as discussed in Seetions 4-38 and 
9-49, respectively. 

In terms of contributing to total solar cell 
damage, the radiation environments at syn­
chronous altitude rank as follows for most 
longer missions during periods of maximum 
solar activity: 

1. Solar flare protons on station 
2. Trapped electrons on station 
3. Trapped e1ectrons and protons during 

transfer orbits. 
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Fig. 9-27. Integral spectra of protons and electrons in the inner magnetosphere. (Courtesy o[ NSSDC.42 ) 

During periods of low solar activity, the solar 
cell damage due to solar flare protons moves 
from first place to third. 

The total radiation environment causes two 
radiation components to enter the solar cell: 
one through the coverglass (front) and one 
through the substrate (back). 

Solar Flare Alpha Particles. The alpha particle 
flux is typically neglected. At most, the alpha 
particle integral fluence is taken as 5% of the 
solar flare proton spectrum. 

Trapped Electrons on Station. The trapped 
electron environment is defined by the AE4 

Model45 which, for synchronous altitude, can 
be approximated closely by the following set 
of equations for the integral electron spectrum: 

E ~0.3: 

10g1o <l>i>E) = -3.0E + 7.7 

0.3 ~E~3.5: 

10g1o <l>i>E) = -1.25E + 7.2 

where <I> is in e . cm -2 . second -1 and the energy 
Eis in MeV. 

The AE4 model supersedes the earlier AE3 
mode1.45 Compared with the AE4 model, the 
AE3 model showed a slightly higher electron 
flux at energies below 0.7 MeV and a lower 
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Fig.9-28. Integral spectra of protons and electrons in the magnetosheath, magnetotail, and plasma sheet. (Cour­
tesy of NSSDC.42 ) 

flux above 0.8 MeV. For most solar cell array 
designs, the damage equivalent 1 MeV fluence 
calculated from the two models is somewhat 
different, but the impact on predicted end-of­
life power output is gene rally less than a few 
percent, depending upon time in orbit and 
specific array design parameters. 

9-49. Geomagnetic Substorms 

Relatively small activities of the sun, resulting 
in the emission of high-energy electrons, can 
cause the equilibrium condition of the geo­
magnetic field and the plasma sphere depicted 

in Fig. 9-20 to become distorted. As a conse­
quence of this, satellites in geosynchronous 
orbit (at a distance of 6.6 earth radii from the 
earth) may find themselves in a localized area 
of geomagnetic field distortion such that the 
energetic electron stream can impinge on the 
spacecraft. This phenomenon, known as a 
geomagnetic substorm (as contrasted by a 
major magnetic storm caused by a major solar 
flare activity), can cause charging of spacecraft 
surfaces to large negative potentials relative to 
the surrounding plasma. Also, different surface 
dielectric materials may charge to different 
potentials, known as differential charging. As 
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the spaeeeraft emerges from the dark side, 
photon-indueed eleetron emission from il­
luminated dieleetrie and eonduetive surfaees 
will diseharge these surfaees, while shadowed 
surfaees may remain eharged. Unless these 
surfaees ean quiekly eolleet ions from the 
surrounding plasma, very large voltage poten­
tials of up to 20 kV may exist between ad­
jaeent surfaees. The resulting are diseharges 
may eause radio interferenee and destruetion 
of materials or eomponents. Many satellites 
have experieneed operational diffieulties arising 
from geomagnetie substorms. 46,47 
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10 
Material Properties 

10-1. Where to Find the Data 

The material properties and device characteris­
tics data have been limited to the generally 
hard-to-obtain data that are of special interest 
to solar cell array design independent of its 
structural design. Data relating to solar cells are 
given in Chapter 4; solar cell cover and coating 
data are in Chapter 5; electrical component 
data can be found in Chapter 6; some substrate 
and mechanical support data are discussed in 
Chapter 7; assembly related material character­
istics are covered in Chapter 8; environmental 
effects on materials are presented in Chapter 9; 
and all other material data are collected in this 
chapter. Specific material topics can be located 
quickly by referring to the Index. 

Material properties data for common struc­
tural elements, such as substrates, frarnes, and 
support structures are well known and readily 
available from book stores, libraries, and pro­
fessional groups. 

10-2. Material Properties and the Designer 

Material properties constitute the basic experi­
mental data upon which the designer bases his 
designs. However, since material-testing is 
typically performed on standardized test speci­
men configurations, the resulting test data may 
not be applicable to a specific design or appli­
cation. This is especially true in the areas of 
solar cell interconnector and adhesive bond 
design for long-lived arrays. Consequently, the 
designer will have to rely on additional tests to 
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obtain confidence in his design or to establish 
adequate reliability. 

GENERAL CHARACTERISTICS 

10-3. Characteristics of Metals 

Aluminum. Many different commercial grades 
of aluminum are available. However, only the 
industrially pure form, designated by AIIOO 
with temper 0 (fully annealed) has been used 
for solar cell interconnectors. 

AIIOO is a soft, highly ductile material that 
can be readily worked by most commercially 
available processes and can be plated with silver 
or other metals to facilitate joining. AllOO can 
be welded and ultrasonically joined. 

Beryllium-copper. 1 Beryllium-copper is an al­
loy that consists mainly of copper and usually of 
less than 3% cobalt, less than 2% nickel, and 
less than I % beryllium. It is commercially avail­
able in several tempers, ranging from soft an­
nealed to hard, and as a high-conductivity grade. 
Its most frequent application is for electric cur­
rent carrying springs. It has occasionally been 
used as a solar cell interconnector material, 
presumably because it exhibits a higher ulti­
mate strength than does pure copper . 

Beryllium-copper can be worked readily by 
conventional processes and can easily be plated. 
It can be soft soldered and welded. Annealing 
is not recommended to be performed outside 
the mill, but hardening heat treatments are 
possible. 



Beryllium-copper has been reported to be 
notch sensitive. Therefore, caution for the use 
of this material for solar cell interconnector ex­
pansion loops appears to be indicated. 

Copper. 2 Many different commercial grades of 
cop per are available, but it has been suggested 
that for solar cell interconnectors, only oxygen­
free, high-conductivity (OFHC) copper would 
be an acceptable material. The lack of oxygen 
in OFHC copper retards the formation offatigue 
cracks in bending, while the absence of other 
impurities increases the material's ductility and 
electrical conductivity. 

OHFC copper is a soft, highly ductile material 
that can be readily worked and plated by most 
commercially available processes. It is easily 
solderable and weldable. 

Invar.3 ,4 Invar is a nickel-iron alloy with low 
thermal expansion properties. Of all the nickel­
iron alloys, those with 36.0% nickel content 
exhibit the lowest thermal expansion for solar 
cell array applications. Two of such alloys are 
marketed as Invar "36" by Carpenter Technol­
ogy Corporation, Carpenter Stee1 Division, 
Reading, Pennsylvania, and as Unispan 36 by 
Universal-Cyclops Specialty Steel Division, Cy­
clops Corporation. The typical chemical com­
position is shown in Table 10-1. 

Invar can be cold- and hot-worked. For mild 
forming and blanking, a Rockwell hardness of 
B-90 is recommended. For sharper bending and 
deep drawing, such as for most solar cell inter­
connectors, a Rockwell hardness of B-75 is 
recommended. 

Table 10-1. Typical Composition by 
Percent Weight. 

Element Kovar Invar 

Nickel 29 36.0 
Cobalt 17 
Manganese 0.45 0.35 
Silicon 0.10 0.12 to 0.30 
Aluminum 0.1 
Carbon 0.02 0.04 to 0.12 
Phosphorus 0.015 
Iron Balance Balance 
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Cold-work stresses can be relieved by heating 
to temperatures above 540°C for 5 minutes, 
followed by air cooling. Higher annealing tem­
peratures result in lower hardness; a 650°C 
an ne al results in a Rockwell hardness of 8-87 
to 8-88, while a 1040° C anneal results in a 
Rockwell hardness of 8-66 to B-68. 

Unplated Invar parts may be welded; how­
ever, the parts must be free of oxides, oil, and 
sulfur-containing substances before and during 
welding, although Invar interconnectors usually 
are plated with an electrically more favorable 
metal. 

The heat treatment of Invar affects its ther­
mal expansion characteristics. The following 
heat treatments have been reported to yield the 
lowest thermal expansivity: first, heat to 760° 
to 840°C (830°C typical); water (or oil) quench; 
stabilize low thermal expansivity by heating to 
315°C for 1 hour, followed by air cooling; 
relieve quench-induced stresses and stabilize 
dimensions by heating to 95°C for 48 hours, 
followed by air cooling.4 ,s 

The heating should be done in an inert or 
(better) a reducing atmosphere that is free of 
sulfur. The carbon content of the Invar should 
not exceed 0.15% to achieve the lowest thermal 
expansion properties. 

Kovar.6 Kovar is an alloy that was especially 
developed for making glass-to-metal seals. Be­
cause its low thermal expansion coefficient very 
nearly matches that of silicon, Kovar is of in­
te rest as a solar cell interconnector material. 
Kovar is a registered trademark of the Westing­
house Electric Corporation. The typical chemi­
cal composition is shown in Table 10-1. 

After annealing in hydrogen for 1 hour at 
900°C and 15 minutes at 1l00°C, the average 
linear coefficient of expansion is typically 
quoted for a "gamma" crystalline structure. Like 
all other iron-nickel-cobalt alloys, Kovar is 
subject to a phase transformation at some tem­
perature below -78.5° C. During the phase trans­
formation, apart or all of the gamma crystal­
line structure changes permanently to an alpha 
structure, which has a considerably larger ther­
mal rate of expansion than does the gamma 
structure. 

The temperature of -78.5°C has been selected 
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for convenience, since this is the temperature 
resulting from an excess of dry ice in acetone. 
Production-testing by Kovar manufacturers or 
processors does not involve determination of 
the actual temperature of transformation of 
each heat. Tests of a large number of production 
heats, however, have indicated that the actual 
temperature of transformation is considerably 
below -78.5°C. On a special test of 14 produc­
tion heats, actual determination of transforma­
tion temperatures was as follows: 

• Six heats showed no transformation at 
-269°C 

• Five heats showed partial transformation at 
-196°C 

• Three heats showed partial transformation 
at -120°C. 

For solar cell interconnector production re­
quirements, special lots of Kovar can be ob­
tained by selection to ensure meeting lower 
transformation points than those meeting the 
standard guaranteed value of -78.5°C. 

Figure 10-1 shows the contraction of one 
particular heat of Kovar that partially trans­
formed at -120°C (Curve A) and the contrac­
tion of another particular heat, which showed 
no transformation at -196°C (Curve B). 

Standard machining practices can be used 
with Kovar, although relatively slow cutting 
speeds and high-speed steel or tungsten carbide 
tools are recommended. Recommended coolants 
are conventional compositions except that they 
should be sulfur-free. 

The forming properties of Kovar are similar 
to those of mild steels. Kovar may be deep­
drawn; however, the precautions given below 
are recommended. 
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Fig.l0-1. Typical contraction curves of Kovar.6 

1. Tooling should be designed to prevent 
over-stressing the metal. 

• Keep hold-down pressures to a mini­
mum to ensure metal flow from the 
outside rather than stretching. 

• Open-end eyelets should be cupped 
with a closed end before fmal pierc­
ing. 

• On the initial draw, punch radius 
should be a minimum of four tirnes 
material thickness. Reduce succes­
sively on redraws. 

• On the initial draw tools, the differ­
ence between die and punch diameter 
should be three times the thickness 
of the material. 

• Radius on fmal draw should be not 
less than material thickness. Sharper 
radii should be made by a subsequent 
coining operation. 

2. Scratches and tool marks should be mini­
mized. 

• On large parts, all defects must be 
removable by light polishing with 
I80-grit aluminum oxide abrasive 
cloth. 

• Surface defects of small parts must 
be removable by a nominal amount 
of tumbling. 

The recommended annealing procedure for 
relief of stress and work hardening of Kovar 
parts appears below. 

1. Wash and degrease parts. 
2. Anneal in atmosphere-controlled furnace 

(atmosphere may be wet or dry hydrogen, 
dissociated ammonia, cracked gas, or a 
similar neutral atmosphere). 

3. The annealing temperature is not critical, 
but high temperatur es and long time 
periods promote large grain growth. Com­
plete stress relief is obtained in the range 
of 700°C (1290°F) to 1l00°C (20I2°F), 
held for a minimum of 15 minutes after 
the parts have attained the temperature of 
the hot zone. Then the parts should be 
placed in the cooling zone before expo­
sure to air. A typical schedule follows. 

• Hold at 870°C (1600F) for 20 min­
utes. 

• Place in cooling zone for half an hour 



or until the parts are at less than 
175°C (350°F) before removal to the 

air. 

The foregoing intermediate annealing pro­
cedure is distinct from heat treatment for clean­
ing, strain relief, and degassing just prior to 
glass sealing. The latter should be done in a wet 
hydrogen atmosphere for a longer period; e.g., 
IOOO°C for 30 minutes. 

Kovar oxidizes readily and similarly to soft 
steels. Adequate protection from humidity is 
therefore required. 

Kovar may be solder plated direct1y by dip­
ping. Typically, however, the Kovar surface is 
"passivated" by a thin nickel strike, followed 
by a copper or silver plating (to enhance the 
electrical conductivity) and-if desired-a sold er 
plating. 

MOlybdenum. 7 While prirnarily developed for 
high-strength, high-temperature applications, its 
low coefficient of thermal expansion makes 
molybdenum desirable for solar cell intercon­
nectors. Pure molybdenum, also known as 
"moly," is brittle at and below room tempera­
ture and above 1000°C. Special alloys are avail­
able to reduce brittleness over a specific temper­
ature range. Moly exhibits directional properties 
that call for consideration during bending oper­
ations. Smaller bend radii than twice the mate­
rial thickness are not practical, even at elevated 
temperature. For shearing or stamping, blank­
ing quality moly should be specified to prevent 
excessive lamination (spalling). 

Experience with moly solar cell interconnec­
tors gained by several organizations showed 
that the material should have been produced by 
an arc-cast process. Plating of moly has been a 
problem for years, but now several organiza­
tions offer reliable moly plating, usually by 
vacuum deposition of a Ti or Pd passivation 
coating followed by a silver layer. Humidity­
and pee1-tests have been found necessary to 
verify control of the plating process quality. 

Moly can be obtained from the General Elec­
tric Company, Sylvania, and Metallwerk Plansee 
Austria (U.S. distributor: Schwartzkopf Devel~ 
opment Corporation, Holliston, Massachusetts). 

Silver.8 For use on solar cellarrays, "fine silver" 
(the commercially pure form of silver) is usually 
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specified. Of all the metals, fine silver has the 
highest electrical and thermal conductivities. 
Its ductility and malle ability are second only 
to those of gold. The "softness" of fine silver 
especially in the form of thin, narrow ribbon~ 
or thin wires, often presents a major problem in 
manufacturing. 

Fine silver is available in finenesses ranging 
from 999.0 to 999.99. (It is customary to ex­
press purity of silver in parts per thousand, and 
concentration of irnpurities in per cent.) 

Fine silver can be hot- or cold-worked. It 
work hardens at a lower rate than most metals; 
however, its low strength usually limits the de­
gree of cold-work that can be done in one 
operation. 

The absorption of oxygen in the silver under­
going processing at elevated temperatur es leads 
to embrittlement of the material or the weId 
joints. The silver should be deoxidized before 
we1ding and shielded during welding by inert or 
reducing (hydrogen) atmospheres. 

Silver does not oxidize in air, but tarnishes 
rapidly if sulfur is present in the atmosphere. 
Silver tarnish removers are commercially avail­
able and are recommended to be used prior to 
welding of silver. Also, silver tarnish preventers, 
such as "Silver Saver" paper, are commercially 
available. 

Solder.9 For soldering to silver or silver plated 
parts (such as the common Ti/Ag solar cell con­
tacts), SN62 solder (62% Sn, 36% Pb, 2% Ag) is 
typically used. The silver content prevents an 
excessive amount of silver being scavenged from 
the cell contacts and dissolved in the solder. 
The solubility of silver as a function of solder 
alloy temperature is illustrated in Fig. 10-2. 

For soldering to gold or gold plated parts, 
the scavenging of gold by the solder is reduced 
by adding indium to the sold er . 

10-4. Characteristics of Non-metals 

Adhesives and Sealants. Two major adhesive 
systems are required for solar cell arrays. One 
system is used to attach the solar cells to the 
structure (substrate); the second is used to 
bond the solar cell coverglasses to the cells. The 
requirements for attaching the solar cells to the 
structure vary with the various arrays under 
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Fig. 10-2. Solubility of silver in tin-lead solders at 
various temperatures. 9 

consideration, but in general must have the fol­
lowing properties: high thermal conductivity, 
low outgassing in the vacuum environment, 
thermophysical and mechanical properties that 
are compatible with those of the solar cells and 
their support structure, repairability, and ade­
quate strength to resist vibration and thermally 
induced stress. 

The adhesive for bon ding the coverglasses to 
the solar cells must be transparent to electro­
magnetic radiation in the wavelengths from 
approximately 0.35 to 1.1 pm and must not 
degrade appreeiably under ultraviolet and par­
ticulate irradiation. 

Additional adhesive systems are required for 
bonding insulating sheets to metallic substrates, 
for bonding wires and miscellaneous mechanical 
and electrical parts and connectors to the sub­
strate, and for potting connectors. 

The term "adhesive system" is typieally used 
to describe, or at least imply, that an "adhesive" 
is more than just a simple product. "Adhesive 
systems" usually are comprised of the following: 

• Surface preparations (cleaning, scrubbing, 
degreasing, etc.) of the components to be 
bonded 

• Application and curing of a primer, if used, 
on a speeified humidity /temperature/time 
schedule 

• Measuring, mixing, and de-airing of multi­
compound adhesives and control of shelf 
life 

• Application and bonding within speeified 
time limits to prevent skin-over 

• Curing of the adhesive on a speeified hu­
midity /temperature/time schedule 

• Clean-up, bake-out, pre-outgassing, etc., as 
and if required. 

All adhesives, including the non-solvent types, 
produce volatile by-products upon curing. These 
by-products of adhesives currently used on 
solar cell arrays may be either of a gaseous acidie 
or alcoholic nature. The acidie by-products may 
combine with moisture from the ambient air 
and form acids that can, under severe condi­
tions, corrode solar cell contacts. The suscep­
tibility of a particular solar cell and array design 
to a potential corrosion mechanism should be 
determined by test. 

For each specific adhesive, the manufacturer's 
recommendations should be followed closely 
and its data sheets should be consulted. 

Epoxy-polyamide Adhesives. During the 1960's, 
several polymerie systems were considered. Most 
systems exhibited litde energy absorbing capa­
bility. Epoxy-polyamide adhesives have been 
used on earlier solar cell arrays, such as on the 
IMP spacecraft and on the Mariner 1964 solar 
panels. Their performance in space has ap­
parently been satisfactory. 

Silicon Rubber Adhesives. Two generic types 
of RTV (room temperature vulcanizing) silicone 
rubbers, the methyl-phenyl silicones and the 
dimethyl silicones, have found use in bonding 
applications for solar cells. The methyl-phenyls 
have superior low-temperature properties, al­
though the dimethyls have been more widely 
used in past space flights. 

Conductive Adhesives. Potential applications 
for conductive adhesives incIude the attach­
ment of solar cells to interconnectors and eir­
cuitry, especially d uring array repair, and the 
making of reliable interconnections between 
grounding straps and metallic surfaces and of 
flat conductors (in addition to mechanical 
fasteners ). 

Even though conductive adhesives have not 
been fully investigated for use in space and have 
not been widely used, they are a potentially at­
tractive and, on a sm all scale, a necessary means 



of making reliable electrical inter connections 
for such applications as bolted-together, high­
current bus bars, RF ground straps, and flat 
conductor interfaces between dissimilar metals. 
In these applications, the adhesive serves mainly 
as a conductive medium, while an additional 
structural element (bolt, rivet, etc.) provides 
the mechanical strength. 

Kapton.10 Kapton is a registered trademark of 
the DuPont Company for its flame resistant, 
transparent, gold colored polyimide ftlm. Kap­
ton does not melt, but it chars and decomposes 
above 800°C. There is no known solvent for the 
ftlm. 

Kapton is marketed by DuPont as Kapton 
"Type H" film; when combined with heat-seal­
able FEP-fluorocarbon resin ("Teflon "), Kapton 
film is ca11ed "Type HF." The Type H film is 
available in the thicknesses and widths shown 
below. 

Nominal Thickness Maximum Width 
inches Jlm inches cm 

0.0005 12.5 18 45.7 
0.001 25 28 71.1 
0.002 50 28 71.1 
0.003 75 34 86.4 
0.005 125 34 86.4 

Kapton retains its physical properties and 
dimensional stability over a wide range of tem­
peratures (see Table 10-2). Relative to other 
organic films, Kapton has a very high cut-through 
resistance and creep strength at elevated tem­
peratures. Kapton has a relatively high resistance 

Table 10-2. Strength of KaptonY 

3% 
Yield Strength Ultimate Strength 

(MN/m 2 ) (MN/m 2 ) 

-196 3.5 240 
25 3.0 69 170 

200 1.8 41 120 

NOTE: Kapton has a 10,000 cyc1e folding end uran ce 
when tested per ASTM D-2176-63T. The Elmendorf 
propagating tear strength per ASTM D-I922-61T is 
3.2 N/mm, and the Graves initial tear strength per 
ASTM D-I004-61 is 200 N/mm. 
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to tearing, but once a te ar has started, it propa­
gates easily under only a slight load. The FEP 
layer on Type HF film resists such te ar propa­
gation. Kapton has also exce11ent creasing and 
repeated foldability characteristics. 

Kapton can readily be sheared, die-cut, lami­
nated, meta11ized, punched, formed, and adhe­
sive coated. Three-dimensional configurations 
can be fabricated only with difficulty by "heat 
forming" (Le., creep at elevated temperature 
under high loading). When used as a wire insula­
tor, it must be wrapped around the conductor 
and held in place with an adhesive or FEP­
Teflon. 

FEP-TeflonP Teflon is a registered trademark 
of the DuPont Company for its fluorocarbon 
resins. FEP-Teflon is a non-flammable, trans­
parent, colorless, thermoplastic, fluorocarbon 
film. FEP is abbreviated from fluorinated eth­
ylene propylene. In contrast to FEP-Teflon, 
TFE-Teflon is of a milky-white color. 

FEP-Teflon is inert to a11 known chemicals 
and solvents ex ce pt for fluorine, compounds 
containing fluorine, and molten alkali metals. 
FEP-Teflon exhibits anti-stick properties and a 
low coefficient of friction. lt has good impact 
and tearing resistance and is continuously usable 
up to 200°C. It melts at 260° to 280°C. 

FEP-Teflon films are available in three types: 

• Type A -heat seals to itself and to other 
materials (adhesives usually will not stick 
to its surfaces) 

• Type B-one surface modified to permit its 
use in laminations using any of many com­
mercia11y available adhesives 

• Type C20-both sides modified to accept 
adhesives. 

FEP-Teflon film is available in the thicknesses 
and widths shown below. 

Thickness Width 
inches Jlm inches cm 

0.0005 12.5 30 76.2 
0.001 25 48 121.9 
0.002 50 48 121.9 
0.005 125 48 121.9 
0.ül0 250 48 121.9 
0.020 500 48 121.9 
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Because of its heat sealing capability, dielec­
tric properties, optical qualities, and chemical 
stability, FEP-Teflon has found extensive use 
on spacecraft exteriors and in electronic equip­
ment. The mechanical strength and dimensional 
stability of FEP-Teflon is significantly improved 
when it is laminated to Kapton fIlm. 

