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Preface

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-
mote 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 close, 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 help-
ful to those who are going to keep on working
for the benefit to all of use who consume energy.

Hans S. Rauschenbach



Purpose and Scope
of this Handbook

This handbook intends to diseminate as much
current and practical information relating to
photovoltaic energy conversion technology for
earth and space applications as practical. The
emphasis is on the presentation of many differ-
ent concepts and detailed techniques for several
reasons:

e To introduce non-technical persons to the
subject

e 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

o To inspire the creativity of advanced designers

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

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

This handbook is written on several levels,

ranging from the illustrative and introductory
to the detailed technical. Most of the text
should be understandable to advanced high
school students and senior technicians. Few
sections, if any, are expected to pose difficulties
for college graduates or practicing engineers.

The mathematical treatment has been held
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 references for locating 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,

vii
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PURPOSE AND SCOPE OF THIS HANDBOOK

design, composition, or any other feature of parers, editors, approvers, or publishers of this

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-

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; '

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;

. 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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Array Systems

ARRAY CONCEPTS
1-1. Arrays and Batteries

An array constitutes an orderly arrangement of
elements in rows and columns. A solar cell array
is an arrangement of solar cells, 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 arrays. The term battery means a group of
cells connected together to furnish electricity.
Therefore, the use of either term would be cor-
rect 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
array 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 cells, 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 follows:

Terrestrial arrays are designed to operate
within the earth’s atmosphere and withstand all

3
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weather related environmental influences. Space
arrays are designed to operate primarily outside
of the earth’s atmosphere and withstand the
space environment. Non-concentrator arrays,
sometimes also called flat plate arrays (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
arrays utilize some devices for increasing the
sunlight intensity on the solar cells. Increasing
the intensity, called solar or sunlight concentra-
tion, is done primarily 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 implies, 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 arrays 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 arrays, 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 frames, cantilevers,
or booms. Fixed arrays are rigidly held to a
spacecraft or to a terrestrial structure. The angle
between the solar cell surfaces and the sun varies
continually. Oriented arrays 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-
following, 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 approximate orientation, if any, may suf-
fice. One-axis oriented arrays 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 arrays
follow the sun by rotating about two different
axes. Perfect sun-tracking is possible. The two
axes may make any convenient angle with the
ground, spacecraft, or array, and need not be
orthagonal (perpendicular) to each other. High-
voltage 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 arrays, 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 generating 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
electricity 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-automatic power systems on
unmanned spacecraft are operated from the
ground by remote control via radio communica-
tion.
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1-6. 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 includes 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-
duce 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 of elements from different techno-

OPTICAL
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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)

o 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 reaction
to many new products, prevented their wide-
spread use. During 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 infancy. Several novelty items ap-
peared on the market during this time, includ-
ing “Solar Packs” to power transistor radios,
and small arrays built 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." 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.>
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).* 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. 1-3. Early Japanese installation. (Courtesy Sharp
Corp.)
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Fig. 1-4. 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 U.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 include 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 filled 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.®

The growing awareness of limited world fossil
fuel resources during the 1970’s led to the crea-
tion of the U.S. Department of Energy (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 operated seasonally
alternating irrigation pumps, grain drying fans,
and other equipment.” 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.® Designed for the U.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, a 150 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 produces nominally
56 volt output.

1-8. History of Space Arrays

The space age arrived on October 4, 1957, when
the U.S.S.R. launched into earth orbit Sputnik
1, a 23 inch aluminum sphere weighing 184 1b,
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 first solar cell
array that successfully operated in space was
launched on March 17, 1958, on board Van-
guard I, the second U.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
1 watt of power for more than 6 years.