FEP-Teflon can readily be cut, sheared, 
punched, metallized, folded, formed, and ad­
hesive coated (Types Band C20 only, see above) 
and laminated. One of its attractive properties 
for space applications is that it can be heat sealed 
directly to a variety of materials, inc1uding 
Kapton, metals, silicon, and glass, without the 
use of an adhesive or primer, except that a 
silane (siloxane) adhesion promoter may be 
required in certain applications. 

Space radiation and ultraviolet exposure can 
severely degrade exposed FEP-Teflon fIlm, 
especially when under tensile stress and at ele­
vated temperature, typically above 60°C. 

10-5. Density, Mass, and Weight 

Mass is the physical measure of the inertial 
property of a body. Mass, denoted by m, offers 
a resistance to a force F that intends to change 
the velo city v of a body by an amount a,known 
as acceleration, such that F = ma. At small 
speeds of the body relative to the speed oflight, 
mass is effectively invariant throughout the 
universe. At higher speeds, applicable primarily 
to charged partic1es, the mass depends upon the 
speed of the body relative to an ob server as 
follows: 

where mo is the value of the mass at or near 
rest, v is the body's speed, and c is the speed of 
light. Particles moving with speeds such that 
m =1= mo are also called relativistic partic1es. The 
unit of mass is the kilogram (kg). 

Density. This is defmed as mass per unit volume 
for both homogeneous and non-homogeneous 
bodies. Density is expressed either in g/cm3 or 
in kg/m3 , or in unitless ratios relative to the 
density of pure water at 4°C. The unitless form 
of density is also known as specific density or 
as specific gravity. 

Weight. This is the force exerted on a body of 
mass m by the gravitational force of the earth 
or another large body. Weight, w, of a body 
with mass m is defined as: 

w=mg 

where g is the acceleration of gravity. On earth, 
the value of g changes with distance from its 
center (attitude) and with geographic latitude. 
The unit of weight is the same as that of force 
and is the newton (N). The gravitational accel­
eration at the earth's mean sea level is 9.80665 
m/second2 . For example, I liter = I dm3 = 1 X 
10-3 m3 of water has a mass of approximately 
1 kg and, at sea level, weighs 9.8 N. 

Relative Density. Typical density values for 
several metals relative to the density of copper 
are shown in Fig. 10-3. The densities for various 
solar cell array materials are given in Tables 
1O-3a through 1O-3c. Masses for several array 
parts are illustrated in Tables 1O-4a and 1O-4b. 

10-6. Centroids, Moments of Inertia, and Radii 
of Gyration 

The centroid is the center of an area or of a 
volume. For an area located in an x-y plane, the 
coordinates of the centroid are given by 

where the integrals are taken over the entire 
area A. If a system of parallel forces is applied 
to a body from any direction, their resultant 
force will always pass through the centroid. In 
the special case where the gravitational field 
acting on a body is uniform over the entire 
body, the center of gravity coincides with the 
centroid. In general, the centroid of a body is 
the center 01 mass of this body. The coordi­
nates of the centroid of a body located in an 
x-y-z orthogonal coordinate system can be 
found from: 

where mi are the masses of each of the i ele­
ments of the body, and xi> Yi, and Zj are the 
respective coordinates of each of the i elements. 
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Fig. 10·3. Density of metals relative to eopper. 

0.8 0.9 

The moment olinertia of a body is a measure 
of the body's rotational inertia about some 
specific axis. The moment of inertia of a body 
or system of bodies is defined as 

Table 10·3a. Densities of Several 
Metals.13 ,14,15 

1= Jr2 dm 

where r is the distance of each mass element, 
dm, from the axis of rotation, and the integral 
is taken over the entire mass of the body or 
system of bodies. The moment of inertia, I, is 
related to the net torque, T, on the body about 
the same axis by the angular acceleration, a: 

T=Ia 

The radius 01 gyration, k, relates the moment 
of inertia, I, of areal body with total mass M 
ab out an axis to a hypothetical point mass M 
at a distance k from the same axis, such that 

k = (I/M)1/2 . 

Formulas for some commonly encountered 
space array configurations are given in Fig.l0·4. 

Aluminum 
Beryllium 
Brass 

Material 

Copper, annealed 
Copper, hard-drawn 
Gold 
Indium 
Invar 
Iron, pure 
Kovar 
Lead 
Magnesium 
Molybdenum 
Nickel 
Palladium 
Phosphor-bronze (4 Sn, 0.5 P, Cu) 
Platinum 
Silver 
Steel 

MECHANICAL PROPERTIES Tin 
Titanium 

10-7. Stress, Strain, and Strength Tungsten 
Zine 

Uniaxial Loading. An external force applied to Zireonium 

a body that is restrained from moving (by a 

Density 
(g. em-3) 

2.70 
1.85 
8.47 
8.89 
8.94 

18.90 to 19.32 
7.28 to 7.30 

8.05 
7.86 
8.2 

11.34 
1.74 

10.2 
8.9 

11.4 to 12.0 
8.9 

21.4 
10.5 

7.8 to 7.9 
7.3 
4.5 

18.6 to 19.3 
7.14 
6.4 
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Table 10-3b. Densities of Several 
Non-metals. 1S 

Material 

Ceria-doped microsheet 
FEP-Teflon 
Fused silica 
Germanium 
Kapton 
Korad 
Microsheet 
Silicon 
TFE-Teflon 

2.62 
2.1 to 2.2 

2.202 
5.46 
1.42 
1.17 
2.51 

2.32 to 2.40 
2.1 to 2.2 

Table 10-3c. Densities of Several Polymers, 
Adhesives, Primers, Sealants, and 
Resins (Cured).IS 

Density 
Material Manufacturer Color (g' crn-3 ) 

6-1104 Dow Corning White, 1.12 
translucent 

93-500 DowCorning Clear 1.08 
RTV-40 General Electric White 1.35 
RTV-41 General Electric White 1.31 
RTV-118 General Electric Clear 1.04 
RTV-511 General Electric White 1.20 
RTV-560 General Electric Red 1.42 
RTV-566 General Electric Red 1.51 
RTV-567 General Electric Clear 1.00 
RTV-577 General Electric White 1.35 
RTV-580 General Electric Red 1.49 
RTV-602 General Electric Clear 0.995 
Silgard 182 Dow Corning Clear 1.05 
Silgard 184 Dow Corning Clear 1.08 
R6-3488 DowCorning Clear 1.05 
R6-3489 Dow Corning Clear 1.02 

second force of equal magnitude but acting in 
the opposite direction) tends to deform that 
body. The resultant internal force in the body 
that opposes the external force Fis called stress, 
denoted by a. Any deformation of the body 
that takes place as a result of the extern al force 
is called strain, c. Both stress and strain may be 
tensile, compressive, or in shear, as illustrated in 
Fig_ 10-5. The solid lines depict the body, a 
rectangular prism, before application of the 
force F, while the dashed lines illustrate, in a 
highly exaggerated manner, the deformations, 
or strains, of the body while the force is acting. 

Let the bar in Fig. 1O-5a and b have an initial 
length L 0 and an initial cross-sectional area A o. 
Then let the external load, F, be applied. Since 

Table 10-4a. Mass of Solar Cells. 

Size Thickness Mass 
(rnrn X rnrn) (rnrn) (in.) Solder Coating (g) 

20.0 x 20.0 0.25 0.010 Thin 0.252 
20.0 x 20.0 0.25 0.010 Medium 0.285 
20.0 x 20.0 0.25 omo Thick 0.320 

20 x 20 0.20 0.008 None 0.194 
20 x 20 0.15 0.006 None 0.151 
20 X 20 0.10 0.004 None 0.107 

Table 10-4b. Mass of Various Array Parts. 

Size Mass 
Uern Material (rnrn X rnrnX rnrn) (g) 

Coyerglass Microsheet 20.2 X 19.2 X 0.15 0.140 
Coyerglass Fused sillca 20.2 X 19.2 X 0.32 0.310 
Wire, Copper AWG No. 28, per meter -1.4 

insulated 
Wire, Copper AWG No. 24, per meter -3.0 

insulated 
Diode, Glass enyelope lamp 0.275 

blocking 

Facts in the axial direction, let us denote the 
load by Fa. The stress in the bar, also in the 
axial direction, is 

Fa a =-
a Ao 

As a result of application of the force Fa, the 
bar has deformed: the length has changed by an 
amount t:..L, and the cross-section by an amount 
t:..A, to a new length (L = Lo + t:..L) and a new 
cross-section (A = Ao + t:..A). For compressive 
loading, t:..L is a negative and t:..A is a positive 
quantity. For tensile loading, t:..L is positive and 
t:..A is negative. The strain in the bar in the axial 
direction is 

L - L o t:..L 
ca =--- =-. 

L o L o 

For most materials and for relatively small 
values of strain, the strain is a linear function of 
the stress. The ratio between the stress and the 
strain is known as the elastic-or Young's­
modulus, denoted by E or Y: 

a 
E =.-E... 

Ca 

As the bar is stretched axially, it contracts in 
both lateral directions. The ratio of the lateral 
strain, CL, to the axial strain, Ca, is known as 
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Fig. 10-4. Centroids, moments of inertia, and radii of gyration (m = mass), 

a. COMPRESSIVE b. TENSILE c. SHEAR 

Fig. 10-5. Three types of stresses. 

Poisson 's ratio, v, For a laterally unrestrained 
bar, 

and the axial strain is 

Ga 
€a = li' 

Conversely, if lateral loads are applied to the 
bar tending to prevent the contraction, the in-

crease in the axial strain is reduced, In partieu­
lar, if all lateral contraction is prevented, the 
strain in the axial direction be comes 

As the load on a laterally unrestrained bar is 
increased, the cross-sectional area, A, of the bar 
is reduced from the initial value of A o , Thus, 
the actual stress or "true" stress, F/A, increases 
more rapidly than does the load F, The value of 
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the stress computed based on A o is designated 
the engineering stress, since it is the stress used 
to compute the initial area required for a given 
load. In the linear elastic region, the difference 
between the two definitions is inconsequential, 
but it can be significant in the plastic region, as 
discussed below. 

For larger strains, the concept of the true 
strain, E', is used. The true strain equals the sum 
of the increments of strain, each increment 
being computed from the current value of 
length: 

JE' iLf dL L 
E' = dE = - = In -.l = In (1 + E). 

OLL Lo o 

As indicated in Fig. 10-6a, some materials 
will fail in tension by rupturing while still on 
the linear portion of the stress-strain curve. 
These are designated as linearly elastic and are 
gene rally thought of as brittle materials, such as 
glass and silicon. 

Other materials are non-linearly elastic. After 
a certain stress level is reached, their stiffness 
reduces so that stress-strain curves become non­
linear (Fig. I 0-6b). On unloading, these mate­
rials essentially retrace their loading curve and 
regain their initiallength. Their performance on 
successive load cyc1es is essentially unchanged. 
Typical examples are some rubbers and elasto­
mers used for bonding. 

Most metals are elastic-plastic (Fig. 10-6c). 
Above a critical stress, their stress-strain curves 
also become non-linear, but the increase in 
strain above the linear value, called the plastic 
strain, is not recoverable. The unloading stress­
strain curve is linear and essentially parallel to 
the initial loading curve. For some metals (an­
nealed, low-carbon steel), the transition to plas-

be 

'" '" w 

'" :;; 

be 

'" '" w 

'" :;; 

ticity is quite sudden ; for others, it is more 
gradual (nickel-chromium stainless steels). 
Therefore, the stress at which met als become 
plastic, called the yield stress, is usually defmed 
as the stress at which the deviation of the strain 
from the linear value equals 0.2%. Yielding in 
materials does not involve rupturing of the 
molecular bonds, but rather the movement of 
imperfections or "dislocations" along certain 
shear planes of the crystal lattice. The total 
deformation is the summation of these individ­
ual shearing deformations. Thus, plastic defor­
mation does not involve any change in volume 
and the plastic value of Poisson's ratio is 0.5 
for all materials. 

As the load on the bar is increased past the 
yield value, the metal continues to deform uni­
formly along its length; however, at some criti­
cal load, the stretching becomes non-uniform 
and tends to concentrate in one or more local 
spots along the length. Due to the accompany­
ing lateral contraction, these local spots of 
high axial strain have reduced cross-sectional 
areas called necks. The maximum value of the 
engineering stress (load divided by the initial 
area) occurs at the load at which necking com­
mences and is defined as the ultimate strength 
of the material. The corresponding value of the 
strain is called the uniform elongation. As the 
stretching of the bar continues farther, the true 
stress (load divided by the minimum area of the 
neck) will continue to increase and can attain 
values considerably higher than the ultimate 
strength. 

As necking progresses, the final rupture 
strength of the bar will be reached. The load at 
which this occurs may be considerably lower 
than the maximum load, depending on the 
necking behavior, but the true stress at failure 

YIELD STRESS 
I 

/ 

STRAIN <a STRAIN < 
a f----------1 STRAIN < e 

PfRMANENT 
DEFORMATION 

(al LlNEARLY ELASTIC (bl NONLINEARLY ELASTIC (cl ELASTlC-PLASTIC 

Fig. 10-6. Characteristic material stress-strain curves. 



will be considerably higher than the ultimate 
stress, as defined above. 

The value of the strain at failure is called the 
elongation. Since the strain after necking is no 
longer uniform, the elongation is a function of 
the gage length or distance over which it is 
measured. Unless specified otherwise, this is 
usually taken to be 2 in. (51 mm). The shorter 
the gage length, the higher will be the measured 
value of the elongation. The maximum local 
value of the elongation occurs at the center of 
the necked area and can be determined most 
conveniently by measuring the reduction in 
area. Since most of the strain in the necked area 
is plastic, it can be assumed that the material is 
strained at constant volume (v = ~). Therefore, 
if A 0 and Aare the initial and final cross-see­
tional areas, respectively, then 

L A o 
or -=-

Lo A 
AL =AoLo 

and the true fracture strain is 

L Ac 1 
E' = In - = In - = In --

Lo A 1 - R 

where R = (A o - A)/Ao is defined as the reduc­
tion in area. The true fracture strain is often 
referred to as the ductility, D, and is an impor­
tant parameter in calculating the low-cycle 
fatigue capability of a material. 

Materials capable of sustaining large defor­
mations without failure are said to be plastic, 
or to exhibit plasticity. Plasticity under tensile 
loading is referred to as ductility, and under 
compressive loading, as malleability . 

Shear Loading. The loading case illustrated in 
Fig. 1O-5c results in shear stress and shear 
strain, 

F I::.L 
OS = A and Es = L o 

respectively, related by the shear modulus, 

FIA 
G = I::.L/Lo' 

The shear modulus is related to the elastic 
modulus by 

E 
G= . 

2(1 + v) 
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Compressibility. The bulk modulus, K, relates 
the change in volume, I::.V, of a body with vol­
urne V under hydrostatic pressure FIA as 
follows: 

FIA E 
K=- I::.VjV = 3(1- 2v) 

Work Hardening. When a metal which has been 
loaded beyond its yield strength is reloaded in 
the same direction, its yield stress will be in­
creased to the value of stress to which it was 
previously loaded. The metal is then said to be 
strain hardened (Fig. 1 0-7a); if the load cycle is 
repeated, the metal will remain linearly elastic. 
However, if the metal is then loaded in the 
reverse direction (Le., first tension, then com­
pression), for many metals, the yield stress will 
be reduced below its original value (Fig. lO-7b); 
this is called the Bauschinger effect. If the load 
or strain cycling is continued in the yield region, 
a new symmetrical stress-strain curve will be 
developed (Fig. 1O-7c) which may be stronger 
(higher yield stress) or weaker than the original 
material values. 

Biaxial and Triaxial Loading. Consider an in­
finitesimal cube which is arbitrarily oriented 
with respect to three re fe ren ce axes at a point, 
as shown in Fig. 10-8. On the three parallel 
pairs of surfaces located at right angles to each 
other there are three normal stresses (stresses , 
normal to the surfaces)-ox, Gy, 0z- and six 
shear stresses (stresses parallel to the surfaces)­
Txy ' Txz , Tyz ' Tyx ' Tzx , Tzy-where the first 
subscript refers to the outward normal to the 
surface and the second subscript refers to the 
direction in which the stress is acting. From the 
equations of moment equilibrium for the cube, 
it can be shown that T xy = Tyx ' etc., so that at 
any point, there are six independent stresses. At 
the cube, initially in the x, y, z coordinate sys­
tem (both coordinate systems having a common 
origin), the values of the stresses acting on the 
surfaces change and their variation can be com­
puted by the theory of elasticity. According to 
this theory, there is an orientation of the cube 
at which all three shear stresses are zero and the 
normal stresses achieve their maximum values. 
The three maximum normal stresses are desig­
nated as the principal stresses, 01, 02, and 03, 
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Fig.l0-7. Strain hardening characteristics. 
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Fig. 10-8. Three-dimensional stresses on an infinitesimal cube of material subjected to an arbitrary external 
load. 

and the stress state of the center of the ele­
mental volume can be defined in terms of the 
values of the principal stresses and the angular 
orientations of the principal directions. 

The average value of the principal stresses is 
called the hydrostatic stress, 

P=j-(Ul +U2 +U3) 

and it acts as apressure causing only uniform 
compression or expansion of the material, but 

no distortion. The differences between the prin­
cipal stresses and the hydrostatic stress are 
called deviatoric stresses, 

and they cause distortion of the element. Since 
yielding of a material is only a function of ele­
ment distortion, it is a function of the deviatoric 
stresses. According to the gene rally accepted 



Von Mises yield criterion, yielding of a material 
occurs when the effective stress, defined by 

a= ((Ul - U2)2 +(U2 -2U3)2 +(U3 - ud2Y/2 

exceeds the material's uniaxial yield stress. No­
tice that areduces to the uni axial value when 
two of the three principal stresses are zero. 
Sometimes the Von Mises criterion is referred 
to as the octahedral shear stress, T, wh ich differs 
from the effective stress only by a constant. 
The distortion energy yield criterion is also 
equivalent to the Von Mises criterion. 

For non-principal directions, x, y, z, the 
equation for the effective stress becomes 

Since the addition of a hydrostatic pressure p 
has no effect on yielding, the individual stresses 
in a three-dimensional state of stress can be 
significantly higher than the yield stress. How­
ever, for the commonly assumed two-dimen­
sional state of stress, called plane stress, in 
which the stresses in one direction, say z, are 
always zero, an arbitrary hydrostatic stress can­
not be added. As a consequence, the maximum 
stress value can only be approximately 15% 
greater than the effective stress. 

In determining the three-dimensional post­
yield stress-strain curve, the effective strain, E, 
corresponding to the effective stress is defined 
by 

E= ((€l - €2)2 +(€2 -2€3)2 +(€3 - €d 2Y/2 

where v has the elastic value for the elastic por­
tion of the strain, and v = t for the plastic por­
tion. The value of the effective strain also re­
duces to the uniaxial value when two of the 
principal strains are zero. Thus, the multi axial 
stress-strain curve can be obtained from the re­
suIts of a uni axial test up to the strain value at 
necking; Le., up to the uniform elongation. 
Beyond that strain, the behavior in uniaxial and 
multiaxial stress conditions will differ due to 
the inhibiting of necking in the three-dimen­
sional state of stress. 
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Until recently, the methods of analysis were 

limited for nonlinear problems, such as plas­
ticity, so that solutions were available only 
under simplified conditions or were very ap­
proximate. However, with the continuing de­
velopment and refinement of the finite element 
numerical solutions, many of these limitations 
are now being removed and more accurate 
plastic solutions require new, three-dimensional 
material properties which, heretofore, have not 
been investigated in any detail, as one-dimen­
sional material properties have. 

Linearly elastic or brittle materials gene rally 
fail when the maximum normal stress exceeds 
their uItimate strength. The maximum normal 

stress, however, may not occur in the directions 
of the coordinates in which a stress analysis is 
made; therefore, the maximum stress has to be 
calculated. For a three-dimensional stress anal­
ysis, the resulting equations are quite complex, 
but they simplify considerably if a two-dimen­
sional analysis is performed in one of the prin­
cipal planes. Thus, assuming Uz is a principal 
stress, the maximum stress in the x-y plane is 
given by 

_ Ux + uy . /(ux - Uy)2 2 
Umax - 2 ± V --2- + Txy · 

Similarly, the analysis can be carried out in the 
x, z, and y, z planes to find both the magnitude 
and direction of the maximum stress. 

10-8. Stiffness and Bending Stress 

A coil spring deforms (compresses or stretches) 
under the influence of a force. Similarly, a leaf 
spring bends and a straight wire stretches under 
the influence of a perpendicularly or axially 
applied force, respectively. The resistance of­
fered by the material or structural element in 
response to the applied force, F, is known as 
its stiffness, k. In general, k is defined as a 
spring constant, 

k =F/!:::.L 
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14 
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12 N HOF P 2 x 2-18 Ni NO YES 
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TEST CONDITIONS 
1 SEMI CLEAN ROOM 

8 2 TEST APPARATUS: INSTRON MODEL TM-L AND 
CONTROL CONSOLE 

3 CONSTANT LOAD SPEED: 0.01 CM/MIN 
4 STRIP CHART RECORDER SPEED: 10 CM/MIN 

6 5 RESULTS ARE BASED ON AVERAGE OF 2 SAMPLES/PLOT 

J 

4 
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UNIT CONVERSION: MULTlPLY LB BY 4.45 TO OBTAIN N 
MULTlPLY MILS BY 2.54x 10-2 TO OBTAIN MM 

Fig. 10-9. Breaking strength in bending of silicon solar cells and coverglasses. 16 

where !:::.L is the change in length due to the 
force of magnitude, F. The stiffness is related 
to the elastic modulus, E, and shear modulus, 
G, as folIows: 

8/h 1 E E 
k=v=--=---=--l 

!:::.L/L o 2 6K 2G 

where the terms are defined in Fig. 10-5. 
A frequent loading condition of solar cells 

and coverglasses is in bending. Figure 10-9 shows 
the experimentally obtained breaking strengths 
of a variety of small sampie groups. 

k = EI in bending 

k = EA in axialloading 

k = GA in shear loading 

where A is the area as defined above and I is the 
moment of inertia as defined in Section 10-6. 
Within the elastic range, Poisson's ratio, v, pro­
vides a measure of the body's stiffness: 

10-9. Mechanical Properties as a Function of 
Temperature 

The mechanical properties of materials change 
with temperature. For space arrays, the very 



MATERIAL PROPERTIES 475 

800.-----,------,------,------. 

1 500 
N 700 20°C ~ 

z z 
600 :2: :2: 

;;;- 400 Vl 500 Vl Vl 
W w 

:: 300 
CI: 
f- 400 

Vl Vl 

20°C 

200 MOLYBDENUM 300 

ARC CAST, ANNEALED 
200 

100 
AT 1150°C FOR 1/2 HOUR 

INVAR 
12 TO 15% COLD DRAWN BAR 

100 

0 0 
0 40 0 30 

STRAIN (%) STRAIN (%) 

Fig. 10-10. Stress-strain behavior at different temperatures (molybdenum,17 Invar I8). 

low-temperature behavior is of primary impor­
tance. For concentrator array types, moderately 
high-temperature properties are significant as 
weIl as low-temperature properties. Figure 
10-10 illustrates the variations in the stress-strain 
curves with temperature for two commonly 
used solar cell interconnector materials. The 
values of the elastic modulus, yield strength, 
ultimate strength, Poisson's ratio, and shear 
modulus for typical solar cell array materials, 
as functions of temperature, are given in Figs. 
10-11 through 10-15, respectively. 

10-10. Elongation and Reduction in Area 

Elongation and reduction in area are indicators 
of the ductility of a material. Both these param­
eters are determined by tensile-testing speci­
mens of initial length Lo and cross-sectional 
area A 0 until rupture occurs. Both parts of the 
fractured specimens are fitted together again, 
and the final length, L[, and minimum cross­
sectional area in the necked-down region, A [, 
are measured (see Fig. 10-16). Elongation, EL, 
and reduction in area, RA, are calculated by 

EL = (Lr Lo)(100%)/Lo 

RA = (Ar Ao)(lOO%)/A o. 

TypicaIly, initial length L o = 2.0 inches (5.08 

350 

300 

250 

1 
z 

" ;;;- 200 
::> 
-l 
:::J 
o 
o 
:2: 
~ 150 

tii 
<t: 
-l 
W 

100 

" MOlYBDENUM~ 

t-

n-TYPE SILICON 

PALLADIUM 

p-TYPE 
I- SI LlCON -ALUMINUM 

-

-

-

-INVAR KOVAR 

COPPER -----SILVER 

~ -
5 O~ -

~n 
0 I I J.. 

-200 -100 o 100 200 

TEMPERATURE (OC) 

Fig.l0-11. Elastic modulus of several materials (mo­
Iybdenum, upper curve,20,21 lower curve;19 silicon;23 
palladium;19 Invar;18,22 Kovar;19 copper;21 silver, 
upper left curvc,20 upper right curve,21 lower right 
curve;19 aluminum,21 solder I9). 
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Fig. 10-14. Poisson's ratio of several materials (met­
als,19 silicon23 ). 

cm). Data for several materials are shown in 
Figs. 10-17 and 10-18. 

10-11. Fatigue Strength 

Fatigue failures and fatigue strength are re1ated 
to cyclic application and rem oval of stress or 
strain (see Sections 6-19 through 6-22). Tem­
perature influences the fatigue life as shown in 
Fig. 10-19. Non-metallic materials also exhibit 
fatigue life phenomena, as illustrated in Fig. 
10-20. 

10-12. Mechanical Properties of Elastomers 

o L-----.L_-'-_--'---_..I....-----'---'==_-'-----' Non-metals may, depending upon their temper­
-200 -100 0 100 200 ature, behave like elastomers, metals, or glasses. 

TEMPERATURE rc) 
Fig. 10-13. Ultima te tensile strength of several ma te­
rials (molybdenum, upper curve,19 lower curve;21 
Invar curve,18 300 e points;28 Kovar;19 palladium;19 
copper;21 silver curve,19 2So e points;27 silicon;23 
aluminum;21 solderI9 ). 

The stress-strain characteristics of elastomers 
are different from those of metals and glasses in 
that they can sustain relatively large plastic de­
formation without taking a permanent set. 
Most elastomers used for solar arrays have 
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COMPLETELY 
FRACTURED 

A ___ 0 

Fig. 10-16. Elongation and reduction in area illus­
trated. 

stress-strain characteristics that show complete 
recovery of a large strain. The rate of recovery 
may be relatively slow for some materials, tak­
ing from minutes to hours. 

Elastomers include such materials as room 
temperature vulcanizing (RTV) rubbers, sili­
cone adhesives and sealants, and similar rubber-
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Fig. 10-18. Reduction in area of several materials 
(copper and molybdenum at 25°C,31 all others26 ). 

like organics and plastics. Figures 10-21 through 
10-26 and Table 10-5 give properties for some 
frequently used elastomers. 

10-13. Outgassing and Weight Loss 

Organic materials in the space vacuum environ­
ment lose volatile components adsorbed on, 
absorbed in, or otherwise contained in these 
materials. The rate of outgassing and the total 
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Fig.l0-20. Fatigue life of FEP-Teflon (0.125 mm 
thick on silicon).34 (Reprinted with permission ofthe 
IEEE) 

quantity of material outgassed depends upon 
the mobility of the outgassing substances 
through the material, the outgassing path 
lengths, the material temperature, and the time 
during which outgassing takes place. The total 
mass of material outgassed is measured by the 
weight loss. 

The currently most acceptable outgassing­
test method is the Stanford Research Institute 
(SRI) method. This method was developed 
under NASA-JPL sponsorship and consists of 
the equipment and test procedures below. 

1. Preconditioning of the test sampIes (of 
about 0.1 to 0.3 g mass) for 24 hours in 
ambient air having 50% relative humidity. 

2. Weighing of the test sampIes and collector 
plates (see below). 

3. Placement of the test sampies into cavities 
in a copper bar such that all volatiles must 
escape through an exit port (a 6.3 mm 
diameter hole) in a copper cover which is 
placed over each cavity, and placement of 
a chromium plated collector plate in direct 
line of sight of the exit port at a distance 
of 12.5 mm from the exit port. 

4. Evacuation of the test apparatus and heat­
ing of the copper bar with test specimens 
to 125°C for 24 hours while maintaining 
the collector plates at 25°C. 

5. Reweighing of the test sampies and deter­
mining the percentage of the total mass 
loss (TML). 

6. Reweighing of the collector plates and 
determining the percentage of the mass of 
the collected volatile condensable mate­
rials (CVCM), based on the initial mass of 
the sampies. 

The test results obtained by this (and any 
other) method depends to a large degree upon 
the mix ratios of two-part adhesives and their 
curing cycles. Table 10-6 gives data on com­
monly used spacecraft materials. 

THERMAL PROPERTIES 

10-14. Thermal Expansion 

Physical bodies change their size with temper­
ature. If they increase their size with increasing 
temperature, as they generally do, they exhibit 
a "positive" temperature coefficient. For a 
given change in temperature, a hole in a body 
changes its size by precisely the same amount as 
would a hypothetical body, made of the same 
material, which could be fitted precisely into 
the hole. 

Coefficients of Linear Thermal Expansion. The 
coefficient of linear (as contrasted by area or 
volume) thermal expansion is defined in the 
following way. In Eq. 10-1, L is the length of a 
piece of material and T is the temperature. 
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Ln = L Tl [1 + a(T2 - TdJ (10-1) 

Solving for a, we get Eq. 10-2. 

(10-2) 

The a in Eqs. 10-1 and 10-2 has been inter­
preted in the literature to express the following 
quantities: 

• Instantaneous coefficients of expansion (a) 
• Average coefficients of expansion (ä) 
• Normalized thermal expansion (tlL/L). 

The normalized thermal expansion is not a 
coefficient, even though it is occasionally (but 
erroneously) called a coefficient in the litera­
ture. The three different meanings of Eq. 10-2 
are illustrated in Fig. 10-27 and below. 

Instantaneous Coefficients of linear Expan­
sion. The instantaneous coefficient, a, is deter­
mined experimentally by measuring a change in 
length, tlL, of a specimen for a given change in 
temperature, tlT. To make the data universally 
useful, the change in length is normalized by 
dividing by L o, the initial specimen length at 
room temperature, To. For the instantaneous 
coefficient, Eq. 10-2 becomes, for the ith incre­
ment, Eq. 10-3. 

L o tlTi 
(10-3) 

The tlT's in Eq. 10-3 are relatively closely 
spaced intervals. The data points (al, Ti) are 
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entered in a graph of a versus T and intercon- cient, as defined below. Examples of instanta-
nected by a smooth curve (Fig. 1O-27a). The neous coefficients are shown in Fig. 10-28. 
value of a at a given T gives the instantaneous 
coefficient of expansion. In order to use the Average Coefficient of Linear Expansion. The 
instantaneous coefficient in computations, it average, or mean, coefficient of expansion is 
must be converted into an "average" coeffi- defmed by Eq. 10-4. 
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Table 10-5. Properties of RTV 118.11 

a E G Yield Strength Poisson's 
1O-6 ;oe MN/rn2 MN/rn 2 MN/rn 2 Ratio 

134 2070 690 83 0.45 
180 1200 345 69 0.45 
290 210 69 14 0.45 
440 0.21 0.07 1.4 0.45 

(10-4) 

200 

This is accurate only for the specific T/s mea­
sured (see Fig. 1O-27b). The value of a at any 
given Ti gives the average coefficient of expan­
sion when the temperature changes from To to 

in length from To = oOe or To = 200e to a given 
T. Hence, they are called average coefficients 
and are denoted by a. To calculate the change 
in length, I:l.L, of an object, due to an increase 
in temperature from Tl to T2 , Eq. 10-1 is ap­
plied twice (with a change of subscripts as indi­
cated below), such that 

Ti' 
The temperature coefficients typically given 

in the literature are based on the average change 

I:l.L =LT2 -LTl =L TO [1 +a2(T2 - To)] 

-LTo [1 + al (Tl - To)]. 
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Table 10-6. Outgassing Properties of Some Solar Cell Array Materials. 

Curing CyeIe 
Mixing 

Ratio AlB Temperature TML CVCM 
Material by weight Time CC) Environment (%) (%) Ref. 

DC 6-1104 7 days 25 Air 0.19 0.01 35 
24 hours 25 Air 0.16 0.04 36 

DC 93-500 10/1 7 days 25 Air 0.16 0.00 35 
24 hours 25 Air 0.29 0.00 35 
4 hours 65 Air 0.16 0.00 36 
8 hours 25 Air 0.10 0.01 36 

Silgard 182 10/1 22 hOUIS 100 Air 1.10 0.33 35 
22 hours 60 Air 1.03 0.23 35 

7 hOUIS 25 Air 1.09 0.33 35 

Silgard 184 10/1 4 hOUIS 65 Air } 0.92 0.40 35 
+24 hours 150 Air 

4 hours 65 Air 1.32 0.41 35 
2 hours 170 Air 1.01 0.48 35 

DC 6-3488 10/1 4 hOUIS 60 

~: } 1.42 0.74 35 
4 hOUIS 66 

0.83 0.40 35 
+24 hours 110 10-3 torr 

16 hours 25 
Air } 

+4 hours 65 Air 0.99 0.43 35 
+24 hours 110 10-3 torr 

oe 6-3489 10/1 4 hours 60 Air 1.42 0.57 35 
4 hOUIS 65 Air } 1.11 0.47 35 

+24 hOUIS 110 10-3 torr 
4 hOUIS 65 Air } 0.89 0.44 35 

+48 ho urs 110 10-3 torr 
4 hours 65 Air } 0.23 0.15 35 

+69 hOUIS 130 10-6 torr 
69 hOUIS 130 10-6 torr 0.36 0.17 35 

Silastic 140 24 hOUIS 25 Air 1.38 0.22 35 

RTV 40/T-12 100/0.1 24 hOUIS 25 Air 1.49 0.43 35 
7 days 25 Air 1.07 0.33 35 

RTV 41/T-12 10010.1 8 hOUIS 25 Air } 2.06 0.45 35 
+4 houIs 50 Air 

8 hOUIS 25 Air } 1.09 0.60 35 
+24 hOUIS 150 Air 

8 ho urs 25 Air } 0.17 0.12 35 
+24 hOUIS 250 Air 

RTV 118 24 hOUIS 25 Air 2.21 1.07 35 
24 houIs 25 A' } 

+24 hOUIS 125 1;-6 torr 0.58 0.43 36 

RTV 511/T-12 10010.5 24 hours 25 Air 3.13 0.60 35 
3 days 25 Air } 0.09 0.00 35 

+16 hOUIS 177 10-5 torr 

RTV 560 10010.5 7 days 25 Air 2.52 0.55 35 

(Continued) 
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Table 10-6. (Continued) 

Material 

RTV 566 

RTV 567 

RTV 577/T-12 

RTV 580/T-12 

RTV 602/SRC 

-I 
:;; 

-0 
I 
o 

~ ~ Cl '" _ z 
.> z w~ ..: w 

Ü 0 
H: ~ o 
u 

..r 
I 

~ 

Mixing 
Ratio A/B 
by weight 

100/0.1 

100/0.2 
100/0.3 
100/0.5 

100/0.3 
100/0.5 
100/0.1 

100/0.1 

100/0.25 

Time 

24 days 
7 days 
7 days 

24 hours 
24 hours 
24 hours 

12 days 
12 days 
48 hours 

48 ho urs 

24 hours 
+24 hours 

24 hours 

o ::r 
::1':) 
:::; <l O~------------~~--------~ 

..: -
~ z 
'" 0 o -
z Z 

..: ... 
15 

-200 o 
TEMPERATURE (OC) 

Icl 

200 

Curing Cycle 

Temperature 
(0C) 

155 
25 
25 
25 
25 
25 

25 
25 
25 

25 

25 
150 

25 

TML 
Environment (%) 

Air 0.14 
Air 0.07 
Air 0.27 
Air 0.34 
Air 0.41 
Air 0.29 

Air 0.18 
Air 0.27 
Air 0.13 

Air 

Air 
Air 

Air 

} 
2.99 

1.81 

3.10 

CVCM 
(%) 

0.02 
0.00 
0.00 
0.00 
0.01 
0.11 

0.07 
0.07 
0.01 

0.57 

0.81 

0.96 

Ref. 

35 
35 
35 
35 
35 
36 

35 
35 
35 

35 

35 

35 

The subscripts of a indicate that they are appli­
cable only for the specific temperature range 
T2 - To or Tl - To, respectively. 

The average expansion coefficients for a 
number of materials are shown in Fig. 10-29. 

Normalized Thermal Expansion. Since the tem­
perature coefficients defined by Eq. 10-2 are 
cumbersome to use in engineering, the normal­
ized thermal expansion, flL/L, is frequently 
given as a function oftemperature. The quantity 
flL/L is occasionally, but erroneously, labeled 
expansion coefficient. On a flL/L versus T 
curve, flL/L = 0 at room temperature. The 
slope of the flL/L versus T curve is the temper­
ature coefficient a of Eq. 10-2 as the quantity 
(L T2 - LTd approaches zero. 

The normalized thermal expansion, also 
known as unit expansion, is shown for several 
materials in Figs. 10-30 and 10-31. 

Conversion of Temperature Coefficients. The 
instantaneous coefficient is converted into the 
average coefficient by integration: 

Fig. 10-27. Illustration of three different linear ther-
mal expansion parameters (idealized silicone charac- where a = a(T), as given by Eq. 10-3 or by a 
teristics}. graph such as Fig. 1O-27a. 
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Fig.l0-28. Instantaneous coefficient of thermal expansion for six RTV type silicone rubber adhesives.23 

The average coefficient is converted into the 
instantaneous coefficient by differentiation at 
each T taken from a graph (Fig. 1 0-27b): 

dCi 
a=-. 

dT 

The average coefficient is converted into the 

normalized expansion (Fig. 1O-27c) by multipli­
cation: 

where each Ci and corresponding (T - To) is 
taken from a graph such as Fig. 1O-27b. 
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Units and Unit Conversion. The eorreet units 
of the instantaneous and average coefficients 
are "Oe-I," "oF-1 ," or "oK-1 ." Typieally, the 
units are stated in the literature as "in./in. ° F" 
or "ern/ern oe". Inasrnueh as in./in. eaneel eaeh 
other, the values of 

in. crn 
= 

in. oe ern oe' 

The only ehange in the value of the eoeffi­
cients oeeurs when the ehange is due to a dif­
ferent temperature unit (see below). 

Multiply by to obtain 

°F-1 1.8 °e-1 

°e-1 1.0 °K-1 

°e-1 1/1.8 °F-1 

Relative Thermal Expansion. The average eoef­
ficients of thermal expansion of several met als 
relative to that of silicon is illustrated in Fig. 
10-32. 

10-15. Specific Heat and Heat Conductance 

The heat capacity of a substance at constant 
pressure is defined as 

dQ 
cp = dT 

where dQ is the inerease in stored heat energy 
in a substanee due to an inerease in absolute 
temperature, dT. The specijic heat capacity of 
a substanee is the heat eapacity per unit rnass. 
Typical values are shown in Fig. 10-33. The 
thermal rnass of an objeet is defined by the 
produet cpm, where m is the total rnass ofthat 
objeet. 

The thermal conductivity or heat conductiv­
ity, k, of a substanee is a rneasure of the trans­
fer of a quantity of heat Q during a time interval 
t through a substanee of thiekness d and eross­
seetional area A, due to a temperature difference 
tlT across the thickness, sueh that 

tlT' A . t 
Q=k--­

d 
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Fig. 10-30. Thermal expansion of several materials.19 

Hence, k is a proportionality constant which 
depends upon the specific material. Metals have 
the highest heat conductivities of all known 
materials, and silver has the highest heat con­
ductivity of an metals. 

The heat conductivity of several metals 
relative to the heat conductivity of silver are 
given in Fig. 10-34. Several additional thermal 
parameters are given in Table 10-7. 

ElECTROMAGNETIC PROPERTIES 

10-16. Electrical Properties of Conductors 

Resistivity. The absolute va/urne resistivity, p, 
is a material-peculiar proportionality constant 
which permits the calculation of the resistance, 
R, of a piece of conductor with cross-sectional 
area A and length L, such that 

R = pL/A. 

The units of p are ohm . m, but typically are 

given in Ilohm· cm or ohm' circular-mils/ft. 
Unit conversion factors are given in Appendix D. 
Values ofresistivity are given in Table 10-8. 

Temperature Coefficient of Resistivity. The 
temperature coefficient, a, of resistivity gives 
the ratio of the change in resistivity due to a 
change in temperature in oe relative to the 
resistivity at 200 e. The resistance, R, at any 
temperature T Ce), relative to the resistance 
R o measured at some reference temperature 
To, is 

R =Ro [1 +a(T- To)]. 

For example, the resistance of an aluminum 
conductor of 1 m length and 1 mm2 cross­
sectional area at 200 e is R20 = 28.3 milliohms. 
At 1200 e, the same conductor exhibits an ap­
proximate increase in resistance by a(T - To) = 
0.35 (or 35%) for a total resistance of R 120 = 

28.3 (1 + 0.35) = 38.2 milliohms. 
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Fig.10-31. Thermal expansion of silicone rubber adhesives. 19 

Conductivity. The conductivity, ,,(, is the in­
verse of the resistivity, p of a conductor: 

"( = l/p. 

The recommended units of conductivity are 
ohm -I m -1; the use of "mho/m" is discouraged. 

Relative Electrical Properties. Relative resistiv­
ity indicates the relative resistance of an other­
wise identical conductor to that of one made 
from annealed copper at the same temperature. 
Typical values are also given in Table 10-8. 

10-17. Electrical Properties of Dielectrics 

Dielectric materials are electrical insulators. 
Aside from wire insulation, the main applica-

tion of dielectric sheets on solar cell arrays is 
to electrically insulate the solar cell rear con­
tacts from metallic substrates. The primary 
electrical properties of dielectrics that are of 
interest to the array designer are the voltage 
breakdown characteristics of, and the electrical 
current leakage through, the dielectric mate­
rial. The equivalent circuit of a dielectric of 
unit area is shown in Fig. 10-35. Both resis­
tances, as weH as the capacitance, are highly 
nonlinear with applied voltage. The leakage 
resistance is expressed as 

R L = pt/A 

where p is the volume resistivity of the dielec­
tric, t is the sheet thickness, and A is the area 
of the dielectric covered with solar cells and 
other non-insulated conductors. 
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SPECIFICALLY, THE LOWEST VALUE OF A RANGE OF TYPICAL 
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Fig. 10-33. Specific heat capacity for various materials (silicon,39 silver,39 fused silica,40 Kapton and adhesive41 ). 

In general, all dielectrics possess leakage paths 
under ambient terrestrial conditions. This leak­
age is due to imperfections in the material (pin 
holes) and due to moisture absorption by the 

dielectric. In addition to these two mechanisms, 
ionic conductions may contribute to leakage. 
lonic conduction is caused by mobile ions that 
may be present in the dielectric material. The 
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Table 10-7. Heat Capacitances of Different Metals.42 

Material 

Beryllium 
Aluminum 
Steel 
Copper 

Density, 
m 

(g/cm3 ) 

1.85 
2.70 
8.0 
8.9 

Specific Heat, 
cp 

(J. kg-l . °K-1) 

1920 
920 
500 
380 

concentration of mobile ions typically is greater 
in the softer resins than in harder resins and 
tends to increase with increasing water absorp­
tion in the dielectric and with increasing tem­
perature. 

Thermal Mass, 
m ,cp 

(J. cm-3 .oK) 

3.55 
2.48 
4.00 
3.38 

Required Mass for 
Equal Heat Storage 

(g. r 1 .oK) 

0.52 
1.1 
2.0 
2.6 

The dielectric strength of an insulating mate­
rial is defmed as the ratio of its breakdown 
voltage to its thickness, also known as the maxi­
mum potential gradient that the material can 
withstand. In general, the dielectric strength 



Table 10-8. Electrical Resistivity of Several 
Metals. 16 

Resistance 
Relative Resistivity at 200 C 

Material to Copper (/.Iohm . cm) 

Aluminum 1.64 2.65 to 2.83 
Brass 3.9 6.7 
Beryllium-copper 3.1 5.32 
Constantan 28.45 49.1 
Copper , annealed 1.00 1.7241 
Copper, hard drawn 1.03 1.7758 
Gold 1.416 2.42 
Indium 9.0 15.5 
Invar 47.6 82 
Iron, pure 5.6 9.7 
Kovar 28.4 49 
Lead 12.78 22 
Molybdenum 3.3 5.7 
Nickel 5.05 6.84 
Palladium 6.2 10.7 
Silver 0.95 1.59 to 1.6 
Tin 6.7 11.6 
Titanium 47.8 42 
Tungsten 3.25 5.6 

(volts per unit thickness) increases with decreas­
ing ftlm thickness, and decreases with increasing 
time during which the electrical stress is applied. 
The effect of time under stress is significantly 
greater for applied ac voltages than for dc 
voltages. Dielectric strength ratings are usually 
based on the average breakdown voltage mea­
sured in tests; that is, when about 50% of the 
specimens under test have failed. 

Dielectric properties for some widely used 
materials are shown in Figs. 10-36 through 
10-41. 

10-18. Magnetic Properties 

All metallic alloys containing iron, nickel, or 
cobalt (such as Kovar or Invar) are "magnetic." 
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A "magnetic" material is loosely defined as a 
material that be comes measurably (in an engi­
neering sense) magnetic when it is subjected to 
an external magnetizing force. This magnetizing 
force may result from a current carrying elec­
tric conductor. The degree to which a material 
becomes magnetic in response to a given mag­
netizing force is expressed by the material's 
magnetic susceptibility, X. 

For magnetic design work, the quantity of 
permeability, J.l, is generally used to relate the 
magnetic flux density, B, created in a piece of 
magnetic material which is subjected to an ex­
ternally applied magnetizing force, H, such that 

B=J.lH. 

The permeability, J.l, (and, similarly, x) varies 
with the applied magnetization, H, up to its 
saturation value, J.lm' The value J.l also changes 
with temperature, decreasing with increasing 
temperature up to the Curie temperature, or 
Curie "point." Above the Curie temperature, 
materials essentially lose their magnetic proper­
ties. 

The magnetic susceptibility, X, is related to 
the permeability, J.l, such that 

J.l=J.lo + X 

where J.lo is the permeability of empty space. 
In vacuum, X = 0, J.l = J.lo. Values of J.l can be 
obtained by determining the slope of a magne­
tization curve on a B-H diagram, as shown in 
Fig. 10-42. This figure displays the resulting 
flux density, B, of the magnetism that is in­
duced in a material by an external magnetizing 
force, H, when the magnetizing force alternates 
cyclically and is at least as great as to cause the 
induced magnetism (magnetic induction) to 
saturate in the positive and negative directions. 
If the magnetizing force, H, were returned to 
and left at zero after having magnetically satu­
rated the material to Bs , the material would 

Fig. 10-35. Equivalent circuit of a dielectric. 
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retain some magnetism, as denoted by the 
retentivity, Brs . 