Fig. 1-5. Installation at Nebraska, U.S.A. (Courtesy Massachusetts Institute of Technology, Lincoln Laboratory)
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Fig. 1-6. Solar powered mobile communications station, deployed and stowed. (Courtesy of the U.S. Army
Mobility Equipment Research and Development Command, Fort Belvoir, Virginia)

Tables 1-1 and 1-2 show the total number of
spacecraft successfully launched between 1957
and 1977.° 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 U.S. solar array
flown 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
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Table 1-1. U.S. Space Launches as of
December 31, 1977.°

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) injected into orbit. Included are Interna-
tional payloads if launched by U.S. booster and clas-
sified as U.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.TM 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 cm? pad-
dles, 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 a string 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 10%° 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 II, Mariner 4, Nimbus 1 (1964), and
Pegasus (1965) were among the first 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 smaller 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.-1, 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



Table 1-2. Spacecraft Orbited, Totals as of December 31, 1977.°

(Reprinted with permission of TRW)
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Earth Lunar Solar
Sponsor Orbit Missions Planetary Orbit Totals
Indonesia 2 - - - 2
Australia* 2 - - - 2
Canada* 8 - - - 8
E.S.A. (E.S.R.0.)* 10 - - - 10
France* 20 - - - 20
Germany* 4 - - 2 6
Intelsat* 21 - - - 21
Japan 12 - - - 12
N.AT.O.* 4 - - - 4
People’s Republic of China 7 - - - 7
UK.* 8 - - - 8
U.S.** 774 36 13 4 827
US.S.R.{ 1151 33 27 - 1211
Netherlands* 1 - - - 1
Spain* 1 - - - 1
Italy * 5 - - - 5
India _1 = = = _1
Totals 2031 69 40 6 2146

*Includes launches from the U.S. or by U.S. boosters, of satellites built by sponsors or built
jointly under cooperation agreements with the U.S.
**[.S. totals consist of exclusively U.S.-sponsored satellites, including unidentified satellites,
but not including Atlas-Centaur, Saturn, or Titan III non-functional payloads.
1U.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

tally.

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

Fig. 1-7. NASA’s Skylab.

n

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.!!
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Fig. 1-8. Early body-mounted arrays.

1-9. The Future of Solar Cell Arrays

All indications are that solar cell arrays will
have a bright future on earth as well as in space.
It can be expected that solar cells will not only
continue to be making contributions to provid-
ing much needed energy, but also that their
contributions will increase importantly in the
future in those areas in which solar cells offer
unique advantages over other methods of energy
generation. It should not be expected that solar
cells will replace most other forms of generating

electricity, nor should it be assumed that solar
cells, because of their relatively high cost at
the present time, will not find increasingly
widespread use. There are already many appli-
cations in remote locations in the U.S. and else-
where in the world where solar cell power, even
at its present high cost, is economically more
viable than a diesel-generator system or the con-
struction of a connecting line to a distant utility
power feeder. Many such remote sites are now
being provisioned with solar cell arrays and
associated energy storage and regulation equip-

Fig. 1-9. Paddle-wheel arrays.
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Fig. 1-11. Oriented arrays.
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Fig. 1-12. 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. 1-13. TDRSS spacecraft (man shown to scale). (Courtesy of TRW Inc.)

greater 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 source
of electric energy. Communication satellites are
already relaying data, messages, and news across
countries and continents, reaching parts of the
world that would otherwise be inaccessible.
Direct-broadcast satellites will beam radio and
television programs 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 any applications
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 well 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 properly 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:

o Television and radio receivers (mobile and
stationary)

ARRAY SYSTEMS 15

¢ Radio transmitters and transponders (mo-
bile and stationary)

o Weather and earthquake monitoring sta-
tions

o Irrigation and other pump motors

e Refrigerators and fans

e Electronic (galvanic) corrosion protection
of metal structures (bridges, towers, etc.)

o Electronic and optical beacons and warning
devices

e Rechargeable battery chargers for military
devices and recreational vehicles and boats

o Emergency, surveillance, and security sys-
tems

o Hydrolysis (electrolysis of water, separating
water into hydrogen and oxygen gas, and
others)

o Electrochemical 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 solar 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-electric propulsion. High-voltage electric
energy from a solar cell array is utilized by an
ion engine, or ion-drive, to ionize a substance
(i.e., 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
a part 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



16 1 / SOLAR CELL ARRAYS

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 eclipse 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 =10 watts) of solar
energy. Six troughs, comprised of flat reflector
walls and solar cell bankets at their bottoms,
contain 30.6 km? of ‘solar cells of the gallium
arsenide (GaAlAs/GaAs) type. The solar cells
operate at 125°C, owing to 2-to-1 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 45.5 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 6.1%. The solar cells, the
blankets, and the concentrators are estimated
to weigh 5.0, 2.6, and 1.1 million kg, respec-
tively, and have a design life of 30 years.!?