The magnetizing force required to reduce 
induced magnetism to zero (B = 0) is referred 
to as the coercive force, Hcs . Magnetically 
"hard" materials, used for permanent magnets, 
exhibit relative1y large values of Hcs . Magneti-
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Table 10-9. Magnetic Properties of Some 
Materials.49 ,SO,Sl 

Induced Magnetic Flux Density 
(gauss) 

Material Saturation (B s) Retentivity (B rs) 

Alnico magnet 
material 8000 to 16,000 7000 to 13,000 

Carbon steel 
(1% C) Unknown 9000 

Core iron Up to 15,000 4000 to 9000 
Kovar 17,000 Unknown 
Invar 7000 Unknown 
Copper 0 0 

cally "soft" materials, used for transformer 
cores and sirnilar applications, exhibit relatively 
small values of Hcs (see Table 10-9). 

The area enclosed by the hysterisis loop is 
proportional to the energy required to remag­
netize the material in the opposite direction. 
This energy is dissipated in the form of heat in 
the material. 

Effects of Magnetic Materials on Solar Cell 
Arrays. The two magnetic materials of current 
interest in solar cell interconnector design for 
space applications are Kovar and Invar. Both 
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of these materials are magnetically "soft" be­
cause they retain relatively litde permanent 
magnetism after having been magnetized to 
saturation in a strong magnetic field. 
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10-19. Thermal Emittance 

Ihe emittance of several solar cell array mate­
rials is given in Figs. 10-43 through 10-49 and 
in Iable 10-10. Ihe conversion from normal to 
hemispherical emittance is discussed in Section 
8-26. 
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Fig.l0-49. Spectral normal ernissivity of Corning fused silica code 7940.48 

Table 10-10. Hemispherical Emittance and Absorptance of Glassed Solar 
Cells. 36,S 2 

Manufacturer Surface p+ BSR* 

AEG Chern. Pol. No No 
AEG Chern. Pol. No No 
AEG Chern. Pol. No No 

OCLl, Spectrolab Chern. Pol. No No 
OCLl Chern. Pol. No No 
Spectrolab Chern. Pol. No No 

OCLl, Spectrolab Chern. Pol. No Yes 
Spectrolab Chern. Pol. No Yes 

Spectrolab Chern. Pol. Yes Yes 
Spectrolab Textured Yes Yes 

OCLl Chern. Pol. Yes No 

*BSR = Back surface reflector. 
**Cut-on wavelength 350 nm. 
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Appendix A. 
Mathematics 

This seetion is provided as an aid for the non­
technical reader to the understanding of the 
mathematical notations used in this handbook. 

Addition and Subtraction 

Numerical quantities are designated by letters. 
Subscripts are used to c1arify the quantities. 
For example, let Rn stand for the number of 
non-technical readers of this handbook and R t 
for the number of technical readers. Then the 
total number of readers, designated by R, is 
the sum of both: 

Examples. Evaluate the formula 

A=a+b-c 

for a = 6, b = 3, and c = 4. 

A = 6 + 3 - 4 = 5. 

Each of the letters, a, b, or c, could have been 
a negative quantity. For example, now let 
a = 8, b = -2, and c = - 5. Then 

Multiplication 

A =8+(-2)- (-5) 

=8-2+5=11. 

The volume V of a rectangular prism is calcu­
lated by multiplying the base b by the width w 
and by the height h, written as 

V = b . w . h or V = bwh. 

The order of multiplication is not important; 

we can write 

V = bwh = bhw = whb = wbh = hwb, etc. 

Examples. Calculate the volume for b = I in., 
h = 10 mm, w = 2 cm. First, the units are made 
alike by (arbitrarily) choosing centimeters: 
b = 2.54 cm, h = lern, w = 2 cm. Then 

V = 2.54 X I X 2 = 5.08 cm3 • 

Note that, in general, algebraic expressions 
involve positive and negative quantities: "Plus 
times minus = minus" and "minus times minus = 
plus." Now, evaluate A = abcd for a = 2, b = -3, 
c = -1, d = -0.5. In step-by-step fashion: 

Division 

A =2X (-3)X (-1)X (-0.5) 

= -6 X (-1) X (-0.5) 

= 6 X (-0.5) 

= -3. 

Assurne that the volume V, height h, and width 
w of the above rectangular prism are known 
and the base b is to be found: b = V/wh, also 
written as b = B/wh or as b = Vw-1h -I. Again, 
wand h may be interchanged in position. In 
general, negative quantities are treated as in 
multiplication: "plus divided by minus = 
minus," "minus divided by plus = minus," 
and "minus divided by minus = plus." 

Examples. Find A in A = a/bcd for a = 40, 
b = 2, c = - 5, and d = - 2. In step-by-step 
fashion: 

503 
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40 
A=-----

2 X (-5) X (-2) 

20 

(- 5) X (-2) 

4 
= ---

(-2) 

= +2. 

If the problem were solved in a different 
order, such as A = a/cbd or A = a/cb, the 
identical answer would result. 

Parentheses 

Mathematical expressions may have to use 
parentheses to indicate clearly the order in 
which calculations are to be performed. For 
example, if 

a+b 
A=-­

c+d 

is written in a single line, we must write 

A = (a + b)/(c +d) 

because multiplication and division has a 
higher priority for execution than does addi­
tion and subtraction. Without parentheses, the 
expression would be (incorrectly) 

A =a+b/c+d. 

For example, for a = 5, b = 4, c = 2, and d = 1, 
the correct solution is A = (5 + 4 )/(2 + 1) = 
9/3 = 3; the incorrect solution is 5 + 4/2 + 1 = 8. 

Exponents 

The intensity of sunlight falls off with the square 
of the distance from the sun. This is equivalent 
to the statement that the intensity is propor­
tional to inverse of the distance squared. If we 
let S stand for the solar constant at 1 AU (see 
Section 9-3) and S' (S-prime) equal the inten­
sity at any distance from the sun (in astro­
nomical units, AU), then S' = S 7 D 2 , also 
writtenasS ' = S/D 2 or S' = S· D-2 or S' =sn-2. 

In general, any number x raised to the ath power 
is x Q = X • X ••••• x, a-times. If a is preceded 
by a negative sign, x -Q = 1 /x Q , and I/x -Q = xQ • 

Examples. Let x = 2 and a = 3. Then xQ = 23 = 
2' 2 . 2 = 8. But x-o = 2-3 = 1/2 . 2' 2 = 1/8 = 
0.125. 

Since fractional exponents indicate roots, 
Va is also written as al/2 • Similarly, 

1 
- = b-1/2 and * = Cl/3 • Vb 

Powers of T en 

Very sm all or very large numbers are expressed 
in powers 01 ten. 

Examples. The number 6590 is written 6.59 X 
103 or sometimes as 6.59 E3. The decimal 
0.098 is written as 9.8 X 10-2 or sometimes 
as 9.8 E-2. 

Some computer print-out formats write all 
numerals as decimal fractions in powers of ten. 
The above two examples would thus be printed 
as 0.659 X 104 and 0.98 X 10-1 , respectively. 

Multiplication of Powers of Ten 

To multiply powers of ten, we add the 
"powers": (a X IOn). (b X 10m) = ab X 10n+m. 

Examples. Multiplying 1.2 X 106 times 3 X 108 

gives 3.6 X 1014 • Other examples are as folIows: 

5 X 106 • 3 X 103 = 15 X 109 = 1.5 X 1010 

0.3 X 107 . 0.2 X 10-4 = 0.06 X 103 = 0.6 X 102• 

Division of Powers of Ten 

To divide, we subtract the "powers": a X IOn 7 

b X 10m =ab X IOn-m . 

Examples. 1.2 X 106 divided by 3 X 108 equals 
12 X lOS divided by 3 X 108 , which gives 
4 X 10-3 • Another example foÜows: 

0.3 X 107/0.2 X 10-4 = (0.3/0.2) X 107-(-4) 

= 1.5 X 10 7+4 = 1.5 X 1011 

Summation of Powers of Ten 

To add or subtract numbers expressed in powers 
of ten, the numbers must first be converted 
into the same powers. 
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Examples. 

1.65 X 10' 5 + 2.0 X 1013 = 1.65 X 10' 5 + 0.02 X 10'5 

= 1.67 X 10'5 

8.8 X 107 - 7.1 X 108 = 0.88 X 108 - 7.1 X 108 

= -6.2 X 108 

4.500 X 10-3 + 6.2 X 10-6 = 4.500 X 10-3 + 0.00062 X 10-3 

= 4.506 X 10-3 

Trigonometry 

Trigonometrie functions are of paramount im­
portance in solar cell array design and analysis 
work. Consider the right triangle in Fig. A-I, 
positioned at the center of a reetangular, or 
Cartesian coordinate system. The lengths of 
the sides a and band of the hypotenuse e are 
related to the inc1uded angles as folIo ws: 

sin a = cos ß = a/e 

cos a = sin ß = b /e 

tana=cotß=a/b 

cot a = tan ß = b /a 
sec a= cscß = e/b 

csc a = sec ß = e /a. 

The abbreviations are sin = sine, cos = eosine, 
tan = tangent, cot = cotangent, sec = secant, 
and csc = cosecant. 

The sum of the angles a + ß = 90 degrees 
(90°), because a + ß + 'Y = 180°. Also, e2 = a2 + 
b2 , or e = ~ = (a 2 + b 2 )1/2. The squares 
of trigonometrie functions are written by plac­
ing the exponent after the function name: 
(sin a)2 = sin2 a, and so on. 

Vector Notation 

A veetor is a quantity that has both a magnitude 
and a direction. In contrast, all other quantities, 
having only magnitude, are sealars. For example, 
mass, speed, density, temperature, energy, 
power, and distance are scalars; weight, force, 
momentum, velocity, and magnetic field 
intensity are vectors, because the magnitude 
of each must be in a specific direction. Consider 
the vector r in three-dimensional space (Fig. 
A-2). This vector has three components: rx , ry , 

and r z, that lie along the co ordinate axis. The 

magnitude of r, written as Irl or simply r, is 
given by 

r = Ir I = vi ri + r; + r~ . 
The direetion is defined as rx , ry , and rz , or by 
the direetion eosines, a, ß, and 'Y. The direction 
eosines of rare defined as 

cosa=rx/r, cosß=ry/r, and cos"f=rz/r. 

It can be shown that 

cos2 a + cos2 ß + cos2 "f = I 

where cos2 xis the same as (cos X)2. 

Vectors can be shifted around the space as 
long as their direction and magnitude is not 
altered. Vectors can be added and subtracted, 

y 

a 

--::1"'----......... ~-........ ...L...._x 

Fig. A-l. Trigonometrie relationships. 

z 

x 

Fig. A-2. Vector definition. 
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and multiplied and divided by sealars aeeording 
to these rules: 

A+B=B+A 

A + (B + C) = (A + B) + C 

m· A=mA=Am 

(m +n)A =mA +nA 

m(A + B) = mA + mB. 

Multiplieation of veetors by other veetors 
involves either the dot product, also known as 
the scalar product, or the cross-product, also 
known as the veetor produet. They are defined 
as: 

A . B =AB eos 8 

B 

Fig. A-3. Vector cross-product. 

and 

A X B = uAB sin 8. 

where u is a unit veetor pointing in a direetion 
that is perpendieular to both A and Band 
points "out of the paper" in Fig. A-3, aeeording 
to the "right hand rule." 

Mathematical Nomenclature Definitions 

Symbol 

y 
exp (a) 

la - bl 

a>b 
a<b 
I(V) 

Definition 

a does not equal b. 
the value of x approaehes (beeomes nearly equal 

to) the value of a. 
the average value of y. 
ea, where e = 2.718 ... 
the magnitude of the quantity a minus b. la - bl 

is always positive, even if b > a. 
a (is) greater than b. 
a (is) less than b. 
I is a funetion of V. Denotes a general funetional 

relationship between variables that is usually 
not simply expressible. 

are sin x. lf y = sin-1 x, then x = sin y. 



Appendix B. 
Insolance Tables 

The Aerospace Insolation Data Base (AIDB), 
discussed in Seetion 9-6, was analyzed and sim­
plified for the 33 cities listed in Table B-l far 
the solar cell array aperture configurations de­
fined in Table B-2. The simplified insolance 
data is shown in Table B-3, and the correspond­
ing solar energy received annually per ho ur in 
certain intensity level bands is given in Table 
B-4. (Illustrations of some insolation profiles 
are given in Seetion 9-6.) 

These data were taken from D. L. Evans, 
"Simplified Solar Irradiation Data Based on 
the Aerospace Insolation Data Base," Arizona 
State University, Sandia Contract No. 02-7850, 
Report No. ERC-R-77007. 

The insolance averages are for the two-year 
time period of 1962/63 and assurne no shadow­
ing of illuminated arrays. 

Table B-1. AIDB Weather Stations. 

Lati- Longi-
Station tude, N tude, W Abbreviation 

Albuquerque, N.M. 35.05 106.62 Albuqu 
Bismark, N.D. 46.77 100.75 Bismark 
Blue Hili, Mass. 42.22 71.02 BluHil 
Boise, Idaho 43.57 116.22 Boise 
Charleston, S.C. 32.54 80.02 Charls 
Cleveland, Ohio 41.40 81.85 Clevel 
Dodge City, Kans. 37.77 97.97 Dodge C 
Edwards AFB, Calif. 34.90 117.90 Edw.AFB 
EI Paso, Tex. 31.81 106.40 EI Paso 
Ely, Nev. 39.28 114.85 Ely 
Fresno, Calif. 36.77 119.72 Fresno 
Fort Worth, Tex. 32.83 97.05 Ft. Worth 
Grand Junction, Co!. 39.12 108.53 Grand 1. 
Great Falls, Mont. 47.29 111.21 Great Falls 
Inyokern China Lake, Ca. 35.68 117.68 Inyokern 
Lake Charles, La. 30.12 93.22 Lake Charles 
Los Angeles Airport, Ca. 33.93 118.38 LAX 
Los Angeles Civic Center, 

Ca. 34.05 118.23 LA Civic 
Madison, Wis. 43.13 89.33 Madison 
Medford,Ore. 42.37 122.87 Medford 
Miami, Fla. 25.80 80.27 Miami 
Midland, Tex. 31.93 102.20 Midland 
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Station 

Albuqu 

Table B-l. ( Continued) 

Lati- Longi-
Station tude, N tude, W Abbreviation 

Nashville, Tenn. 36.12 86.68 Nashville 
Omaha, Neb. 41.37 96.02 Omaha 
Phoenix, Ariz. 33.43 112.02 Phoenix 
Riverside, Calif. 33.95 117.45 Riverside 
Salt Lake City, Utah 40.78 111.92 Salt Lake 
San Diego, Calif. 32.73 117.18 San Diego 
San ta Maria, Calif. 34.90 120.45 Santa Maria 
Seattle, Wash. 47.45 122.30 Seattle 
Sterling, Va. 38.98 77.47 Sterling 
Tucson, Ariz. 32.23 110.95 Tucson 
Yuma, Ariz. 32.65 114.62 Yuma 

Month 

1 
2 
3 
4 
5 
6 
7 

Table B-2. Definitions of Solar Cell Array 
Aperture Type. 

A. Plane horizontal in a fixed position, receiving both 
diffuse sky and direct solar radiation. 

B. Plane tilted down from the horizontal position 
toward the south by an angle equal to the loeal 
latitude angle and fixed in position, receiving both 
diffuse sky and direct solar radiation, but no ground 
reflections. 

C. Plane two-dimensionally tracking the sun such that 
the plane normal always points toward the center 
of the sun, receiving direct normal solar radiation 
only. 

D. Plane one-dimensionally tracking the sun such that 
the axis of rotation lies horizontally in an east-west 
pointing direction, receiving only direct solar 
radiation. 

E. Same as D except that the axis of rotation lies 
horizontally in a north-south pointing direction. 

F. Same as D except that the axis of rota tion is paral­
lel to the earth's axis of rotation (Le., the polar 
axis of the earth). 

Table B-3. Average Monthly Insolance (kWh/m2 ). 

A B C D 
Totally Totally Direct East/West 

Horizontal Tilted Normal Axis 

111 183 210 172 
126 182 199 156 
186 227 263 184 
219 228 273 190 
257 236 310 220 
259 223 312 227 
229 206 263 194 

E F 
North/South Polar 

Axis Axis 

145 197 
155 194 
233 262 
260 264 
304 281 
307 276 
258 236 
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labia B-3. (Continued) 

A B C D E F 
Totally Totally Direct East/West NorthlSouth Polar 

Station Month Horizontal Tilted Normal Axis Axis Axis 

8 224 221 276 195 267 259 
9 176 202 221 160 202 220 

10 162 220 254 184 211 251 
11 114 181 207 167 148 196 
12 108 190 224 183 149 206 

Ann. Avg. 2171 2499 3012 2232 2639 2842 

Bismark 1 59 137 153 131 86 143 
2 69 123 130 105 89 127 
3 125 178 200 143 161 199 
4 149 167 200 134 181 190 
5 161 154 186 132 176 168 
6 205 179 253 179 241 216 
7 210 190 266 185 253 232 
8 194 202 265 178 246 245 
9 135 175 203 141 172 202 

10 100 167 185 142 135 183 
11 55 117 129 107 77 122 
12 44 111 122 108 63 113 

Ann. Avg. 1506 1900 2292 1685 1880 2140 

BluHiI 58 115 126 106 78 118 
2 75 123 130 105 93 127 
3 125 165 184 132 155 183 
4 152 165 190 131 175 182 
5 188 175 218 154 210 198 
6 190 167 213 156 207 189 
7 177 159 199 143 193 179 
8 162 165 199 138 188 186 
9 125 152 168 120 147 167 

10 104 156 170 131 130 168 
11 53 98 106 87 68 100 
12 59 122 132 115 75 122 

Ann. Avg. 1468 1762 2035 1518 1719 1919 

Boise 60 120 125 109 72 117 
2 69 111 111 89 78 108 
3 126 168 179 132 148 179 
4 164 180 211 145 195 206 
5 205 191 248 173 238 226 
6 221 190 267 188 259 233 
7 256 227 330 228 319 292 
8 215 220 284 194 267 271 
9 162 202 230 165 206 236 

10 103 161 171 133 128 169 
11 55 102 104 88 64 99 
12 44 91 93 82 50 85 

Ann. Avg. 1680 1963 2359 1726 2024 2221 

Charls 1 85 129 134 112 94 125 
2 100 135 136 108 108 133 
3 150 178 183 133 165 183 
4 187 194 214 153 206 210 
5 201 187 220 160 217 204 
6 173 153 180 135 177 162 
7 195 176 210 156 208 192 



510 APPENDIX B 

Table B-3. (Continued) 

A B C D E F 
Totally Totally Direct East/West North/South Polar 

Station Month Horizontal Tilted Normal Axis Axis Axis 

8 183 181 204 147 199 197 
9 148 166 170 126 157 169 

10 140 182 193 148 161 191 
11 98 144 150 124 110 143 
12 89 142 156 131 105 144 

Ann. Avg. 1749 1967 2150 1633 1907 2053 

CIevel 1 48 86 84 73 50 78 
2 56 85 77 63 55 75 
3 93 119 112 84 94 112 
4 136 146 159 110 148 156 
5 174 162 201 140 194 184 
6 188 163 217 154 211 190 
7 177 158 203 142 197 181 
8 159 160 190 130 180 182 
9 115 138 145 102 128 145 

10 84 121 120 93 93 119 
11 35 58 50 43 31 47 
12 39 72 69 62 38 64 

Ann. Avg. 1304 1468 1627 1196 1419 1533 

Dodge C 1 89 160 185 150 124 173 
2 108 162 176 137 133 171 
3 161 204 233 162 203 232 
4 190 201 238 164 225 228 
5 194 180 227 159 221 206 
6 213 182 255 180 249 222 
7 231 206 271 196 265 243 
8 208 207 265 181 254 247 
9 148 173 190 134 171 190 

10 130 183 206 152 167 204 
11 89 150 170 136 119 161 
12 79 154 188 151 123 173 

Ann. Avg. 1840 2162 2604 1902 2254 2450 

Edw.AFB 1 102 169 191 157 131 179 
2 110 157 168 132 131 164 
3 171 209 232 167 205 231 
4 203 211 253 174 242 249 
5 240 219 294 205 288 270 
6 255 218 317 224 311 278 
7 260 228 327 228 321 292 
8 234 230 292 201 283 282 
9 190 218 259 178 238 258 

10 148 200 221 168 181 218 
11 105 166 187 151 134 177 
12 95 164 186 157 121 171 

Ann. Avg. 2113 2389 2927 2142 2586 2769 

EI Paso 1 127 195 222 181 160 208 
2 148 203 228 174 184 222 
3 200 237 271 190 245 270 
4 231 238 284 198 274 276 
5 266 243 325 229 320 295 
6 263 228 311 228 307 276 
7 237 213 265 198 261 239 
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Table B-3. (Continued) 

A B C D E F 
Totally TotaIly Direct East/West North/So\lth Polar 

Station Month Horizontal Tilted Normal Axis Axis Axis 

8 230 226 273 195 267 258 
9 171 192 223 150 208 222 

10 173 225 259 189 221 256 
11 123 181 200 162 148 190 
12 114 182 209 174 143 193 

Ann. Avg. 2283 2563 3070 2268 2738 2905 

Ely 1 94 175 199 166 128 186 
2 98 150 160 127 119 156 
3 168 215 243 174 209 242 
4 190 202 239 165 224 230 
5 213 196 256 177 248 231 
6 234 201 279 200 273 243 
7 260 230 325 228 316 288 
8 229 230 300 203 287 279 
9 184 219 258 179 231 257 

10 144 210 237 180 188 234 
11 97 171 194 159 131 184 
12 86 173 205 171 127 189 

Ann. Avg. 1997 2372 2895 2129 2481 2719 

Fresno 1 69 113 117 97 78 109 
2 71 99 93 73 72 91 
3 150 186 201 145 175 200 
4 181 190 229 154 218 222 
5 218 202 255 182 248 235 
6 250 216 298 215 292 264 
7 269 239 330 235 323 296 
8 239 238 310 212 298 291 
9 181 211 244 170 221 243 

10 134 186 202 153 163 200 
11 78 125 131 108 90 124 
12 47 78 75 64 47 69 

Ann. Avg. 1887 2083 2485 1808 2225 2344 

Ft. Worth 1 95 147 158 131 110 148 
2 108 149 157 122 124 153 
3 161 193 208 150 186 207 
4 156 163 170 123 163 166 
5 211 197 234 172 230 218 
6 211 184 235 174 231 210 
7 230 205 268 194 264 241 
8 220 216 271 188 263 255 
9 158 179 194 138 179 193 

10 138 181 199 148 167 196 
11 91 135 143 116 105 136 
12 81 130 141 118 95 130 

Ann. Avg. 1860 2079 2378 1774 2117 2253 

Grand J. 1 79 141 150 129 95 141 
2 93 143 152 121 113 149 
3 149 190 208 150 180 208 
4 185 197 230 160 216 226 
5 220 202 271 187 263 246 
6 233 199 286 201 279 249 
7 236 209 293 204 285 261 
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Table B-3. (Continued) 

A B C D E F 
Totally Tota1ly DUect East/West North/South Polar 

Station Month Horizontal Tüted Normal Axis Axis Axis 

8 202 202 251 173 240 241 
9 170 202 237 164 213 236 

10 133 192 211 162 167 208 
11 90 155 171 142 114 162 
12 74 142 155 135 92 143 

Ann. Avg. 1864 2174 2615 1928 2257 2470 

Great Falls 1 47 110 118 103 64 110 
2 68 125 134 108 89 130 
3 123 178 199 143 160 199 
4 149 168 198 136 178 189 
5 174 164 211 146 200 187 
6 195 169 245 172 233 206 
7 210 190 270 188 256 230 
8 185 194 247 169 228 230 
9 130 170 196 136 165 195 