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)
available 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 defined 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 a power efficiency by

_ Power output from array

= X 100%.
= “Power input from sun 0%

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

ne = Energy 01'1tput 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 cell array is not a uniquely
defined quantity. Ambiguities arise from defin-
ing the array area. Some manufacturers or users
of solar cell 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/
m?), power per unit array mass or weight (watts/
kg), and power per unit array cost (watts/$).

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

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

IHlustrative Example No. 1-1

Problem: Calculate all previously discussed
power efficiencies for an array that is comprised
of ten modules of Type I as defined 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 A, =5.5X 0.60 =3.3 m?.
Assume that the solar cells actually operate at
65°C, and the solar intensity S is 1.0 kilowatts/
m? and illuminates the solar cells perpendicu-
larly. Assume 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 P, =S4, =1.0 X
3.3 =3.3 kilowatts. The energy falling onto the
ten modules isP,, =SA4,, =1.0 X 10 X 0.533 X
0.581 = 3.10 kilowatts. The energy falling onto
the solar cells, Py, is found by using the fraction
“Cell Area/Module Area” from Table 7-2: P, =
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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 P; = 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 1 as were used for
P above, are as follow:

At 25°C At65°C
0.22
Mg = m X 100% = 6.7% X 075 = 5.0%
0.22
m = e X 100% = 71% X 0.75 = 5.3%
310
0.22
N = ——= X 100% = 13.4% X 0.75 = 10.1%
1.64
.22
= % X 100% = 14.1% X 0.75 = 10.6%.

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

Illustrative Example No. 1-2

Problem: Assume 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 assume that solar cells are available at a
cost of $1.0/cm?, having in-orbit efficiencies of
10%, and weighing 0.1 g/cm?. Other solar cell
array materials cost $5000/m? and weigh 400
g/m?. The array structure and orientation drive
weighs 20 kg and costs $5000/kg. All assembly
and test costs amount to $10,000/m?. 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/m?. The solar cells con-
vert 10% of this power, or 0.10 X 1.35 =0.135
kilowatts/m? = 135 watts/m?. Since 1000 watts
of output are required, we need

1000 watts

————— =74 m? = 74,000 cm?
135 watts/m? m em- v
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of solar cell area. At a cost of $1/cm?, the total
cell cost is $74,000. At a cell weight of 0.1
g/em?, the total cell weight is 0.1 (g/cm?) X
74,000 (cm?) = 7400 g = 7.4 kg. The other ma-
terial cost is 5000 ($/m?) X 7.4 (m?) = $37,000,
and the weight is 400 (g/m?) X 7.4 (m?) = 2960
g = 3.0 kg. The cost of the structure and orien-
tation drive is 5000 ($/kg) X 20 (kg) = $100,000.
Assembly and test costs are 10,000 ($/m?) X
7.4 (m?) = $74,000.

The amount of energy produced in 10 years,
with 10% eclipse time (or 90% illumination
time) is
10 (years) X 365 (days/year) X 24 (hours/day)
X 0.90 (illumination time ratio) X 1000 (watts)

= 78,840,000 watt-hours
= 78,840 kilowatt-hours
= 78.84 megawatt-hours

The cost for this energy, ignoring launch and

development costs, is
285,000 ($)

78 840 (kilowatt-hours)

= $3.6/kilowatt-hour.

By comparison, U.S. domestic energy consump-
tion costs were about 3 to 6¢/kilowatt-hour
during the late 1970’s. Summarizing the above
data, we can prepare the following specification
sheet:

1-14. Terrestrial Flat-Plate Arrays

Operational photovoltaic power systems in the
field have shown performances that ranged from
exhilarating successes to dismal failures. Success
was typically achieved by over-designed systems
located in dry, desertlike areas, while failures
occured largely in marginally designed systems
that were subject to adverse environments.
Marginal designs include systems that have in-
sufficient output voltage at their actual operat-
ing temperature, insufficient corrosion protec-
tion, or both. In some cases, materials have
deteriorated from ultraviolet sunlight, in others
by corrosion due to the effects of humidity.
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
environments, at low and high geographic lati-
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.

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

Power output in sunlight 1000 watts
Orbital lifetime (90% sun time) 10 years
Array mass (weight) 304 kg

Solar cells 7.4kg

Other materials 3.0kg

Structure and orientation 20.0 kg
Array size 7.4 m?
Array cost $285,000

Solar cells $ 74,000

Other materials $ 37,000

Structure and orientation $100,000

Assembly and test $ 74,000
Power per unit mass: 1000/30.4 = 32.9 watts/kg
Power per unit area: 1000/7.4 = 1.35 watts/m?
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 =
Mass per unit area: 30.4/7.4 =

3.61 $/kilowatt-hour
4.11 kg/m?



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 following).

Some of the experience gained in the U.S.
since 1976 includes the performance of a total
of 16 photovoltaic systems that were installed
as part of the Department of Energy Photovol-
taic Program.’”® These systems were used to
power seven different load types. After a two
year period, the status (as of May 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 small 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 small, recreational
vehicle type of refrigerator, located in a remote

Table 1-3. Performance of 16 U.S.
Installations.!?

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 11 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 7 10

*Percentages not available.
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Indian village 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 of batteries. During
the winter months, two 20 watt, 12 volt dc
fluorescent lights were installed, requiring the
array size to be increased to 330 watts during
the warmer season. Extensive deep discharge
cycles had caused shorted cells in two of the
batteries, and all 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 cells.

Systems 3 and 4 are installed on U.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 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 installed on Interstate Highway
10 between Tucson and Phoenix, Arizona,
powering a changeable message sign. The elec-
trical loads consist of a continuously operating
transmitter/receiver, an occasionally operating
motor that drives the message display, flashing
strobe lights, and a bank of fluorescent lights
which illuminate the sign. Problems encountered
included a complete discharge of the electric
vehicle 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 cloudy weather.

Systems 6 through 11 power remote auto-
matic meteorological observation systems
(R.AM.0.S)) located at Long Island, New
York; Clines Corners, New Mexico; South
Point, Hawaii; Point Retreat (Admiralty Is-
land), Alaska; Halfway Rock, Maine; and Dry
Tortugas, Florida. All systems use their original
50 ampere-hour gelled 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
seven fractured cells, distributed over three
modules, apparently from hailstones, without
loss of power. 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.

Systems 12 through 15 are installed to power
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 a description of the modules discussed
above, see Section 7-3. For sizing calculations,
see Chapters 2 and 3.)

1-15. Terrestrial Concentrator Arrays

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.

1-16. Space Flat Plate Arrays

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. 1-14. Comparative space array end-of-life performance.

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

1-17. Spinning Space Arrays

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

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

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.

Table 1-4. Spinning Array Characteristics and Synchronous Orbit Performance.!* !°

Power Degradation in Orbit
Main Array Predicted Power After Number of Years
Launch Date  Solar Cell ————  Weight

Satellite Flight (monthsfyear) Size (mm) NS NP (kg) (watts) (years) 1 2 3 4
Intelsat I  (Early Bird) 10 x 20 60 92 0.85 0.79
Intelsat II F-3 10 X 20 60 180 0.82

F-4 20 x 20 60 102 0.81
Intelsat I F-2 20 x 20 67 160 180 0.89 0.88

F-3 090 0.89

F-4 090 0.86

F-6 0.91

F-7 0.89
Intelsat IV F-1 5/75 20x 20 64 660 729 400 7

F-2 1/71 0.94 090 0.88 0.87

F-3 12/71

F-4 1/72

F-5 6/72

F-6 8/73

F-7 11/74
Intelsat IV A 9/75 20 x 62 64 220 71.9 522 7
T.A.CS.A.T. 2/69 20X 20 71 840 83.6 750 3 096 094 0.925
Telesat F-1 11/72 20 x 20 72 270 33.1 217 7 0.94 0.925 091