10 87 147 159 123 114 157 
11 50 109 118 99 69 112 
12 39 99 109 96 55 100 

Ann. Avg. 1457 1823 2204 1619 1811 2045 

Inyokern 1 111 190 225 182 155 210 
2 124 179 195 153 152 191 
3 189 234 279 190 247 278 
4 229 239 299 203 285 289 
5 258 236 330 227 323 298 
6 268 229 333 237 326 291 
7 276 242 354 246 346 312 
8 246 243 330 220 318 307 
9 196 226 271 185 249 270 

10 154 211 244 179 200 240 
11 113 182 206 167 145 195 
12 102 186 224 184 148 206 

Ann. Avg. 2266 2597 3290 2373 2894 3087 

Lake Charles 1 75 106 104 86 76 97 
2 103 136 137 107 111 133 
3 141 164 169 121 154 168 
4 156 161 166 119 161 163 
5 201 186 226 162 223 208 
6 176 154 193 140 190 171 
7 193 173 220 157 217 196 
8 176 171 207 140 203 196 
9 150 166 175 123 165 175 

10 139 176 184 141 157 182 
11 95 133 135 110 102 128 
12 78 115 120 100 83 110 

Ann. Avg. 1683 1841 2036 1506 1842 1927 

LAX 1 99 158 168 138 117 157 
2 103 143 147 113 116 143 
3 173 214 242 166 215 241 
4 198 208 241 167 230 233 
5 207 194 233 165 228 216 
6 190 169 192 144 190 174 
7 234 210 259 193 255 238 
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Table B-3. (Continued) 

A B C D E F 
Totally Totally Direct East/West North/South Polar 

Station Month Horizontal Tilted Normal Axis Axis Axis 

8 223 223 260 184 252 247 
9 176 202 206 149 188 205 

10 127 172 189 140 156 186 
11 98 150 159 129 114 150 
12 92 154 176 146 118 162 

Ann. Avg. 1920 2197 2472 1834 2179 2352 

LA Civic 1 91 148 165 135 114 154 
2 93 130 136 106 106 132 
3 162 199 227 157 202 227 
4 197 206 240 167 229 233 
5 195 183 218 155 213 204 
6 188 165 202 149 199 184 
7 252 226 289 214 284 265 
8 230 228 274 197 266 264 
9 176 202 225 161 206 224 

10 130 176 193 143 159 190 
11 98 152 169 136 121 159 
12 94 160 187 154 126 172 

Ann. Avg. 1906 2175 2525 1874 2225 2408 

Madison 1 55 106 109 96 63 102 
2 69 114 117 95 82 114 
3 114 150 158 116 131 157 
4 164 179 207 145 190 203 
5 187 173 226 156 217 205 
6 214 183 260 183 252 227 
7 208 185 254 177 246 226 
8 191 195 247 169 233 235 
9 135 166 189 132 166 189 

10 101 155 163 128 122 161 
11 54 101 103 88 63 97 
12 48 100 104 93 56 96 

Ann. Avg. 1540 1807 2137 1578 1821 2012 

Medford 1 52 99 105 88 65 99 
2 67 105 101 83 71 99 
3 119 156 161 119 134 160 
4 157 172 190 136 175 185 
5 190 179 212 155 204 195 
6 231 200 277 199 269 244 
7 250 224 307 219 297 276 
8 212 218 275 191 259 260 
9 160 196 222 159 194 222 

10 85 126 127 99 96 125 
11 47 81 79 66 50 75 
12 34 64 60 53 33 55 

Ann. Avg. 1604 1820 2116 1567 1847 1995 

Miami 1 118 159 171 138 132 160 
2 134 168 182 137 155 178 
3 183 207 227 160 212 227 
4 200 202 224 160 220 220 
5 207 191 234 169 231 214 
6 179 158 199 145 196 176 
7 199 180 223 163 220 200 
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Table B-3. (Continued) 

A B C D E F 
Totally Totally Direct East/West NorthlSouth Polar 

Station Month Horizontal Tilted Normal Axis Axis Axis 

8 177 173 189 138 186 181 
9 144 155 158 113 151 157 

10 152 184 201 146 178 198 
11 114 150 156 126 123 148 
12 113 158 173 143 128 159 

Ann. Avg. 1920 2085 2337 1738 2132 2218 

Midland 1 105 160 178 146 128 167 
2 122 166 179 139 143 174 
3 170 201 220 157 198 219 
4 192 196 227 158 219 223 
5 220 203 251 181 247 234 
6 224 194 265 191 261 235 
7 225 200 267 190 263 241 
8 219 214 261 182 255 254 
9 173 195 222 154 207 221 

10 149 192 207 157 175 205 
11 109 160 178 142 132 169 
12 87 137 149 125 102 137 

Ann. Avg. 1995 2218 2604 1922 2330 2479 

Nashville 1 61 99 101 85 67 94 
2 81 116 113 92 85 110 
3 115 140 139 102 122 139 
4 152 161 169 123 160 165 
5 190 179 207 152 202 193 
6 173 154 177 134 174 161 
7 183 167 192 145 188 176 
8 174 174 193 142 186 186 
9 131 151 151 113 137 151 

10 120 163 167 132 135 165 
11 60 92 90 75 62 85 
12 57 95 95 82 61 88 

Ann. Avg. 1497 1691 1794 1377 1579 1713 

Omaha 1 76 151 173 143 110 162 
2 81 127 131 105 95 128 
3 130 169 183 130 155 183 
4 160 173 198 137 184 190 
5 181 171 203 145 196 185 
6 207 181 235 172 228 208 
7 212 190 245 176 237 220 
8 184 187 227 158 215 214 
9 140 170 188 133 166 188 

10 119 178 195 148 151 193 
11 72 132 148 119 99 193 
12 65 133 149 128 86 137 

Ann. Avg. 1627 1962 2275 1694 1922 2148 

Phoenix 1 112 177 199 164 139 186 
2 126 176 192 149 152 187 
3 185 223 253 178 226 252 
4 217 225 269 186 258 261 
5 248 227 299 211 293 272 
6 243 210 290 209 285 256 
7 240 213 285 204 280 256 
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Table B-3. (Continued) 

A B C D E F 
Totally Totally Direct East/West North/South Polar 

Station Month Horizontal Tilted Nonnal Axis Axis Axis 

8 213 211 256 180 249 242 
9 178 202 228 160 211 227 

10 159 211 242 178 203 239 
11 116 178 198 160 144 188 
12 106 177 206 170 139 189 

Ann. Avg. 2143 2430 2917 2149 2579 2755 
Riverside 1 98 155 164 139 111 153 

2 106 146 149 119 117 146 
3 170 206 228 163 203 227 
4 206 215 249 176 239 243 
5 221 205 259 184 254 240 
6 227 197 261 191 258 235 
7 265 235 325 232 319 296 
8 239 235 306 209 297 291 
9 191 217 252 176 233 252 

10 150 200 222 166 183 219 
11 111 172 192 155 138 182 
12 109 186 220 181 148 202 

Ann. Avg. 2093 2309 2827 2091 2498 2686 

Salt Lake 1 69 134 153 125 98 143 
2 83 129 132 106 96 129 
3 165 216 249 175 212 248 
4 181 195 224 151 209 213 
5 235 221 276 192 267 248 
6 242 210 281 205 274 245 
7 248 221 302 216 294 269 
8 223 224 305 201 290 280 
9 169 206 246 169 219 246 

10 137 206 237 176 186 234 
11 78 141 160 129 107 152 
12 57 114 128 108 77 118 

Ann. Avg. 1887 2217 2693 1953 2329 2525 

San Diego 1 101 157 174 143 122 163 
2 106 146 153 121 120 149 
3 162 196 212 154 189 211 
4 189 196 223 156 214 220 
5 195 182 214 156 210 202 
6 184 162 197 147 194 180 
7 222 200 250 185 246 232 
8 213 211 242 177 235 235 
9 171 194 214 153 197 213 

10 138 183 191 149 157 188 
11 103 155 169 138 123 160 
12 98 160 180 150 122 166 

Ann. Avg. 1882 2142 2419 1829 2129 2319 

Santa Maria 99 164 185 152 126 173 
2 101 144 155 120 121 151 
3 168 209 241 167 213 241 
4 209 220 265 182 252 255 
5 215 201 249 177 243 230 
6 223 196 247 185 243 224 
7 242 218 273 204 268 252 
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Table B-3. (Continued) 

A B C D E F 
Totally Totally Direct East/West NorthlSouth Polar 

Station Month Horizontal Tilted Normal Axis Axis Axis 

8 220 226 269 194 260 259 
9 172 199 218 157 198 218 

10 137 188 208 157 169 204 
11 100 159 177 144 126 167 
12 95 168 201 164 134 185 

Ann. Avg. 1987 2292 2688 2003 2353 2559 

Seattle I 37 81 83 71 47 78 
2 55 97 97 77 66 94 
3 96 135 140 101 112 140 
4 126 141 153 108 138 148 
5 184 176 217 155 204 199 
6 180 159 209 150 199 181 
7 192 176 231 165 219 206 
8 159 168 200 139 183 190 
9 121 157 171 123 144 170 

10 68 109 108 85 78 107 
11 33 67 66 56 39 63 
12 26 60 59 53 30 55 

Ann. Avg. 1277 1526 1734 1283 1459 1631 

Sterling 1 70 126 138 114 89 129 
2 81 122 123 98 91 120 
3 137 174 191 135 165 190 
4 166 176 203 140 190 197 
5 192 180 215 155 209 198 
6 194 170 215 158 210 191 
7 197 178 223 162 217 202 
8 181 183 217 152 207 208 
9 132 157 168 119 150 168 

10 123 176 195 146 156 193 
11 70 120 130 106 88 123 
12 60 115 130 108 82 120 

Ann. Avg. 1603 1877 2148 1593 1854 2039 
Tueson 1 118 182 205 167 146 192 

2 132 181 199 153 160 194 
3 192 229 260 182 235 260 
4 229 236 282 196 272 274 
5 255 233 309 218 304 281 
6 258 223 311 225 306 275 
7 223 200 254 186 250 229 
8 205 202 239 170 233 228 
9 178 200 227 158 211 226 

10 158 206 234 171 199 231 
11 114 171 191 153 142 181 
12 106 171 197 163 135 182 

Ann. Avg. 2168 2434 2908 2142 2593 2753 
Yuma I 114 179 204 167 145 191 

2 129 179 195 152 156 190 
3 186 221 249 177 224 249 
4 217 223 269 184 259 264 
5 252 230 304 214 299 281 
6 256 219 318 225 312 279 
7 255 225 317 222 311 284 



Station Month 

8 
9 

10 
11 
12 

Ann. Avg. 

A 
Totally 

Horizontal 

230 
191 
162 
119 
106 

2217 

labia B-3. (Continued) 

B 
Totally 
Tilted 

225 
215 
213 
180 
174 

2483 

C 
Direct 

Normal 

280 
254 
235 
203 
205 

3033 
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D 
East/West 

Axis 

195 
174 
179 
163 
169 

2221 

E 
North/South 

Axis 

274 
236 
197 
150 
141 

2704 

F 
Polar 
Axis 

272 
253 
232 
193 
189 

2877 

labia 8-4. Number of Hours/Year During Which the Solar Energy has a Given Value. 

Station 

Albuqu 

Bismark 

BluHil 

Boise 

Charls 

Clevel 

Apper- Solar Energy Band Centered at Given Energy with ±0.05 kWh/m2 Band Width 
ture 

Type ~O.l 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95 1.05 1.15 > 1.2 

A 
B 
C 
D 
E 
F 

A 
B 
C 
D 
E 
F 

A 
B 
C 
D 
E 
F 

A 
B 
C 
D 
E 
F 

A 
B 
C 
D 
E 
F 

A 
B 
C 
D 
E 
F 

657 365 452 327 406 395 445 
620 369 283 424 203 343 288 

o 29 162 205 256 305 410 
158 405 440 412 319 435 327 

o 65 188 266 359 616 671 
o 36 157 183 225 334 458 

1038 660 540 460 403 329 319 
1010 468 355 448 246 367 260 

o 88 329 300 381 355 415 
187 492 549 394 370 357 375 

13 256 420 436 520 486 542 
o 94 330 290 352 338 474 

1097 649 476 397 425 322 301 
1133 463 373 382 267 310 272 

1 72 287 293 382 376 430 
197 426 466 363 345 329 327 

7 186 330 423 509 478 512 
88 277 303 346 391 500 

608 680 500 478 379 368 309 
712 480 317 505 235 346 268 

o 75 325 244 254 288 416 
144 375 590 396 391 371 360 

20 244 329 310 403 435 510 
o 89 331 232 233 295 476 

955 557 394 380 370 364 417 
1050 374 381 349 267 351 274 

o 72 285 284 411 300 488 
211 406 472 335 413 366 392 

o 133 322 325 489 633 600 
o 83 264 304 411 405 571 

899 739 637 490 381 316 290 
1012 508 475 469 352 343 329 

o 138 458 287 419 573 770 
145 536 633 418 424 426 383 

15 344 446 447 489 533 616 
o 155 457 296 402 624 845 

345 347 
291 369 
586 1077 
482 591 
724 809 
710 1198 

288 217 
323 313 
684 858 
417 374 
679 244 
864 598 

281 191 
295 297 
528 534 
339 286 
464 264 
540 461 

278 302 
323 304 
678 1113 
416 445 
724 565 
864 864 

335 279 
327 328 
631 621 
366 348 
575 330 
676 514 

250 111 
318 237 
461 26 
160 9 
240 5 
273 11 

323 242 41 
408 482 224 
867 131 1 
399 63 1 
319 14 0 
555 67 

97 5 
356 179 
160 39 

77 15 
11 1 

111 23 

106 29 
265 168 
273 61 
130 27 
61 1 

223 21 

211 22 
372 237 
139 31 
64 11 
21 2 
63 23 

218 61 
313 226 
235 11 
113 6 

22 0 
141 5 

9 0 
76 3 

o 
1 0 
o 0 
o 0 

o 
28 
o 
o 
o 
o 
2 

46 
1 
o 
o 
o 
1 

29 
o 
o 
o 
o 
1 

82 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 

1 
41 

1 
o 
1 
1 

o 
5 
o 
o 
o 
o 
o 
3 
o 
o 
o 
o 
o 
7 
o 
o 
o 
o 
o 
9 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
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Table 8-4. (Continued) 

Apper- Solar Energy Band Centered at Given Energy with ±0.05 kWh/m2 Band Width 
ture 

Station Type ",0.1 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95 1.05 1.15 >1.2 

Dodge C A 782 512 508 382 465 437 382 365 250 217 65 1 1 
B 766 384 403 366 300 372 308 424 341 382 248 64 9 
C 0 65 194 215 278 317 929 816 854 204 14 0 0 
D 186 398 541 398 459 404 535 451 420 88 4 0 0 
E 1 126 224 311 539 692 944 631 401 13 3 0 0 
F 0 75 198 204 254 617 698 970 634 130 7 0 0 

Edw.AFB A 531 267 499 402 533 484 466 310 402 347 64 0 0 
B 465 403 173 505 257 531 242 449 441 605 233 0 8 
C 0 5 128 150 378 319 438 1412 1349 0 0 0 0 
D 126 318 576 389 581 430 639 713 406 0 0 0 0 
E 0 30 224 274 654 589 610 1045 752 0 0 0 0 
F 0 8 151 167 343 282 775 1651 715 0 0 0 0 

EI Paso A 610 378 442 284 376 352 436 406 344 349 338 48 0 
B 624 342 298 392 221 259 372 252 387 370 503 277 66 
C 0 35 164 198 281 465 401 452 955 1112 72 0 0 
D 197 414 486 372 323 504 234 527 607 441 30 0 0 
E 0 79 196 232 313 685 727 602 917 381 5 0 0 
F 0 42 169 188 233 483 440 581 1231 627 43 0 0 

Ely A 615 489 432 454 390 466 365 355 284 237 181 31 2 
B 637 399 273 425 263 275 407 239 413 305 421 217 41 
C 0 54 221 233 277 313 363 425 783 1166 107 0 0 
D 178 371 442 426 375 425 324 489 464 417 32 0 0 
E 1 117 265 313 455 560 550 538 727 398 19 0 0 
F 0 64 225 226 246 333 348 523 1142 664 57 0 0 

Fresno A 865 498 439 337 448 350 373 300 334 214 173 9 2 
B 855 484 296 415 216 388 263 347 396 325 301 53 15 
C 0 47 216 242 332 385 717 787 823 214 3 0 0 
D 176 499 501 410 352 465 417 438 387 118 1 0 0 
E 1 140 244 356 471 583 673 604 615 77 1 0 0 
F 0 57 200 231 290 404 850 817 750 51 0 0 

Ft. Worth A 886 483 441 348 402 348 419 307 309 239 141 8 0 
B 933 400 345 363 252 395 204 347 320 383 313 68 8 
C 0 59 252 303 340 349 463 740 909 204 10 0 0 
D 205 432 510 340 380 351 410 433 450 113 5 0 0 
E 0 120 275 340 423 630 657 646 485 53 0 0 0 
F 0 65 249 298 315 385 543 901 717 76 7 0 0 

Grand J. A 491 481 500 467 577 427 415 380 340 145 0 0 1 
B 558 358 259 505 283 463 282 498 474 454 91 0 21 
C 0 37 371 114 302 344 673 1613 567 0 0 0 0 
D 167 389 665 320 537 389 617 765 172 0 0 0 0 
E 0 177 290 307 655 621 820 961 190 0 0 0 0 
F 0 49 358 135 258 385 946 1479 319 0 0 0 0 

Great Falls A 1011 710 571 489 409 314 326 241 201 77 2 0 0 
B 1010 452 364 444 317 412 256 379 321 304 84 9 4 
C 0 76 320 375 427 435 560 860 553 43 6 0 0 
D 196 460 634 435 433 385 400 446 242 23 1 0 0 
E 14 284 477 516 517 552 573 602 114 5 0 0 
F 0 86 329 367 384 419 646 945 297 27 5 0 0 

Inyokern A 542 351 461 316 404 484 397 360 382 350 301 7 I 
B 461 442 234 456 175 280 374 270 485 464 511 190 33 



Station 

Lake Charles 

LAX 

LA Civic 

Madison 

Medford 

Miami 

Midland 

Nashville 
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Table 8-4. (Continued) 

Apper- Solar Energy Band Centered at Given Energy with ±0.05 kWh/m 2 Band Width 
ture 

Type ";;0.1 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95 1.05 1.15 >1.2 

C 
D 
E 
F 

A 
B 
C 
D 
E 
F 

A 
B 
C 
D 
E 
F 

A 
B 
C 
D 
E 
F 

A 
B 
C 
D 
E 
F 

A 
B 
C 
D 
E 
F 

A 
B 
C 
D 
E 
F 

A 
B 
C 
D 
E 
F 

A 
B 
C 
D 

o 9 85 111 
122 351 553 402 

o 33 116 162 
o 9 88 113 

179 
371 
381 
188 

315 
412 
724 
316 

506 
388 
730 
538 

713 1401 
572 768 
777 1013 
867 1571 

924 
319 
325 
444 

21 
6 
3 
9 

o 
o 
o 
o 

896 599 456 414 372 410 433 392 257 106 8 0 
1014 424 455 341 350 322 330 371 360 273 83 14 

o 80 288 308 425 491 762 748 294 49 8 0 
189 487 497 401 455 442 444 384 127 23 1 0 

o 153 311 351 490 731 835 479 97 3 3 0 
o 91 277 306 417 541 846 702 152 39 6 0 

862 460 454 359 450 403 359 301 343 343 13 0 
816 418 341 379 256 385 264 381 369 472 226 31 

o 55 247 246 367 391 540 920 952 55 16 0 
194 444 526 357 407 372 484 608 379 18 0 0 

o 115 286 357 614 588 567 833 411 5 15 0 
o 68 246 262 347 432 623 1158 545 42 14 0 

777 438 467 356 494 332 375 244 268 310 174 19 
760 376 319 432 215 373 285 311 389 339 341 101 

o 62 210 225 332 344 519 667 941 343 57 0 
175 404 465 352 371 442 387 488 485 122 8 0 

o 107 264 361 563 494 510 572 631 173 25 0 
o 67 220 241 301 425 547 763 875 177 43 0 

576 717 615 588 413 307 306 286 256 64 0 0 
699 387 418 619 333 385 221 266 348 298 55 0 

8 79 942 94 249 310 543 1155 363 24 1 0 
197 525 933 309 371 344 444 519 113 10 1 0 
41 418 655 306 444 430 651 695 125 1 0 0 

4 129 881 98 243 324 771 1004 209 15 1 0 

1003 678 488 380 358 294 286 242 270 235 58 1 
1049 511 351 444 227 357 217 285 251 315 265 20 

o 132 332 330 358 340 394 550 858 129 6 0 
205 496 523 379 358 325 318 362 402 59 1 0 

16 280 378 408 427 376 470 540 507 23 3 0 
o 142 332 311 328 345 459 644 742 34 3 0 

722 544 436 429 386 399 422 356 301 235 109 
299 235 

15 
77 
o 
o 
o 
o 

855 331 474 373 295 389 299 374 346 
o 86 295 376 454 515 621 665 673 

260 479 574 401 447 431 469 359 326 
o 134 342 420 524 698 716 563 375 
o 93 287 375 447 565 676 740 479 

509 383 560 381 487 425 492 355 358 
518 369 314 510 328 444 234 455 382 

o 50 470 121 318 333 608 1345 811 
183 409 754 299 533 378 588 632 279 

o 195 374 210 463 688 837 953 336 
o 50 463 150 266 380 867 1392 428 

1058 614 399 395 353 368 329 285 255 
1155 418 395 280 322 301 296 323 299 

o 61 319 305 375 428 572 627 335 
178 432 398 339 414 355 407 358 172 

119 19 
66 10 
44 7 
81 9 

262 46 
523 181 

o 0 
o 0 
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Table 8-4. (Continued) 

Apper- Solar Energy Band Centered at Given Energy with ±0.05 kWh/m2 Band Width 
ture 

Station Type ';;0.1 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95 1.05 1.15 >1.2 

E 0 158 325 408 526 551 525 478 98 5 1 0 0 
F 0 66 328 311 371 481 624 580 244 31 3 0 0 

Omaha A 940 613 499 413 442 337 324 271 257 204 13 0 0 
B 921 445 407 403 288 341 239 305 289 376 245 49 5 
C 1 79 320 303 370 355 449 569 862 236 21 0 0 
D 197 499 504 370 358 352 356 385 412 120 11 0 0 
E 5 199 362 366 549 579 567 615 313 9 0 0 0 
F 96 315 303 330 363 518 753 639 151 7 0 0 

Phoenix A 635 364 448 305 438 404 495 384 433 380 78 1 1 
B 638 352 301 372 219 415 246 408 386 571 362 80 31 
C 0 32 149 224 331 369 552 939 1301 258 6 0 0 
D 200 433 548 319 422 407 495 632 591 112 3 0 0 
E 0 67 184 267 467 750 849 918 639 19 1 0 0 
F 0 35 142 214 305 404 641 1264 895 154 4 0 0 

Riverside A 173 436 425 309 408 370 417 307 351 346 226 18 1 
B 712 418 264 431 188 286 326 243 395 398 482 164 23 
C 0 29 173 212 251 342 392 529 1252 686 13 0 0 
D 171 379 498 325 355 374 345 478 652 294 8 0 0 
E 0 64 201 278 382 653 557 610 928 204 1 0 0 
F 0 32 166 199 252 372 420 682 1359 314 8 0 0 