F-2 4/73

F-3 5/75
Western Union F-1 4/74 20 x 20 72 270 23.1 217 7 0.94 0.925 0.91

F-2 10/74
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For Intelsat II, 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 cell covers for the arrays shown in
Table 1-4 were made from 0.30 mm 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-
ally 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 full confirmation
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 vl Vi
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 VI11.15:1® 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 mm 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
no 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/cm?
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 a period 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
approximately 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 may be concluded
(with considerable caution) that a solar flare
proton dose of 17.2X 107 protons/cm? 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 (1.D.S.C.S.).1"!% A study of the solar ar-
rays on 19 U.S. Air Force 1.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-
clusions: non-cell losses affecting I, ranged
from 6 to 12%, while cell losses were only
about 6% (projected to S years). The basic
Voo loss was about 2%, but an additional O
to 3% was observed and credited to low-energy
proton damage. The best equivalent fluence for
the 5 year projection was 1.2 X 10'* electrons
cm™? of 0.8 MeV energy.

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 LD.S.C.S. satellite shape was a sym-
metrical polyhedron consisting of two octahe-
dral truncated pyramids joined by an octagonal
cylindrical center section. The height of the
satellite body was 79 cm, and the diameter of
the circle 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
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Fig. 1-16. Pioneer array output characteristics.

Table 1-6. 1.D.S.C.S. Satellite Earth Orbits.

Orbital First Launch Second Launch  Third Launch
Parameter June 16, 1966 Jan. 18, 1967 July 1, 1967
Number of

satellites 7 8 4
Apogee

(km) 34458 33947 33758
Perigee (km) 33716 33634 33690
Eccentricity 0.0092 0.0039 0.00086
Inclination

(degrees) 0.042 0.41 6.998
Period

(minutes) 1350 1335 1332

1.8%, respectively. This spread was attributed
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 Iy, and 4.0%for V,,.
Figure 1-17 presents the best and worst case
cell short-circuit current degradation curves,
extrapolated to five years, for the first two
launches (15 satellites). All cell and non-cell
losses were included. Figure 1-18 presents
similar open-circuit: voltage curves and includes
a curve which corresponds to the calculated
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Fig. 1-17. IDSCS array short-circuit current degradation.

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

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

Fig. 1-18. IDSCS array open-circuit voltage degradation.
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Fig. 1-19. IDSCS array non-cell and short circuit current degradation.

and worst case estimations of non-cell (i.e., munication satellites that have been operating
coverslide) losses projected to five years is successfully in geosynchronous orbit, are shown
presented. in Table 1-4. The degradation data should be

viewed with regard to solar cycle-related solar
Spinning Arrays in Synchronous Orbit.2% 2222 proton events, as described in Section 9-46.
The characteristics of a number of cylindrical However, significant differences in degradation
arrays, body-mounted to spin-stabilized com- rates still exist and cannot be explained satis-

Table 1-7. Typical Solar Cell Array Degradation in Orbit.2°
(Reprinted with permission of the IEEE)

Time in Synchronous Time in 1000 km
Equatorial Orbit Circular Polar Orbit
Type of Degradation 1 year 7 years 1 year 7 years
1 MeV fluence (electrons- cm™2)* 4.3 x 10 3.0 x 10" 2x 10" 1.0x10"
Solar cell degradation (%) 3 15 8 20
Non-cell losses (%) 41010 41010 4t0 10 4t010
Total losses (%) 7to13 19 to 25 12t0 18 24 to 30

*Note: Calculated values for infinite back shielding thickness.
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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 II arrays degraded
at a slightly greater rate than was expected
from penetrating charged particle radiation
considerations. Low energy proton degradation
was presumed for Intelsat I and Intelsat II 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 and/or
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 MeV 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 10'? electrons/cm?/year.'* The large
solar flare proton event of August 4, 1972 was
estimated to be equivalent to a 1 MeV dose of
4.7 X 10'3 electrons/cm?. The effect of this
flare on the Intelsat IV 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
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Fig. 1-20. Normalized 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.'®

REFERENCES

1. International Rectifier Solar Cell and Photocell
Handbook, International Rectifier Corp., 1960.

2. Technical Information on Sharp Solar Battery
Power Supply System, Sharp Corporation, Osaka,
Japan.

3. Proceedings of the Photovoltaic Power and its
Applications in Space and on Earth International
Congress, “The Sun in the Service of Mankind,”
Paris, July 1973.