Salt Lake A 822 510 472 397 384 368 299 298 280 258 202 8 3 
B 784 479 287 422 263 252 359 197 359 276 406 183 41 
C 0 60 231 245 287 281 290 444 768 995 118 0 0 
D 164 394 444 454 351 366 284 424 455 355 28 0 0 
E 4 182 271 304 415 396 459 564 742 349 33 0 0 
F 0 69 237 241 268 271 335 513 978 627 66 0 0 

San Diego A 569 439 598 369 493 409 416 292 306 271 59 0 5 
B 549 445 340 449 373 368 221 377 385 520 192 0 0 
C 0 104 736 89 279 224 414 1190 893 0 0 0 0 
D 210 498 763 218 448 311 538 619 325 0 0 0 0 
E 0 252 643 185 469 617 591 756 417 0 0 0 0 
F 0 106 739 149 239 236 658 1328 465 0 0 0 0 

Santa Maria A 760 432 503 369 396 400 360 282 305 266 202 57 3 
B 689 424 324 425 256 320 290 275 404 394 340 164 27 
C 0 72 301 185 262 310 415 694 1125 464 42 0 0 
D 170 425 546 325 389 351 427 504 497 216 21 0 0 
E 0 148 319 245 513 587 519 631 692 202 16 0 0 
F 0 79 311 192 253 339 508 931 920 276 21 0 0 

Seattle A 1363 806 506 414 317 237 243 170 166 128 11 0 0 
B 1385 573 405 401 270 299 204 241 190 218 153 21 2 
C 0 147 415 372 366 310 348 442 531 112 8 0 0 
D 212 516 544 362 299 288 246 263 265 53 3 0 0 
E 38 310 471 463 391 354 376 416 222 10 1 0 0 
F 0 171 402 366 324 314 383 523 412 63 1 0 0 

Sterling A 1123 577 463 381 392 342 336 274 260 176 39 0 0 
B 1121 444 394 362 258 329 251 306 324 303 209 58 8 
C 0 69 276 323 352 382 475 609 688 214 14 0 0 
D 213 454 473 356 363 347 366 388 343 92 6 0 0 
E 2 163 330 386 496 544 596 567 306 11 3 0 0 
F 0 85 270 296 336 418 548 697 536 135 6 0 0 
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Table 8-4. (Cont;nued) 

Apper- Solar Energy Band Centered at Given Energy with ±0.05 kWh/m2 Band Width 
ture 

Station Type .;;;0.1 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95 1.05 1.15 >1.2 

Tucson A 630 372 462 296 437 407 469 356 397 329 203 3 0 
B 626 354 298 428 212 376 289 350 405 502 376 120 20 
C 0 52 150 235 313 351 442 877 1311 347 32 0 0 
D 202 404 521 356 405 418 437 617 606 131 14 0 0 
E 0 82 194 270 455 693 721 735 881 76 4 0 0 
F 0 53 151 216 289 350 560 1166 972 237 17 0 0 

Yuma A 493 250 488 301 508 476 547 329 432 373 103 0 0 
B 404 410 191 478 207 506 235 454 427 707 281 0 16 
C 0 10 115 87 293 203 420 1557 1511 0 0 0 0 
D 128 301 573 316 542 421 692 745 476 0 0 0 0 
E 0 39 120 207 461 705 680 1197 787 0 0 0 0 
F 0 13 116 132 200 281 688 1886 801 0 0 0 0 



Appendix C. 
Physical Constants 

Table C-1. Names and Symbols of SI* Units. 1 

Quamily 

length 
mass 
time 
electric current 
thermodynamic temperature 
luminous intensity 
amo lnt of substance 

area 
volume 
frequency 
mass density (density) 
speed, velocity 
angular velocity 
acceleration 
angular acceleration 
force 
pressure (mechanical stress) 
kinematic viscosity 
dynamic viscosity 
work, energy, quantity of heat 
power 
quantity of electricity 
potential dilference, electromotive force 
electric field strength 
electric resistance 
capacitance 
magnetic flux 
inductance 
magnetic flux density 
magnetic field strength 
magnetomotive force 
luminous flux 
luminance 
ilIuminance 
wave number 
entropy 
specific heat capacity 
thermal conductivity 
radiant intensity 
activity (of a radioactive source) 

plane angle 
solid angle 

Name 0/ Unil 

SI BASE UNITS 

meter 
kilogram 
second 
ampere 
kelvin 
candela 
mole 

SI DERIVED UNITS 

square meter 
cubic meter 
hertz 
kilogram per cubic meter 
meter per second 
radian per second 
meter per second squared 
radian per second squared 
newton 
pascal 
square meter per second 
newton-second per square meter 
joule 
watt 
coulomb 
volt 
volt per meter 
ohm 
farad 
weber 
henry 
tesla 
ampere per meter 
ampere 
lumen 
candela per square meter 
lux 
1 per meter 
joule per kelvin 
joule per kilogram kelvin 
watt per meter kelvin 
watt per steradian 
1 per second 

SI SUPPLEMENT ARY UNITS 

radian 
steradian 

*Systeme International d'Unites; The International System of Units. 
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Symbol 

m 
kg 
s 
A 
K 
cd 
mol 

m' 
m' 
Hz 
kg/ml 

m/s 
radIs 
m/s' 
radIs' 
N 
Pa 
m'/s 
N·s/m' 
J 
W 
C 
V 
V/rn 
{} 

F 
Wb 
H 
T 
A/m 
A 
Im 
cd/rn' 
Ix 
rn-I 

J/K 
J/(kg' K) 
W/(m·K) 
W/sr 
s-' 

rad 
sr 

kg' m/s' 
N/m' 

N'm 
J/s 
A·s 
W/A 

VIA 
A·s/Y 
Y·s 
Y·s/A 
Wb/rn' 

cd·sr 

Im/rn' 
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labia C-2. SI Prefixes. 

Factor by 
which unit 

is multiplied 
Prefix Symbol 

1012 tera. T 
10' giga. G 
10e mega. M 
1Q1 kilo k 
1Q1 hecto h 
10 deka. da. 
10-1 deci d 
10-1 centi c 
10-3 milli m 
10-e micro IA 
10-' nano n 
10- 12 pico p 
10-16 femto f 
10-18 a.tto a. 

lable C-3. Va lues of Important Constants. 1 

... = 3.141 592 653 589 
e=2.718 281 828459 

lAo=4 ... X 10-7 H/m (exa.ct), permea.bility of free spa.ce 
= 1.256 637 061 X lO-e H/m 

fO= IAO -IC-Z FIrn, perrnittivity of free spa.ce 
=8.854 185X 10-12 F/m 
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labia C-4. Va lues of Physical Constants. 1 

Quantity Symbol Value Error Prefix Unit 
ppm 

Speed of light in vacuum ______________ c 2.9979250 O. 33 X 10' m S-I 
Gravitational constant. _______________ G 6.6732 460 10-11 Nm' kg-' 
Avogadro constant. __________________ NA 6.022 169 6.6 H)II kmol-I 
Boltzmann constant __________________ k l. 380 622 43 10-11 J K-I 
Gas constant. _______________________ R 8.31434 42 101 J kmol-I K-I 
Volume of ideal gas, standard conditiollB_ Vo 2.24136 -------- 101 m' kmol-I 
Faraday cOllBtant ____________________ F 9.648670 5.5 10' C kmol-I 
Unified atomic mass unit ______________ u 1.660531 6.6 10-11 kg 
Planck constant ______________________ 11 6.626 196 7. 6 11r'C J s 

1I/2r 1.054 591 9 7.6 10-" Js 
Electron charge ______________________ e l. 602 191 7 4.4 10-11 C 
Electron rest mass ___________________ m. 9.109 558 6.0 10-'1 kg 

5.485930 6.2 10-· u 
Proton rest mass _____________________ m. 1.672614 6.6 10-" kg 

l. 007 276 61 0.08 ---------- u 
Neutron rest mass ____________________ m. l. 674 920 6.6 10-" kg 

1.00866520 0.10 ---------- u 
Electron charge to mass ratio __________ e/m. 1.7588028 3.1 1011 C kg-' 
Stefan-Boltzmann cOlIBtant ____________ t� 5.66961 170 10-' Wm-'K-4 
First radiation cOlIBtant. ______________ 2rl&c' 3.741 844 7.6 10-1' Wm' 
Second radiation constant. ____________ I&c/k 1.438 833 43 10-' mK 
Rydberg constant ____________________ R", l. 097373 12 O. 10 10' rn-I 
Fine structure constant _______________ a 7.297351 l.5 10-' 

a- I 1.3703602 1.5 10+1 
Bohr radius _________________________ ao 5.291 771 5 1.5 10-11 m 
Classical electron radius _______________ r. 2.817939 4. 6 10-" m 
Compton wavelength of electron _______ Ac 2.426309 6 3. I 10-" m 

Ac/2r 3.861 592 3. I 10-" m 
Compton wavelength of proton ________ Ac .• 1.321 4409 6.8 10-" m 

Ac.J2r 2.103 139 6.8 10-" m 
Compton wavelength of neutron _______ Ac._ 1. 319 621 7 6.8 10-" m 

Ac .• /2r 2.100 243 6.8 10-11 m 
Electron magnetic moment ____________ "'. 9.284851 7.0 10-" J T-I 
Proton magnetic moment. ____________ "'. 1.4106203 7. 0 10-11 J T-I 
Bohr magneton ______________________ "'B 9.274096 7.0 10-- J T-I 
Nuclear magneton ____________________ "'. 5.050951 10 10-" J T-I 
Gyromagnetic ratio of protons in H,O __ oy' • 2.675 1270 3. I 10' rad S-I T-I 

oy'./2r 4.257597 3.1 10' HzT-I 
Gyromagnetic ratio of protons in H,O oy. 2.6751965 3.1 10' rad S-I T-I 

corrected for diamagnetism of H,O. oyJ2r 4.257707 3.1 10; HzT-I 
Magnetic Oux quantum _______________ +. 2.0678538 3.3 10-" Wb 
Quantum of circulation _______________ li/2m. 3.636947 3.1 10-· J 8 kg-I 

A/m. 7.273894 3.1 10-4 J 8 kg-I 
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Table C-G. Greek Alphabet. 

alpha a A nu v N 
beta ß 6 E xi ~ 
gamma Y r omicron 0 0 
delta b tJ. pi 'TT rr 
epsilon € E rho p p 

zeta , Z sigma (J $ ~ 

eta T] H tau T T 

theta 8 ä e e upsilon v 'r 
iota t I phi cp .., eil 
kappa K K chi X X 
lambda i. A psi f 'i' 
mu fL M omega w Q 

REFERENCES 

1. E. A. Mechtly, "The International System of Units, 
Physical Constants and Conversion Factors," 2nd 
Revision, NASA SP-7012, 1973. 

2. Handbook of Chemistry and Physics, 47th Edition, 
The Chemical Rubber Co., CRC Press, Ine., West 
Palm Beaeh, Florida. 



Appendix D. 
Conversion Factors and Formulas 

Table 0-1. Temperature Conversion. 

Celsius to Kelvin: TK = TC + 273.15 
Farenheit to Kelvin: TK = (5/9)(Tp + 459.67) 
Rankine to Kelvin: TK = (5/9) TR 
Farenheit to Celsius: TC = (5/9)(Tp - 32) 

°K °C °F °R 

0 -273 -460 0 
73 -200 -328 132 

173 -100 -148 312 
233 -40 -40 420 
273 0 32 492 
373 100 212 672 

t:..T 

°F or °R oe oroK 

1.8 1 
1 0.5556 

Table 0-2. Addition of Mass per Unit Power. 

The total system's mass per unit power is 

n 
Ms = Lmj=m1 +m2 + ... +mn (kg/W). 

1=1 

The mj are the masses per unit power of the com­
ponents 

Mj 
m· = - (kg/W). 

I p 

Mj are the masses of the components and P is the 
power of total system. 

Illus tra tive Example: 

Power output: 
Solar cells: 
Solar cell covers: 
Substrate: 

600W 
20 kg 
15 kg 
25 kg 

20 15 25 
M =_·_+-+-=0.10kg/W. 

s 600 600 600 
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Table 0-3. Addition of Power per Unit Mass. 

The total system 's power per unit mass, P, is calculated 
from: 

1 nil 1 1 

(W~kg) . 
-=L-=-+-+"'+-
P ;=1 Pi P 1 P2 Pn 

The P; are the power outputs per unit mass of the 
components 

P 
(W/kg). P;=m. 

I 

P is the total system's power output and m; are the 
masses of the components. 

fllustrative Example: 

Power output: 600W 
Solar cells: 20 kgPc = 600/20 = 30 W/kg 
Solar cell covers: 15 kgPg = 600/15 = 40W/kg 
Substrate: 25 kg Ps = 600/25 = 24 W /kg 

1 1 1 1 
- = - + --- + -- = 00333+00250 +00417 =010 P 30 40 24' . . . 

P = 1/0.10 = 10 W/kg. 

Table 0-4. Conversion Factors-Solar Cell 
Array Units. 

To Convert 
From Into By 

W/kg W/lb Multiply W/kg 0.45359 
kg/kW Divide 1000 W/kg 
Ib/kW Divide 2204.6 W/kg 

W/lb W/kg Multiply W/lb 2.2046 
kg/kW Divide 453.59 W/lb 
Ib/kW Divide 1000 W/lb 

kg/kW Ib/kW Multiply kg/kW 2.2046 
W/kg Divide 1000 kg/kW 
W/lb Divide 453.59 kg/kW 

Ib/kW kg/kW Multiply Ib/kW 0.45359 
W/kg Divide 2204.6 Ib/kW 
W/lb Divide 1000 Ib/kW 

Table 0-5. Conversion Factors-Electrical. 1 

To Convert From 

ohm·m 

f!ohm.em 

ohm.ineh 

cireular mils 

cireular mils 

cireular mUs / foot 

ohm.cireular mils/foot 

Multiply By 

100 

10-6 

2.54 

0.7854 

5.067 x 10-6 

1.662x10-7 

1.662x10-7 

To Obtain 

ohm. em 

ohm.em 

ohm.em 

square mils 
2 

em 

em 

ohm.em 
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cal· s·l . cm . cm-2 .oe-1 

1 

4. 13- 3 

3_ 45-4 

O. 239 

Table 0-6_ Conversion Factors-Thermal. 2 

THERMAL CONDUCTIVITY 

Btu . h- 1 . ft· ft"2 .oF-1 

241. 9 

O. 0833 

57.8 

Btu . h- 1 . ft· in-2 .oF-1 

2,903 

12 

1 

694 

HEAT TRANSFER COEFFICIENT 

W . cm . cm-2 .oe-1 

4.183 

0.0173 

1. 44 - 3 

-2 0 -1 
watts·crn . C 

-1 -2 0 -1 
cal·s ·crn . C -1 -2 0 -1 Btu·h oft 0 F 

4. 183 

5.67-4 

0.239 

1 

1. 36-4 

Note: Exponents indicate powe rs of 10. 

1,763 

7,373 

1 
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Table 0-8. Conversion Factors-Mass. 

To Convert From Multiply by To Obtain 

gram 10- 3 kilogram 

Ibm (pound mass) 0.4536 kilogram 

ounce mass 0.02835 kilogram 

slug 
(avoirdupois) 

14.59 kilogram 

gram/ centimeter 
3 10- 3 kilogram/meter 3 

Ibm/inch3 27, 680 kilog ram/ meter 
3 

Ibm/ft3 16.02 kilogram/meter 
3 

ounce mass/inch3 1730 kilogram/meter 
3 

slug/ft 
3 515.4 kilog ram/ meter 

3 

dyne 10- 5 newton 

kilogram force 9.807 newton 

kilopound force 9.807 newton 

kip 4, 448 newton 

Ibf (pound force) 4.448 newton 

ounce force 0.2780 newton 

poundal 0.1383 newton 
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Table 0·9. Conversion Factors-Magnetic. 

To Convert From 

Magnetic Dipole Moments 

2 
amp· turn· ft 

2 
amp·turn.m 

pole. em 

pole. em 

pole. em 

weber ·meter 

weber· meter 

Magnetie Fields 

gamma 

gauss 

gilbert 

lines 

maxwell 

oersted 

tesla 

unit pole 

weber 

weber amp 

weber/m2 

Multiply by 

6 -6 .86 x 10 

10.76 

1.00 x 10 -3 

6 -3 10.7 xl0 

7.38 x 10 
-8 

7 1 .00 x 10 /4 rr 

10 
1.00xl0 /4rr 

-9 1.00 x 10 

-4 
1.00 x 10 

10/4rr 

-8 1.00 x 10 

-8 1.00 x 10 

1000/4rr 

1.00 

6 -7 1. 25 6 x 10 

1. 00 

1.00 

1.00 

To Obtain 

ft· lb/gauss 

amp·turn.ft 
2 

amp·turn. m 
2 

amp·turn. ft 
2 

ft·lb/gauss 

amp·turn.m 
2 

pole ·em 

tesla 

tesla 

ampere· turn 

weber 

weber 

ampere .turn/meter 

newton/ (amp.turn .meter) 

weber 

volt· seeond 

joule 

tesla 
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Applicable uni! conversion faetors are: 

Multiply by to obtain 

J (joules) 6.25 x 1018 eV (eleetron volts) 

eV 1.6 x 10-19 

11m 10,000 A (Angstrom units) 
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~ 
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z 
o 
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iE 

Fig. D-1. Relationships between wavelength, wave 
number, and photon energy. 

REFERENCES 

1. Reference Data for Radio Engineers, 4th Edition, 
International Telephone and Telegraph Corpora­
tion, New York, 1956. 

2. J. B. Kendriek, "TRW Spaee Data," 3rd Edition, 
TRW Systems Group, TRW Ine., 1967. 



Appendix E. 
1 MeV Fluence Tables 

Damage equivalent I MeV fluence values for trons, but for Voc and P mp only in the case of 
silicon solar cells have been predicted for solar protons. The geomagnetically trapped electron 
flare protons in free space at a distance of I AU and proton environments are for circular orbits 
from the sun (Table E-I), and have been evalu- of various altitudes and inc1inations and are 
ated for geomagnetically trapped electrons and based on the AE3, AE4 and AES electron 
protons (Tables E-2 through E_S).1,2 The I Me V models and APS, AP6 and AP7 proton models, 
fluence values are given for different fused silica respectively (see Section 9-44). The notation 
shielding thicknesses and apply to the solar cell EX in the tables signifies IOX; for example 
Isc (or Jsc )' Voc and Pmp in the case of elec- 3.2E09 = 3.2 X 109 • 

Table E-1. Free Space Solar Flare Proton Equivalent 1 MeV Electron Fluence (e/cm 2 ) 

for Various Cover Thicknesses. 

Cover Thickness (mm) 
CeU 

Years Parameter 0.0764 0.152 0.305 0.509 0.764 1.52 

1975-1977 Jsc 2.9E13 1.7E13 8.7E12 5.3E12 3.7E12 1.9E12 
Voc andPmax 6.7E13 3.4E13 1.6E13 8.6E12 5.5E12 2.6E12 

1978-1979 Jsc l.5E14 1.3E14 4.4E13 2.6E13 1.8E13 9.7E12 
Voc andPmax 3.3E14 1.7E14 8.0E13 4.3E13 2.7E13 1.3E13 

1980-1982 Jsc 2.9E14 1.7E14 8.7E13 5.3E13 3.7E13 1.9E13 
Voc andPmax 6.7E14 3.4E14 1.6E14 8.6E13 5.5E13 2.6E13 

1983-1984 Jsc 1.5E14 1.3E14 4.4E13 2.6E13 1.8E13 9.7E12 
Voc andPmax 3.3E14 1.7E14 8.0E13 4.3E13 2.7E13 1.3E13 

1985-1987 Jsc 2.9E13 1.7E13 8.7E12 5.3E12 3.7E12 1.9E12 
Voc andPmax 6.7E13 3.4E13 1.6E13 8.6E12 5.5E12 2.6E12 
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Table E-2. Annual Trapped 1 MeV Electron Fluence (e/cm2 ) for 0.0764 mm (0.0003 inch) 

Thick Covers. 

Attitude Inclination 0° Inclination 30° Inclination 60° Inclination 90° 

(N.M.) (km) Electrons Protons Electrons Protons Electrons Protons Electrons Protons 

150 278 O. O. 5.51E08 8.50E11 1.32Ell 5.99E12 1.34Ell 4.36E12 
300 556 1.11E08 6.69ElO 1.55Ell 3.32E13 3.37Ell 4.85E13 3.08Ell 3.57E13 
450 834 3.00E10 4.00E13 1.54E12 2.20E14 1.08E12 1.93E14 9.22Ell 1.45E14 
600 1110 2.53E12 4.25E14 7.21E12 8.39E14 3.81E12 5.66E14 3.27E12 4.49E14 
800 1480 4.19E13 3.32E15 2.86E13 3.41E15 1.50E13 2.04E15 1.28E13 1.68E15 

1000 1850 1.33E14 1.17E16 6.79E13 9.86E15 3.62E13 5.47E15 3.10E13 4.61E15 
1250 2320 2.44E14 3.4 7E16 1.09E14 2.67E16 5.84E13 1.42E16 4.98E13 1.20E16 
1500 2780 2.64E14 8.28E16 1.10E14 5.85E16 5.85E13 2.93E16 4.99E13 2.4 7E16 
1750 3240 2.22E14 1.82E17 9.34E13 1.12E17 5.11E13 5.70E16 4.33E13 4.84E16 
2000 3710 1.70E14 3.43E17 7.50E13 1.89E17 4.24E13 9.29E16 3.56E13 7.98E16 
2250 4170 1.34E14 5.22E17 6.06E13 2.51E17 3.51E13 1.29E17 2.92E13 1.11E17 
2500 4630 1.14E14 6.32E17 5.17E13 2.90E17 3.15E13 1.53E17 2.59E13 1.31E17 
2750 5100 1.01E14 6.91E17 4.52E13 3.10E17 2.87E13 1.61E17 2.33E13 1.38E17 
3000 5560 8.69E13 6.76E17 3.89E13 2.91E17 2.59E13 1.53E17 2.08E13 1.31E17 
3500 6490 5.93E13 5.19E17 2.89E13 2.22E17 2.15E13 1.13E17 1.66E13 9.69E16 
4000 7410 4.21E13 4.79E17 2.42E13 2.11EI7 1.98E13 1.08E17 1.50E13 9.30E16 
4500 8340 3.53E13 4.10E17 2.42E13 1.76E17 2.00E13 9.06E16 1.52E13 7.72EI6 
5000 9260 3.02E13 2.87E17 2.63E13 1.18E17 2.12E13 6.09E16 1.60E13 5.26E16 
5500 10200 2.87E13 1.81E17 3.14E13 7.10E16 2.34E13 3.73E16 1.82E13 3.19E16 
6000 11100 3.22E13 1.05E17 3.88E13 3.92E16 2.63E13 2.07E16 2.08E13 1.78E16 
7000 13000 5.10E13 3.21E16 5.68E13 1.22E16 3.41E13 6.47E15 2.75E13 5.56E15 
8000 14800 7.07E13 8.90E15 7.39E13 3.25E15 4.09E13 1.76E15 3.37E13 1.52E15 
9000 16700 9.91E13 l.52E15 9.07E13 5.61E14 4.75E13 3.00E14 3.94E13 2.57E14 

10000 18500 1.29E14 2.46E14 9.71E13 9.97E13 4.95E13 5.48E13 4.18E13 4.60E13 
11000 20400 1.44E14 1.78E13 9.97E13 7.31E12 4.95E13 3.74E12 4.11E13 3.14E12 
12000 22200 1.48E14 1.19E12 9.14E13 4.70Ell 4.64E13 2.60Ell 3.92E13 2.25E11 
13000 24100 1.31E14 1.14EI0 7.90E13 5.83E09 3.99E13 3.18E09 3.39E13 2.70E09 
14000 25900 1.15E14 2.13E08 6.51E13 8.35E07 3.26E13 4.70E07 2.77E13 4.10E07 
15000 27800 9.89E13 4.11E07 5.27E13 l.53E07 2.65E13 8.12E06 2.26E13 7.01E06 
16000 29600 7.80E13 l.57E07 4.01E13 6.51E06 2.01E13 3.38E06 1. 72E 13 2.78E07 
17000 31500 5.97E13 9.59E06 2.96E13 4.45E06 1.49E13 2.19E07 1.27E13 1.80E06 
18000 33400 4.48E13 1.01E07 2.11EI3 3.66E06 1.06E13 1.79E07 9.13E12 1.54E07 
19400 35900 4.77E13 O. O. O. O. 
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Table E-3. Annual Trapped 1 MeV Electron Fluence (e/cm 2 ) for 0.152 mm (0.006 inch) 
Thick Covers. 

Attitude Inclination 0° Inclination 30° Inclination 60° Inclination 90° 

(N.M.) (km) Electrons Protons Electrons Protons Electrons Protons Electrons Protons 

150 278 O. O. 4.84E08 3.16E11 1.14Ell 2.46E12 1.14E11 1.81E12 
300 556 1.04E08 2.48EI0 1.34E11 1.36E13 2.87Ell 2.03E13 2.63E11 1.49E13 
450 834 2.68EI0 1.55E13 1.34E12 9.31E13 9.28E11 8.09E13 7.93E11 6.11E13 
600 1110 2.24EI2 1.76E14 6.31E12 3.57E14 3.32E12 2.39E14 2.84E12 1.91E14 
800 1480 3.70E13 1.41E15 2.50E13 1.47E15 1.31E13 8.64E14 1.12E13 7.17E14 

1000 1850 1.17E14 5.08E15 5.91E13 4.26E15 3.16E13 2.35E15 2.70E13 1.98E15 
1250 2320 2.13EI4 1.51E16 9.43E13 1.15E16 5.03E13 6.05E15 4.30E13 5.14E15 
1500 2780 2.27E14 3.56E16 9.25E13 2.48E16 4.94E13 1.23E16 4.21E13 1.05E16 
1750 3240 1.85E14 7.70E16 7.57E13 4.64E16 4.16E13 2.37E16 3.53E13 2.01E16 
2000 3710 1.35E14 1.42E17 5.78E13 7.26E16 3.30E13 3.79E16 2.77E13 3.25E16 
2250 4170 9.95E13 2.13E17 4.39E13 1.01E17 2.60E13 5.19E16 2.15E13 4.45E16 
2500 4630 7.99E13 2.54E17 3.56E13 1.15E17 2.25E13 6.02E16 1.83E13 5.18E16 
2750 5100 6.76E13 2.73E17 3.00E13 1.20E17 2.01E13 6.23E16 1.61E13 5.34E16 
3000 5560 5.67E13 2.64E17 2.54E13 1.09E17 1.81E13 5.75E16 1.43E13 4.94E16 
3500 6490 3.77E13 1.80E17 1.89E13 7.20E16 1.54E13 3.72EI6 1.17E13 3.18E16 
4000 7410 2.66E13 1.05E17 1.65E13 4.23E16 1.47E13 2.22E16 1.10E13 1.91E16 
4500 8340 2.30E13 6.27E16 I.77E13 2.56E16 1.55E13 1.34E16 1.17E13 1.15E16 
5000 9260 2.11E13 3.63E16 2.08E13 1.41E16 I.72E13 7.40E15 1.29E13 6.37E15 
5500 10200 2.20E13 1.88E16 2.61E13 7.05E15 1.96E13 3.75E15 1.52E13 3.21E15 
6000 11100 2.68E13 8.80E15 3.31E13 3.15E15 2.24E13 1.70E15 1. 77E 13 1.47E15 
7000 13000 4.40E13 1.66E15 4.90E13 6.15E14 2.93E13 3.30E14 2.37E13 2.84E14 
8000 14800 6.13E13 3.31E14 6.38E13 1.18E14 3.52E13 6.39E13 2.91E13 5.50E13 
9000 16700 8.59E13 3.51E13 7.82E13 1.31E13 4.08E13 7.08E12 3.39E13 6.21E12 

10000 18500 1.11E14 3.59E12 8.34E13 1.48E12 4.24E13 8.17Ell 3.59E13 6.92E11 
11000 20400 1.24E14 3.67EI0 8.55E13 1.74EI0 4.23E13 7.07E09 3.52E13 7.34E09 
12000 22200 1.27E14 1.25E09 7.81E13 5.41E08 3.96E13 3.00E08 3.35E13 2.58E08 
13000 24100 1.12E14 1.14E06 6.71E13 6.09E05 3.39E13 2.51E05 2.88E13 1. 75E05 
14000 25900 9.78E13 O. 5.49E13 o. 2.75E13 O. 2.34E13 O. 
15000 27800 8.38E13 O. 4.42E13 O. 2.22E13 O. 1.90E13 O. 
16000 29600 6.53E13 o. 3.32E13 o. 1.67E13 o. 1.42E13 O. 
17000 31500 4.92E13 o. 2.42E13 o. 1.22E13 O. 1.04E13 O. 
18000 33400 3.66E13 O. 1.70E13 o. 8.55E12 O. 7.37E12 O. 
19400 35900 3.14E13 o. o. o. o. 
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Table E-4. Annual Trapped 1 MeV Electron Fluence (e/cm 2 ) for 0.509 mm (0.020 inch) 
Thick Covers. 

Attitude Inclination 0° Inclination 30° Inclination 60° Inclination 90° 

(NM.) (km) Electrons Protons Electrons Protons Electrons Protons Electrons Protons 

150 278 O. O. 3.17E08 1.87Ell 6.82E10 4.51Ell 6.80EIO 3.37Ell 
300 556 8.12E07 l.58E10 8.39EIO 5.13E12 l.72Ell 4.28E12 l.57Ell 3.30E12 
450 834 1. 82E 10 6.88E12 8.55E11 2.86E13 5.72Ell 1.77E13 4.87E11 1.42E13 
600 1110 1.48E12 6.45E13 4.06E12 9.66E13 2.10E12 5.39E13 1.80E12 4.47E13 
800 1480 2.43E13 4.29E14 1.60E13 3.58E14 8.39E12 1.93E14 7.17E12 1.63E14 

1000 1850 7.61E13 1.35E15 3.77E13 9.17E14 2.01E13 4.85E14 1. 72E13 4.14E14 
1250 2320 1.37E14 3.36E15 5.89E13 2.09E15 3.15E13 1.09E15 2.69E13 9.27E14 
1500 2780 1.41E14 6.23E15 5.53E13 3.68E15 2.97E13 1.83E15 2.53E13 l.56E15 
1750 3240 1.08E14 1.08E16 4.19E13 5.89E15 2.33E13 3.01E15 1.98E13 2.57E15 
2000 3710 7.13E13 1.69E16 2.85E13 7.98E15 1.67E13 4.19E15 1.39E13 3.59E15 
2250 4170 4.48E13 2.21E16 1.82E13 9.86E15 1.15E13 5.13E15 9.38E12 4.41E15 
2500 4630 2.96E13 2.33E16 1.23E13 1.02E16 8.74E12 5.36E15 6.92E12 4.61E15 
2750 5100 2.03E13 2.23E16 8.66E12 9.62E15 7.09E12 5.04E15 5.43E12 4.32E15 
3000 5560 1.46E13 1.95E16 6.64E12 8.27E15 6.25E12 4.35E15 4.68E12 3.73E15 
3500 6490 8.42E12 1.41E16 5.04E12 5.69E15 5.90E12 2.92E15 4.18E12 2.50E15 
4000 7410 5.83E12 9.58E15 5.34E12 3.64E15 6.32E12 1.93E15 4.50E12 1.65E15 
4500 8340 5.67E12 4.77E15 7.15E12 1.83E15 7.35E12 9.71E14 5.37E12 8.35E14 
5000 9260 6.63E12 1.94E15 1.01E13 7.35E14 8.95E12 3.88E14 6.61E12 3.34E14 
5500 10200 9.53E12 7.93E14 1.45E13 2.95E14 1.10E13 l.57E14 8.46E12 1.35E14 
6000 11100 1.49E13 3.19E14 1.97E13 1.15E14 1.32E13 6.22E13 1.04E13 5.34E13 
7000 13000 2.68E13 4.78E13 2.99E13 1. 77E 13 1.76E13 9.51E12 1.43E13 8.21E12 
8000 14800 3.82E13 7.98E12 3.90E13 2.85E12 2.12E13 1.55E12 1.76E13 1.33E12 
9000 16700 5.35E13 7.61Ell 4.72E13 2.85El1 2.44E13 l.54Ell 2.04E13 1.33Ell 

10000 18500 6.69E13 7.19E10 4.93E13 2.95E10 2.49E13 1.61EI0 2.llE13 1.36EI0 
11000 20400 7.38E13 o. 4.99E13 o. 2.46E13 o. 2.04E13 O. 
12000 22200 7.47E13 O. 4.48E13 O. 2.27E13 O. 1.92E13 O. 
13000 24100 6.44E13 O. 3.77E13 o. 1.90E13 O. 1.61E13 o. 
14000 25900 5.50E13 O. 3.02E13 O. l.51E13 O. 1.29E13 O. 
15000 27800 4.65E13 O. 2.38E13 O. 1.20E13 O. 1.02E13 o. 
16000 29600 3.48E13 O. 1. 72 E13 O. 8.66E12 o. 7.40E12 O. 
17000 31500 2.52E13 O. 1.21E13 O. 6.09E12 O. 5.21E12 O. 
18000 33400 1.82E13 O. 8.15E12 O. 4.12E12 O. 3.56E12 O. 
19400 35900 U2E13 O. O. O. O. 
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Table E·5. Annual Trapped 1 MeV Electron Fluence (e/cm2 ) for 1.52 mm (0.060 inch) 

Thick Covers. 

Altitude Inclination 0° Inclination 30° Inclination 60° Inclination 90° 

(N.M.) (km) Electrons Protons Electrons Protons Electrons Protons Electrons Protons 

150 278 O. O. 1.31E08 1.31Ell 2.42E10 I.77Ell 2.35EI0 1.33E11 
300 556 4.54E07 1.16E10 3.34E10 2.41E12 6.27E10 1.55E12 5.60E10 1.23E12 
450 834 7.78E09 3.65E12 3.42Ell 1.12E13 2.19Ell 6.03E12 1.84Ell 4.93E12 
600 1110 6.02Ell 2.81E13 1.63E12 3.40E13 8.28Ell 1.77E13 7.09Ell 1.49E13 
800 1480 9.83E12 l.57E14 6.42E12 1.14E14 3.34E12 5.98E13 2.85E12 5.08E13 

1000 1850 3.07E13 4.38E14 l.51E13 2.60E14 8.01E12 1.35E14 6.85E12 1.16E14 
1250 2320 5.45E13 9.42E14 2.33E13 5.17E14 1.24E13 2.67E14 1.06E13 2.29E14 
1500 2780 5.53E13 1.36E15 2.13E13 7.08E14 1.14E13 3.54E14 9.76E12 3.03E14 
1750 3240 4.l2E13 1.97E15 l.54E13 1.01E15 8.60E12 5.18E14 7.30E12 4.41E14 
2000 3710 2.53E13 2.55E15 9.66E12 1.13E15 5.70E12 5.99E14 4.75E12 5.14E14 
2250 4170 1.38E13 3.04E15 5.23E12 1.30E15 3.45E12 6.81E14 2.80E12 5.85E14 
2500 4630 7.35E12 2.76E15 2.86E12 1.17E15 2.29E12 6.22E14 l.77E12 5.33E14 
2750 5100 3.76E12 2.46E15 1.54E12 1.05E15 1.68E12 5.51E14 1.22E12 4.71E14 
3000 5560 2.08E12 1.89E15 9.94Ell 8.24E14 1.45E12 4.31E14 1.02E12 3.70E14 
3500 6490 8.17Ell 1.48E15 8.03Ell 6.16E14 1.53E12 3.11E14 1.02E12 2.66E14 
4000 7410 4.75Ell 1.16E15 1.14E12 4.21E14 I.77E12 2.24E14 1.22E12 1.93E14 
4500 8340 4.94Ell 4.97E14 1.88E12 1.86E14 2.l7E12 9.95E13 l.56E12 8.56E13 
5000 9260 8.91Ell 1.44E14 3.09E12 5.40E13 2.80E12 2.88E13 2.05E12 2.48E13 
5500 10200 2.23E12 4.71E13 4.89E12 l.75E13 3.63E12 9.40E12 2.80E12 8.05E12 
6000 11100 5.02E12 1.66E13 7.07E12 5.96E12 4.57E12 3.23E12 3.64EI2 2.78E12 
7000 13000 1.00E13 2.01E12 1.10E13 7.43Ell 6.28E12 4.01Ell 5.l1E12 3.45Ell 
8000 14800 1.47E13 2.84Ell 1.43E13 1.0 1E 11 7.60E12 5.52E10 6.32E12 4.75EI0 
9000 16700 2.08E13 2.46EIO 1.69E13 9.24E09 8.61E12 4.99E09 7.19E12 4.29E09 

10000 18500 2.43E13 2.16E09 1.67E13 8.81E08 8.40E12 4.76E08 7.13E12 4.04E08 
11000 20400 2.49E13 O. 1.60E13 O. 7.85E12 O. 6.55E12 O. 
12000 22200 2.39E13 O. 1.37E13 O. 6.91E12 O. 5.87E12 O. 
13000 24100 1.95E13 O. 1.10E13 O. 5.54E12 O. 4.71E12 O. 
14000 25900 l.59E13 O. 8.41E12 O. 4.20E12 O. 3.58E12 O. 
15000 27800 1.29E13 O. 6.32E12 O. 3.20E12 O. 2.73E12 O. 
16000 29600 9.11EI2 O. 4.34E12 O. 2.19E12 O. 1.87E12 O. 
17000 31500 6.21E12 O. 2.88E12 O. 1.46E12 O. 1.25E12 O. 
18000 33400 4.30E12 O. 1.84E12 O. 9.45Ell O. 8.IOEll O. 
19400 35900 l.17E12 O. O. O. O. 
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Absorbed dose. See Radiation dose 
Absorptance 

definition, solar, 90 
design rela ted, 134 
equation, 246 
measurement, 394 
of water vapor in atmosphere, 412 

AC current, 40 
Acceleration, 428-433 
Acoustic emission, signature, 374, 375 
Acoustic field, 432-434 
Adhesive 

applications, types, 372,463,464 
conductive, 464 
density, 468 
general characteristics, 463 
mechanical properties, 479-485 
optical properties, 259 
outgassing,487 
process control, 375 
protection from UV, 245-249 
thermal properties, 486, 489, 492, 493 

Air mass, 377,413,414 
Albedo 

defined,410 
effect on array output, 133 
of planets, 434 

Alpha partic1e, 443, 456 
Altitude 

density, pressure, temperature, 423 
magnetic field strength, 439 
orbit, 104 

Aluminum, 131,460,475-477,490,493-495 
AMO, AMI, 377,413,414 
Analemma, 121 
Analogous circuits, 96 
Angle of incidence. See also Illumination 

eosine deviation, 248 
effects on arrays, 250 
effects on cell output, 172 
effects, optical, 249 

Index 

for space arrays, 81, 82 
for terrestrial arrays, 122 
in orbit, 106-108 

Annealing 
metals, 460-463 
radiation damage, 195 

Antireflective (AR) coatings, 248, 252 
Applications, photovoltaic, 15 
Arcing, 149-151,424 
Area 

active, 186 
reduction in, 475 
thermal control surface, 92-98 

Array 
as a system, 6 
body mounted, 6-28, 82 
characteristics and performance, space, 22, 331 
concentrator, 4,20, 22, 322-330 
configuration selection, 126-128 
defined, 3 
design options, 312, 313, 441 
flat plate, 6-28,81,314 
fold-out light-weight, 334-346 
hybrid,6 
installations, terrestrial, 321-327 
modules. See Module 
orientation, space, 442 
output ca1culation, 79 
output measurement, 387-390 
paddle wheel, 6-28, 82 
panels, 3 
performance, terrestrial, 19 
roll-out, 330, 339-342 
sizes, ratings, 16 
sizing, 123 

Array temperature. See Temperature 
Assembly losses. See Design factors 
Asteroids,433 
Astronomical Unit (AU), 408 
Atmosphere 

electricity of, 424 

539 
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Atmosphere (Continued) 
sunlight attenuation by, 412 
temperature, pressure, density, 423 

Back surface fie1d, 158-166 
Back wiring, 150 
Balloon standards, 380 
Base resistivity, 166, 186, 193 
Batteries 

charging, discharging, 47, 48 
defined, solar, other, 3 

Beryllium-copper, 460 
Bias 

back, in cell/array testing, 390, 391 
electrical, 35, 36, 167 
reverse, 74 
substrate, cut at, 337 

Bipropellant, 438 
Bit, 98 
Black body, 91 
Blue-red ratio, 383 
Breakdown voltage 

of air, 424 
of dielectrics, 393,492 
of solar cells, 179, 180 
of zener diodes, 302 
testing, 393 

Brittle point, 290 
Broken cells, 99, 270, 375, 376 

Ceria doped glass, 254 
Charge carriers 

electric charge defined, 31 
electrons, 51 
holes, 51 
ionization,49 
minority, majority, 52 
photons, 49 

Charged particles. See Radiation 
Charging. See Electrosta tic charging 
Circuit 

continuity, dark forward, 391 
definition, 34 
electrical-thermal analogs, 96 
elements, equations, simplifications, 42-46 
power system operating points, 47,48 

Cleanliness 
electrostatie, magnetie, 145, 146 
physical, 421, 422, 438 

Oouds, 413-416 
Coatings 

AR, 248, 252 
;;onduetive, 257 
thermal eontrol, 250-252,498,499 
UV,250 

Cold work, 471 
Collection. See Efficieney 
Color temperature, 383, 387,408 
Combined environments, 398,408,435-437,448 

Comets, 434 
Component weights, 468 
Computer models, 56-60 
Concentrator 

arrays, 4, 20, 22, 322-330 
optics, types, 242, 264-266 
solar cells, 161, 179 

Condensation, 420-422, 438 
Conductive coatings, 257 
Conduetivity. See Resistance, Resisitivity 
Conductors, eleetrie 

ampacity, 308 
definitions, resistance of, 31 
mass tradeoff, 130 
wire tables, 305 

Configuration effeets, 126, 128 
Connectors, eleetrical, 307-309. See also Inter­

eonnectors 
Constant 

current, voltage, sourees, 35, 69 
efficieney curves, 167, 172 
power load, 47,48 

Constants, physical, 522-525 
Constraints in design, 113-115 
Con taets, sola, eells 

effeets of humidity on, 425 
effects oftemperature on, 178-180, 190, 191, 270 
historical review, 156-160 
pull strength, 189-191 
types, configurations, 187-189 

Contamination. See also Corrosion 
applieations and design related, 113, 114 
space, 436, 438 
terrestrial, 421, 422 

Continuity 
equation, 54 
test, 391 

Conveetion, 135 
Conventions 

bias of solar cells, diodes, 36 
current flow direetion, 35 
in circuit analysis, 45 
polarity of solar cells, diodes, 36, 167 
solar cell equation, 46 

Conversion 
efficieney. See Efficiency 
energy, processes, 155 
faetors, units, 527-533 

Cooling 
eonvection, 135 
liquid, 323, 329 
radiation, 132, l35 

Coordinates 
B-L,453 
celestial sphere, 105 
earth radiation, 144, 145,453 
geomagnetic,439 
spaceeraft arrays, 81, 82, 442 
terrestrial arrays, 122, 507 



Copper, 131,461,475-477,493-495,497 
Corrosion, 420, 424-426 
Cosine. See Angle of incidence 
Cosmetic. See Defects 
Cosmic rays, 443, 448 
Cost, 13, 117 
Cover, solar cell 

conductive, 257 
cracked, 376,404 
factors, glassing, degradation, 78-80, 196,245,249 
integral, 243 
materials, 252 
orientation markings, 257 
sizing, 141-143 
terrestrial window, 259-263 
transmission, 253-260 

Criteria, design, 114-116 
Critical, cross-over, fluence, 187, 192-194 
Current, electric 

ac, dc, 40 
definitions, 32 
diffusion and drift, 54 
dividers, 44 
flow convention, 35 
law, Kirchhoff's, 45 
light-genera ted, 54 
limiting by solar cel1s in series, 69 
magnetic field of, 39 
sources. See Generators 

Current-voltage. See I-V curve 
Curve factor, 171 
Cut-on wavelength, 251, 253-260 

Damage. See also Design factors, Radiation effects 
accidental, 117 
broken cells, 99, 270, 375, 376 
coefficients, radiation, 193 
cosmetic defects, 113-115 
electrical. See Design factors 
environmental, 18-28, 178-193,262-269,415-447 
failure modes and rates, 98-101 
functional defects, 113-115 
hot spot, 180 
humidity. See Humidity 
interconnectors, joints, 270, 271 
lightning,424 
photon, 195 
physical, 117,429 
radiation. See Radiation entries 
reverse voltage, 180 
thermal, 83, 178 
UV. See Ultraviolet radiation 
vandalistic, 427 
welding, 370-372 
workmanship, 113-115, 375, 376 

Dark forward 
cell characteristics, 74 
in NDT, 374 
testing, 391 

INDEX 541 

Darkening. See Damage, Design factors, Radiation 
effects 

Data 
errors, uncertainties, 403 
orbital, array, 22-28 
orbital, cell, 196-215 
significance of, 405 

Date 
launch,8-11 
solar flares, 448-454 
sunshine, effect on, 120, 121 

Deceleration, 430 
Decibel (db), 433 
Defects. See Damage 
Degradation. See Damage, Design factors, Radiation 

entries 

Density 
atmospheric, 423 
defmed,466 
packing, solar cell, 126 
tables of, 467, 468 

Deposits. See Contamination 
Depressurization, 424 
Design 

constraints, 115 
criteria, 114 
interfaces, 115 
margin, 60, 100 
optimization, 112 
phases,l11 
requirements check list, 113 
review, 116 
uncertainties and risks, 112, 405 

Design considerations and practices 
connector savers, 309 
cost issues, 11 7 
diodes, 297-302 
handling precautions, 196 
high voltage arrays, 132 
hot spots, 77, 131 
human engineering, 117 
inspection, 405 
reliability, 132 
safety, health hazards. See Safety 
solar cell storage, 196 
statistical variations, uncertainties, 196, 403-405 
terminals and connectors, 309 
wiring, 303-306 

Design factors 
angle of incidence. See Angle of incidence 
arrary sizing, 78-84, 124, 125 
assembly, 80, 83 
diode losses, 74, 299-302 
glassing, 78-82, 196,245,249 
intensity, 83 
random cell failure, 100, 275, 303-307 
resistive losses, 303-307 
temperature cycling, 83 
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Dielectric. See also Specific materiallistings 
definitions, 32 
test, wet sponge, 393 
types, wire insulation, 306, 307 

Diffusion, 50-55, 156-163 
Dimensional analysis, 130, 142 
Diode 

applications, 297-302 
arrary circuits with shunt diodes, 69 
equation, model for diode, 74 
equation, solar cell, 55 
for energy conservation, 297 
polarity definition, 36,167 
zen er, 302 

Dirt, 421, 422, 438 
Discoloration. See Degradation, Radiation effects 
Distribution losses. See Design factors 
Dose. See Radiation entries 
Double break in I-V curve, 179 
Drift field, 162, 166 
Ductility, 292, 475 
Dust, 20,422 
Dynamic impedance, 60-64 