4. B. Dalibot (p. 565) in Proceedings of the Photo-
voltaic Power and its Applications in Space and
on Earth International Congress, *“The Sun in the
Service of Mankind,” Paris, July 1973.

5. N. S. Lidorenko and B. V. Tarnizhevski (p. 533)
and A. P. Landsman and N. V. Pulmanov (p. 545)
in Proceedings of the Photovoltaic Power and its
Applications in Space and on Earth International
Congress, “The Sun in the Service of Mankind,”
Paris, July 1973.

6. Proceedings of the ERDA Semiannual Solar
Photovoltaic Program Review Meetings, Silicon
Technology Programs Branch, San Diego, Cali-
fornia, Jan. 1977. Document No. CONF-770112.

7. M. D. Pope, “Solar Photovoltaic Field Tests and
Applications Project,” (p. 165) in Proceedings of
the Semiannual Review Meetings, Silicon Tech-
nology Programs, compiled by the Solar Energy
Research Institute, Golden, Colorado, March
1978.

8. D. D. Faehn, “Military Applications of Photo-
voltaic Systems,” (p. 617) in Proceedings of the
ERDA Semiannual Solar Photovoltaic Program
Review Meetings, Silicon Technology Programs
Branch, San Diego, California, Jan. 1977, Docu-
ment No. CONF-77012.

9. TRW Space Log 1977, TRW Systems Group,
TRW, Inc., 1978.

10. Conference Records of the 13th IEEE Photo-
voltaic Specialists Conference, Washington, D.C.,
June 1978.

11. Rauschenbach et al (p. 232) in Conference Rec-
ords of the 13th IEEE Photovoltaic Specialists
Conference, Washington, D.C., June 1978.

12. A. D. Tonelli and W. V. McRae, “Design and
Analysis of a 5000-MW GaAlAs Satellite Power
System,” (p. 1412) in Proceedings of the 12th
Intersociety Energy Confersion Engineering Con-
ference, Vol. 11, August 1977.

13. A. F. Ratajczak (p. 1272) in Conference Records
of the 13th IEEE Photovoltaic Specialists Con-
ference, Washington, D.C., June 1978.

14. L. G. Goldhammer and S. W. Gelb (p. 562) in



15.

16.

17.

18.

19.

20

Conference Records of the 13th IEEE Photo-
voltaic Specialists Conference, Washington, D.C.,
June 1978.

Based on data from TRW DSSG, TRW, Inc.

W. R. Baron, “The Solar Array for the Pioneer
Deep Space Probe,” TRW Systems, January 1967.
“Flight Data Analysis of Power Subsystem Deg-
radation at Near Synchronous Altitude,” Report
No. WDL-TR4223, Philco-Ford Corp., July 1970.
W. T. Picciano et al (p. 221) in Conference Rec-
ord of the 8th IEEE Photovoltaic Specialists
Conference, 1970.

Conference Record of the 8th IEEE Photovoltaic
Specialists Conference, 1970.

. D. J. Curtin and R. L. Statler, “Review of Radia-

21.

22.

23.

ARRAY SYSTEMS 29

tion Damage to Silicon Solar Cells,” in IEEE
Transaction on Aerospace and Electronic Sys-
tems, Vol. AES-11, No. 4, July 1975.

D. J. Curtin and J. F. Stockel, “Evaluation of the
Performance of Solar Arrays in INTELSAT Space-
craft at Synchronous Altitude,” (pp. 736-742) in
Proceedings of the Intersociety Energy Conver-
sion Engineering Conference, 1969.

W. H. Wright, “Design and Orbital Performance
of the INTELSAT III Power System,” in Pro-
ceedings of the 7th Intersociety Energy Conver-
sion Engineering Conference, 1972.

L. G. Goldhammer and S. W. Gelb (p. 1379) in
Eleventh Intersociety Energy Conversion Engineer-
ing Conference Proceedings, Vol. 11, 1976..