Eclipse 
duration in orbit, 108, 109,441-444 
temperature cycling, 270, 274 
temperature in, 136, 274 

Economics. See Costs 
Efficiency 

definition, 16 
energy conversion, 170 
operating, 89 
ultimate, 171 

Elastic modulus, 468, 475,482,483,486 
Electrochemical se ries, 425 
Electromagnetic 

cleanliness, 145-151 
radia tion, 49 
spectrum, 408-416 

Electron, 30, 49-5l. See also Radiation entries 
Electrosta tic 

charging in space, 149-151 
charging on earth, 424 
cleanliness, 145 
field, 33, 34 

Elongation, 477 
Emittance 

as function of temperature, 96 
data for materials, 497-499 
defined,91,395 
hemispherical vs. normal, 395 
increasing, by design, 134 
measurement of, 394 

Energy 
conservation of, in orbit, 102-104 
conservation of, with diodes, 297 
conversion efficiency. See Efficiency 
definition, 16, 38 

optical, 245-252 
solar, conversion processes, 155 

Energy balance, 76, 89-92 
Equivalent sources, 44 
Equivalent sun ho urs (ESH), 416 
Errors 

in analysis, 60 
in inspection and test, 403, 404 

Examples, numerical 
aluminum vs. copper conductor weight, 131 
array capacitance and lightning, 39 
array dielectric strength, 33 
array sizing, 17, 123, 124 
array sizing for ac motor, 41 
change in resistance with temperature, 491 
circuit analysis, 45 
effect ofincreased absorptance, emittance, 134, 135 
efficiency of terrestrial modules, 17 
errors in inspection, 404 
force between parallel conductors, 40 
illumination profile, terrestrial, 122 
load profile development, 118 
load resistance, 38 
number of cells in series and parallel, 64 
sheet resistance, 37 
solar cell temperature coefficients, 174, 175 
summation and conversion of kg(kW, W (kg, etc. 

units, 527, 528 
Expansion, thermal, 478-490 

Factors. See Design factors 
Failure 

cells and interconnectors, 270 
fatigue, 292 
modes and effects analysis, 99 
random cell, 100 
rates, 98, 99 
wiring, fault isolation, 298 

Fatigue 
analysis, interconnectors, 292-296 
failures, 270, 271 
life of soldered and welded joints, 274 
material data, 476-478 

Fault isolation, 298 
FEP-Teflon,259,465,468,478,496,498 
Field 

acoustic,433 
electric, 33 
solar cell, 162, 166 

Fill factor, 171 
Filter 

angle of incidence, 247-249 
AR, 247 
blue, UV, 250 
blue-red, 251, 252 
cut-on wavelength, 251 
transmission data, 253-260 

Flasher. See Solar simulator 
Fluence. See Radiation environment 



Foot-candle,383 
Force, 39 
Form factor, 171 
Forward bias, 36, 167, 391 
Four-point probe, 389 
Fracture. See Damage, Failure 
Fused silica, 253,474,477,490-493,497-499 
FUV,398 

G-units,428-433 
Gallium-arsenide solar cells 

construction, 162 
history of, 159 
performance, 214, 224, 240 
spectral response, 184, 185 
temperature coefficient, 174 

Gamma rays. See Radiation 
Gaps between cells, 130, 282 
Generators 

illustrated, solar cell theory, 51 
in circuit analysis, equivalent, 35,42-44 
in parallel and series, 43, 64-72, 123-129 
Iight-generated current, 52-57 
part of power system, 5, 48 

Geomagnetic field, 439 
Geometry 

array and spacecraft angles, 81, 82 
effects on output, graphs, 127, 128 
optimization for power output, 135 

Glass transition temperature, 290 
Glassing factor, 78, 196, 245, 249 
Gravity, 434,438 

Health hazard. See Safety 
Heat. See also Energy 

capacitance, conductance, 90 
sinks, finned, 94 
specific,490 

Heat transfer 
analog, electrical, 96 
conduction, convection, 92, 93 
from finned substrates, 93, 94 
from insulated wire, 93 
heat flow balance. See Energy balance 
radiation, 94-96 
transient, 95, 96 
view factors for tilted arrays, 97 

High intensity effects, 178, 179 
High temperature effects, 178, 180, 190, 191 
High voltage arrays, 13 2 
Historical developments 

arrays, concentrator, 20, 22, 322-327 
arrays, space, 8-16 
arrays, terrestrial, 6-9, 15,314-322 
array testing, 376-379 
in terconnectors, 271-2 74 
solar cells, 156-160 
solar cell covers, 243-245 
solar simulators, 376-387 

Honeycomb panels, 330-335 
Hot spots 
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cause of, definition, analysis of, 74-76 
cell heating, 76· 
current Iimiting by cells, 69 
damage to solar cells, 180 
design considera tions, 131 

Human engineering, 117 
Humidity. See also Corrosion 

effects on cell contacts, 425 
effects on materials, 420 
environmental, 420, 421 

Illumination 
eclipses, 108 
effects on cell output, 172 
in orbit, 106-109 
in umbra, penumbra, 85 
instabilitites in cells due to, 195 
profile, development of, 1197,414 
reduction in, by covers, off-pointing, 82 
seasonal variations in, 409, 415 
solar simulators, 383-481 
sun angle, space, 107 
sun angle, terrestrial, 122 
sunshine, space, 408-411 
sunshine, terrestrial, 412-416, 507 
time,local, 119-121 

Illustrative examples. See Examples 
Imp , Iop, Isc, defined, 167 
Impedance, 40, 60-63 
Imperfections. See Damage, Workmanship 
Index of refraction, 246-249 
Infrared 

emission in welding, 95, 373 
heating in soldering, 369 
microscope, 374 
of sunlight, affecting cell output, 414 
solar cell response, 183, 184 

In·situ testing, 397-402 
Insolation. See Illumination 
Inspection, 374-376, 404 
Instabilities 

power system, 47 
solar cells, 195 

Insulators. See Dielectrics 
Intensity. See Illumination 
Interconnectors 

definitions, 268 
deformation, 281 
design of, 269-274, 288 
electrical resistance, 275 
fatigue life, 292-296 
history, 271 
materials, 274 
soldering vs. welding, 273, 274 
stress, 276 
wraparound contact cells, for, 289 

Interfaces, 113-114 



544 INDEX 

Interplanetary 
environment, 435-443 
radiation, 443-458 
trajectory, 102 

Invar, 461, 475-477, 490, 493-497 
Ionization 

atoms and molecules, 49 
current flow by, 32,493 
damage due to, 446 

I sc, I op , defined, 167 
I-V curves 

array, analytical, 77-84 
calculation of cell and array, 82-84 
contemporary solar cells, graph, 169 
dark forward, 391 
definition of solar cell, 36 
degraded after radiation, 173, 196-200 
double break in, 179 
measurement of, 387-390 
of circuit elements, 48 
p-n junction; three types of, 389 
photovoltaic output, 167 
quadrants, presentation in, 168 
reverse, 180 
shifting of, 80 
variations with cell thickness, 186 

Johnson's solar spectrum, 409 
Joining, metals, 367-375 
Junction. See also Diode, I-V curves 

depth, 161, 165, 166 
p-n, n-p, defined, 50 

Junction shorting 
by low energy protons, 192, 193 
by reverse voltage, 179, 180 
in welding, 372 

Kapton 
arrary blankets, 337-339, 341, 345 
honeycomb facesheets, 334 
material data, 465, 493, 496-498 

Kepler's law, 103 
Kirchhoffs law 

in circuit analysis, 45 
in thermal analysis, 91 

Kovar, 461, 475-477, 490, 493-497 

Lamps, 383-401 
Layout, 129, 130,317-319 
Leakage 

dielectric, 492, 496 
diode, 299-302 
solar cell junction, 54 
test, 393 

Life time 
arrays in storage, 196,428 
instabilities in, 195 
minority carriers, 52 
of arrays, 15 

Light level. See Illumination 
Light sources, 383-401 
Lightning, 424 
Lithium, 157, 162 
Load, electrical 

analysis, 47 
constant power, 48 
profIle, development of, 117 
reactive, 41 
resistance, defmed, 167 
resistive, 36, 47 

Load sharing 
array and battery, 48 
resistive and constant power combined, 48 
reverse-biased solar cells, 76 

Loss. See Damage, Design factors, Radiation entries 
Loss function, 195 
Low energy protons. See Radiation entries 
Low intensity effects, 179 
Low temperature effects, 179, 190, 270 
Lubrication, 361,437 

Magnetic 
c1eanliness, moment cancellation, 146, 147 
field of earth, 439 
force, 40 
materials data, 39, 495-497 

Mass 
conductor, tradeoff, 131 
defmitions and units, 466 
equivalent thermal, 95 
of components, 468 
of electron, proton, 30 
specific, of arrays, 21, 527,528 
thermal, 95 

Maximum power point, 167 
Measurement 

array and cell output, 387-390 
balloon calibration, 379 
errors in, 403-405 
four-point contact, 389, 390 
history , 3 76 
of series resistance, 390 

Meteoroids, 437 
Micrometeoroids, 437 
Microsheet, 254 
Minority carriers, 52 
Mirror 

concentrator, 264-266, 322-330 
images ofmagnetic fields, 147-150 
thermal control, 252, 258 

Mismatch losses, 65,196 
Mission parameters, success, 80, 98, 101 
Models 

array, 64-74 
array power output, flow, 79 
diodes,74 
hot spot, reverse, 74-77 
solar cell, ac, 60-63 



solar cell, dc, 55 -6 0 
thermal, 89-98 
reliability, 10 1 

Module 
submodule, 66 
terrestrial, concentrator, 322-327 
terrestrial, flat plate, 314 -322 
windows, 261-263 

Modulus of elasticity, 468, 474, 475 
Molybdenum, 463,475-477,490,493-495 
Moment of inertia, 469 
Momentum, 50,102 

Neutrons, 192 
Nondestructive testing (NDT), 373-376 
Norton's theorem, 43 
Number of cells in parallel, series, 64-72, 123-129 

Occultation. See Eclipse 
Ohmic contacts, 187 
Ohm's law, 37 
Open-circuit 

failure. See Failure 
voltage, 167 

Operating points, 47 
Optimization 

cylindrical array output, 250 
design, 112 

Orbit 
arrays in, 441, 442 
characteristics, mechanics, 102-108 
eclipses, 441-445 
geosynchronous, environment, 444, 455 
of p1anets, 410, 434,435 
radiation in, 446-458 

Orientation 
arrays in space, 81, 82 
arrays on earth, 122 
defined for arrays, 4 
markings on cell cover, 257 
mechanisms, space, 359 
mechanisms, terrestrial, 321 

Outgassing, 477 
Output 

arrays, 16-21 
losses. See Damage, Design factors and Radiation 

entries 
parameters, definitions, 16 

Oversized covers, 142 
Oversizing of arrays, 20, 123, 124 
Ozone, 426 

Packing density, 126 
Palladium, 475, 476, 490, 493-495 
Panel, 3, 261-288, 312-346 
Parallel, cells in, 64-72, 123-129 
Parallel gap soldering, we1ding, 368-370 
Pee1 tests, 189-191, 281, 375 
Penumbra, 85 

Performance 
analysis, output, 77-84 
of space arrays, comparative, 21 
of space arrays, orbital data, 20-28 
of terrestrial installations, 18-20 

Photon 
definition, 49 
energy, conversion tab1e, 533 
in solar cells, 50 
solar cell instability, 195 

Physical constants, 522 
Planets, 410, 434, 435 
Plasma, 435, 446, 448, 457 
Plating, interconnectors, 275 
Pmp' Pop, defmed, 167 
Poisson's ratio, 469, 470, 476, 486 
Polarity. See Conventions 
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Potentia1. See Applications, Gravity, Voltage, etc. 
Power 

collection losses. See Design factors 
defmed, 16, 38 
dissipation, reverse bias, 76 
quality, 41,118 
requirements, 113 
sources, 35 

Power output. See also Array and Solar cell entries 
analysis,77-84 
arrays, modules, 64-67 
cell computer models, 56-60 
curve shifting, 80 
estimating of, 123 
input factors, 78-80 
maximum, optimum, of cell, 167 
of space array conflgurations, 127 
prediction, 77-84 
shadowed,68-74 
sizing of arrays, 123-130 
under reverse bias, 76 

Power system 
circuit analsyis of, 47, 48, 74 
defmed, types, 5, 6 
fault isolation, 298 
load sharing in, operating points, 47, 48 
power collection, wiring, 303-307 
sizing of, 117, 118 

Practices. See Conventions, Design considerations 
and practices 

Prediction 
of array output. See Performance 
of probability of success, 98-101 
of solar flares, 448-453 
of terrestrial sunshine, 119-122,412-415,507 
of uncertainties, 403-406 
of weId joint quality, 373 

Precipitation, 421 
Pressure 

atmospheric, 423 
management, quality related, 404 
radiation, solar, 49, 410 
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Probability . See Prediction 
Probe, four-point, 390 
Problems. See Examples 
Producibility, 117 
Propellant. See Contarnination 
Protons, 443, 447. See also Radiation entries 
Pull tests, 189-191, 281, 375 
Pulsed solar simulator. See Light sources 
Pyrheliometer, 377, 414 

Quality control, 113, 114, 117,404 
Quartz. See Fused silica 

Radiation, charged particles 
absorbed dose, 144 
hardness, resistance, cross-over fluence, 187, 

192-194 
testing, 396 

Radiation effects 
combined environments, 448 
damage annealing, 195 
electrons, protons, due to, 190 
ionization, 190 
low energy protons, 192, 193,201 
on cells, covers, materials, 446, 447 

Radiation environment, charged particles 
damage-equivalent I-MeV fluence, 137-140,192 
earth orbit, trapped, 137-145,446,453-457,534 
geomagnetic substorms, 457 
interstellar, interplanetary, 13 7, 448 
observed orbital fluence, 21-28, 201, 215 
solar flares, 448-454 

Radiation, ionizing, 190 
Radiation pressure, 49, 410 
Radiation shielding 

against low energy protons, 142 
by solar cell, 139-142 
design of, 136-145 
procedure, tabular, 140 
thickness conversion table, 141 

Radiation, thermal 
cooling, heating, in space, 94, 95 
emission, 91 
photons, 49 
radiometrie properties, 498 

Radiation, UV. See Ultraviolet radiation 
Radius of gyration, 469 
Reduction in area, 477 
Reflectance, 248, 395 
Refraction. See In4ex of refraction 
Reliability 

array, inherent, 15 
connectors, 308 
design considerations, 132 
failure modes and effects, rates, 98-100 
models, 101 

Required number of cells, 123-129 
Requirements, 113,270 
Resistance, electrical 

array dark forward. See Dark forward 

defined, bulk, sheet, 36, 37 
dielectric, 492-495 
interconnectors, 275 
metals, 491-495 
semiconductors, 50 
solar cell series. See Series resistance 
solar cell shunt, 56, 170 
temperature coefficient, 491 
wire tables, 305 

Resistivity 
defined,491 
effects of on cell output, 193, 194 
semiconductor, 50 

Reverse 
bias, 74 
characteristics of cells, 179, 180 
loading, mechanical, 472 

Risk. See Uncertainties 
Roll-up arrays, 313, 339 
Roughness. See Surface finish 
Rubber, 306,415,426. See also Adhesive 
Rules. See Conventions, Design considerations 

and practices 

Safety 
array voltage. See Safety Notice in front matter 
lightning, 424 
personnel related, 306 
toxicity of ozone, 426 

Sand. See Contamination 
Sapphire,252 
Scavenging of silver by solder, 368,464 
Schottky barrier, 163, 187 
Sculptured cells, 164 
Sealants. See Adhesive 
Seasonal variation of sunlight. See Illumination 
Sequence of I-V curve shifting, 80 
Series connection of solar cells, 64, 68 
Series resistance of solar cells 

caused by, 168 
defmed, 56, 57 
effects on output, 170, 389 
measurement of, 390 
temperature coefficient, 177 

Shadow 
diodes. See Diodes 
effects on hot spots, 74-77 
effects on output, 65-72 
factors,72 
patterns, 84-89 

Shear modulus, 471,477 
Shielding. See also Radiation shielding 

electrostatie, 145 
Shingles, 272 
Shock, mechanical, 428, 429 
Short-circuit 

current, defined, 167 
failure of cells, 98-100 
failure of wiring, 298 
testing of cells, 390 



Shunt resistance of cells, 56, 170 
Sigma limits, 405 
Silicon, properties, 474-476, 490-494 
Silicone. See Adhesive 
Silver,475-477,490, 493-495 
Sizing of arrays, 123-129 
Solar absorptance. See Absorptance 
Solar cell connections, 64-68. See also Interconnectors 
Solar cell parameters and characteristics 

active area, 186 
computer models, 56-60 
concentrator cells, 161, 179 
construction, 162, 163 
contacts. See Contacts, solar cells 
equation, 52,55 
gallium-arsenide. See Gallium-arsenide solar cells 
impedance, 60 
I-V curves. See I-V curves 
lithium, 162 
n-p, p-n, 162 
optical and thermal, 164 
output instabilities, 195 
series resistance. See Series resistance 
silicon, 161-166 
sizes, 185 
space cells, contemporary, I-V curves, 169 
space cells, table, 166 
temperature effects on output, 173-178 
terrestrial cells, 161, 167, 179 
theory, simplified, 50-55 
thickness, 185-187, 211 

Solar cell performance data 
at high temperature and intensity, 178 
at low temperature and intensity, 179 
concentrator cells, 179 
contemporary, silicon, 166, 169, 209-240 
flight experiments, 196-209 
gallium-arsenide, 214, 224,240 

Solar cell testing. See Test and testing entries 
Solar battery. See Battery 
Solar constant, 408-411 
Solar cyc1es, 451 
Solar energy. See Energy and illumination entries 
Solar flares, 448-454 
Solar in tensity. See Illumina tion 
Solar radiation pressure, 49, 410 
Solar simulator, 383-401 
Solar spectrum, 411, 412 
Solar system, 410, 434, 435 
Solder 

properties, 475,476,490,493-495 
solubility of silver in, 464 

Soldering, 367-369 
Soldering vs. welding, 273, 274 
Sources. See Generators 
Space. See Environment and testing entries 
Spacecraft 

charging, 149-151 
spinning, 13 
totals orbited, 11 

Specific heat, 96, 490 
Specific weight. See Density 
Spectral distribution 

lamps, 384, 387,399,400 
solar simulators, 385, 387 
sunlight, 111, 112 

Spectral response, 181-185,394 
Stability. See Instabilities 
Standard solar cells 

defined,379 
instabilities in, 195 
use of, 382 

Standard test conditions, 388 
Statistics 

distribution of parameters, 196, 405 
errors, 403 
sampie size, 405, 406 

Stefan-Boltzmann's law, 91 
Stiffness, 473 
Storage battery. See Battery 
Storage of arrays and cells, 196, 428 
Strain,468-474 
Strength, 468-474 
Stress, 276-294,468-474 
Stress-strain diagrams, 470-481 
String of solar cells, 66 
Structure. See Support structure 
Sublimation of metals, 436 
Submodule, 66 
Substorms, 149,457 
Substrates, 3, 261-288, 312-346 
Sun, parameters, 408 
Sunlight. See Illumination 
Superstrates, 258-263 
Support structure 

beams, booms, compared, 348-355 
for space arrays, 331-355 

INDEX 547 

frames for terrestrial modules, 317-330 
mast, deployable, 339 

Surface fmish 
interconnectors, 287 
solar cell active area, 164 
solar cell contacts, 188 

Surface leakage, electrical 
dielectric, 149,393,492 
solar cells, 170, 179 

Survival equation, 101 
Synchronous orbit 

eclipses, number of, 444 
radiation in, 455 
substorms, 457 

Table Mountain, 377 
Teflon,437,465,478,496-498 
Temperature. See also Thermal 

arrays, 89-98, 132-136, 214 
atmospheric,423 
control in cell testing, 388-393 
correction, 83, 382 
damage to solar cells, 178 
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Temperature (Continued) 
defmed,89 
eclipse exit, 95, 132,136 
effects on materials, 416-420 
effects on solar cells, 173 
equilibrium, 89 
estimate for space, 133,440 
increase with time, 214 
operating, 89-98, 132 
terrestrial environment, 416, 419 

Temperature coefficients 
electrical resistance, 491 
linear expansion, 478-493 
solar cell parameters, 173-178,211 

Temperature cycling. See also Eclipse 
atmospheric effects on, 297,402 
damage, 83, 178 
electricallosses, 403 
faHures, 269-274 
life, 274, 296, 297 
test methods, 402 

Terminals, electrical, 3 
Terrestrial 

arrays, modules, 31~-330 
solar cells. See Solar cell parameters 
sunshine, insolance. See Illumination 

Test circuit, 388 
Test conditions, standard, 388 
Test error, 403 
Test techniques to negate lead resistance, 389 
Testing 

cell, array output, 387-390 
dark forward, 391 
I-V curves, 389 
non-destructive (NDT), 373 
series resistance, 391 
solar cells, arrays, 387, 388 
solar cell, history of, 376 

Thekaekara, M. P., solar constant, spectrum, 409-412 
Thermal. See also Temperature and heat transfer 

entries 
control by fJIters, 250-252 
cycling testing, 402 
design, 132-136 
expansion, 478-490 
mass,95 
radiation, 91, 94 
vacuum testing, 402 

Thermocompression,371 
Thermomechanical stress, 276 
Thevenin's theorem, 43 
Thickness, solar cell, effects of, 185-187, 211 
Time, loeal terrestrial, 119-122 
Time-dependent degradation, 77-79, 438 
Titanium. See Contacts 
Transient response 

electrical, 44 -46 
thermal, 95, 136 

Transmittance 
cover data, 253-260 
defmed,91 
degradation. See Damage, design factors, and 

radiation effects entries 
electrical, 246, 251 

Trapped electrons, protons. See Radiation entries 
Tungsten lamps, 383 

Ultimate conversion efficiency, 171 
Ultimate strength, 470, 474-476, 484 
Ultrasonic joining, 371 
Ultraviolet (UV) radiation 

cell, array degradation, 209 
dose, 416 
effects of, 416 
filters, 250, 251 
of sun, 411-415 
testing, 397 

Umbra, 85 
Uncertainties 

due to sampie size, 405 
in design, 112 
in inspection, 404 
in output measurements, 382 
in output prediction, 404 
in solar constant, 409 
in standard cell calibration, 381 

Unit conversion factors, 527-533 

Vacuum 
effects of, 435 
thermal cycling testing, 398 

Van Allen belt. See Radiation environment 
Venting, 424 
Vibration, 49, 428-431 
Visual inspection, 375, 404 
Vmp , Voc, Vop, defined, 167 
Voltage breakdown. See Breakdown voltage 
Voltage-current. See I-V curve 
Voltage, defmed, sourees, 34, 35, 43 
Voltage dividers, 44 

Waveforms, electrical, 44-46 
Wavelength of light, 49, 183, 384-387,399,411,412 
Wearout. See Fatigue and life time entries 
Weight. See Mass 
Weight loss, 477 
Welding, 369-373 
Welding vs. soldering, 273, 274 
Wet sponge test, 393 
Wind,421 
Windows, 259-263. See also Covers 
Wire, 131,305-308 
Wiring 

array, 298-304 
back, antimagnetic, 150 
design optimization, 130 



in array analysis, 65 
in solar cell and array testing, 389 

Work hardening, 471 
Workmanship, 113-115, 375, 376. See also Damage 
Wraparound contacts, 188 

Xenon,379,383-387,399 
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Yellowing. See Damage, design factors, and radiation 
entries 

Yield strength, 470, 476,485,486 
Young's modulus, 468, 475, 482,483,486 

Zener diodes, 302 
Zero gravity, 434, 438 
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