2

Array Analysis

ANALYTICAL CONCEPTS
2-1. The Roie 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 (i.e., 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 10727
kg, while an electron has a mass of only 9.11 X
1073 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-defined regions surround-
ing the nucleus; these regions are known as elec-
tron shells. Each shell can hold only a certain
maximum number of electrons. The number of
electrons in the various shells, and their relation-
ship to the number required to completely fill
the shells, 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
filled 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 electricity, 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 clothes. These phenomena are tech-
nically called charging by friction. During the
close 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 of the clouds, followed
by violent electric discharges from cloud to
cloud or from clouds 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 carriesis 1.6 X 107*° 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 nuclei with their
inner, filled 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, i.e., 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; i.e.,
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 / denote the length of a con-
ductor, w the width, and ¢ the thickness, as il-
lustrated in Fig. 2-1a. The conductance of this

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

G =owt/l

where the Greek letter o (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™” and “ohm™ -
meter ! ” or “Q7'” and “Q7! -m™,” respec-
tively. For a conductor having an arbitrarily
shaped cross-section denoted by A4, wt is re-
placed by A. For round conductors, as shown
in Fig. 2-1b, the cross-sectional area is 4 =
r’*m = d*n[4, so that the conductance becomes

G = od*n/4l.

2-5. Insulators

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/mil
(1 mil = 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 (H,0), 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 102°
electrons/second past a given point on a con-
ductor. For comparison, water flow can be
measured in units of cm®/second. A water flow
of 1 cm?®[second corresponds to the passage of
0.334 X 10%° 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 split
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 (i.e.,
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 (i.e., 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 (i.e., 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 (i.e., 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 setsup 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, labeled Pand
carrying a positive charge ¢, 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 (i.e., -¢). The force acting
on any charged particle in an electric field is
given by

F=qF
or, in vector notation,
F =qE.

The charge g is measured in coulombs, the elec-
tric field E in volts/m or newtons/coulomb, and
the force F in newtons.
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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 assume 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 assume 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/m
=10° volts/m.

The force on the electron, having a charge of
-1.6 X 107" coulombs, is

F=gE=-16X107" X 10°
=-1.6 X 107** 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 (m/s?) under the influence of a
force of F newtons according to Newton’s law:

F=ma.

Rearranging terms,

=1.8 X 10 m/s?.
After having traveled the distance d =1 mm =
1 X 1073 m, its velocity v is

v=v2ad =v2X 1.8X 1072 =59X 10° m/s.
The time ¢ is

v _59X10°

P W =3.3 X 107 seconds

t=

= 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 V,;. In this notation, it is under-
stood that the positive voltmeter probe is con-
nected to point @ (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 voltage terminal.

Voltage can be generated by a number of dif-
ferent processes: chemically, electromagnet-
ically, and quantum mechanically. Chemical
voltage generators include 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 include 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 finally,
their utilization. One of the key features of an
electrical circuit is that is must be a closed 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 ¢,
are identical, namely +3 volts. Similarly, the
voltages at points ¢, d, e, and f, 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 Vy 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
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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 closed, points «, b, f, and e are at
the same voltage relative to points ¢ and d.
Hence, the voltage across the light bulb is V =
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 infinite

voltage, power, and energy, all at a constant
current value.

To more closely represent physical sources,
voltage sources are always used in connection
with a series 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 sources. Sources (a) and (b) are
equivalent sources if Zg = Z and Vy = ZI,.
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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
(filament), but the electrons are emitted 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-layer 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 (i.e., the positive voltage is connected to
the n-ayer).

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-

© O

id*

Fig. 2-6. Forward-biased p-n junction device.
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(a) 1-V CURVE IN FOURTH
QUADRANT
(NOT RECOMMENDED)

(b) 1-V CURVE IN FIRST
QUADRANT
(RECOMMENDED)

Fig. 2-7. Solar cell I-V curve presentations.

put; i.e., 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 I-V (current-voltage)
characteristics are typically shown in the first
quadrant of the voltage-current (abscissa-ordi-
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 I-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-
ily; i.e., 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 / denote the
length of a conductor, w its width, and ¢ its
thickness, as illustrated in Fig. 2-1a. The resis-
tance of this piece of conductor, denoted by



the letter R, is given by
R = pljwt

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 §2 and
€ - m, respectively. For a wire having a arbitrar-
ily shaped cross-section denoted A, wt is replaced
by A. For round wires, as illustrated in Fig.
2-1b, the cross-sectional area is given by

A=r’n=d*n/4
and the foregoing equation becomes
R = 4pl/d*x.

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 Section 2-22.)

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

R=1/G and G=1/R
p=1/c and o=1/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 # can-
not be readily ascertained, the concept of sheet
resistivity, denoted by py, is useful. For illustra-
tion, consider the conductive film in Fig. 2-8.
The sheet resistance is given by

Ry = psL/w
and the sheet resistivity by
ps = WR/L.
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CONTACTS

W\/ \/
Fig. 2-8. Sheet resistance of a thin conductor.

The sheet resistivity p;, measured in units of
ohms or “ohms/square,” is related to the bulk
resistivity p through the film thickness ¢:

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 small sample
was painted at the same time that the actual
solar cell panel was painted. The small sample
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 sample,
ps =wR/[l=5X 1000/10 = 500 ohms/square.

For the actual panel, we note that w and [ are
now interchanged, and that w and ! must be in
the same units:

R =pglfw=1500 X 1.0/2.0 =250 ohms,
We expect to read 250 ohms.

2-13. Ohm’s Law

The current 7 in a circuit is related to the volt-
age V that drives the circuit and its resistance R
by Ohm’s law:

I=V/R.
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Conversely, if the current and the resistance are
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.

Ilustrative Example No. 2-3

A solar cell array producing an output of 120
volts and 10 A produces a power of 120 X 10 =
1200 W. This is approximately the same amount
of power a steam iron consumes. One horse-
power is equivalent to exactly 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=I"R=V?R.

For example, I’R=10% X 12=1200 W and
V2R =120%/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-hours (kWh), joules (J), or British
Thermal Units (BTU). One kWh equals 1000
Wh or 3.6 X 10° J or 3412 BTU.

Illustrative Example No. 2-4

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 10° =35 X 10°
J or 9.6 X 3412 = 32,800 BTU. A typical, mod-
est home air conditioner swailows 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=KeAld

where K is the dielectric constant of the insulator
between the two plates, the permittivity (a con-
stant) is € =8.85X 1072 coulomb?/newton -
m?, A is the area of either plate in m?, 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 d¥/dt (in units of volts per seconds)
occurs when charges flow into the capacitor
at a rate of i A(A =amps); i.e., i coulombs/
second:

i=C—.
dt
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=CV?[2=qV/[2=q¢%*2C

where the units of W are joules (watt - seconds),
those of V are V (volts), g 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 =1X 107" 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 voltage
and determine if there is a problem.

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

dv._ i 100

10° =10 '
dad C 1077 0 0,000 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 well as from current-carrying conduc-
tors, exerting forces on magnetic materials and
on moving electric charges. Let a charge q (cou-
lombs) move with velocity v (m/second) in a
magnetic field having a flux density (field
strength) B (weber/m?). The force on the
charge (in newtons) is:

F =quB sin ¢.

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

F=qvXB.

Parallel conductors through which currents
flow attract or repel each other, depending upon
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Fig. 2-9. Attraction force between two parallel cur-
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 / (in meters) is given by

F1=2%X 107" I,1,/d

where the currents I; and I, 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 nuclei. 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

Problem: To minimize magnetic moments, the
positive and negative flat conductor bus bars on
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a space 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 I; and I, are equal in
magnitude, so that I; =1, =100 A. The dis-
tance between the 10 cm (0.1 m) wide strips is
0.05mm (5 X 1075 m). Substituting these values
into the above equation, the force per unit
length is

F/1=2X 107" X 100%/5 X 1075
= 40 newtons/m.

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

_ 40 newtons/m

= 400 newtons/m?
0.1m

=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 L and 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 F
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 I (in A) flowing through it by

w=LI*2.

— YT
IF i 1S DECREASING

+ E - IF i IS INCREASING

Fig. 2-10. 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 de-
sign. (The effects of inductors connected in
parallel and in series are discussed in Section
222)

2-19. AC and DC Current

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 times 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 of impedance expands
that of resistance, and includes the effects of
capacitors and inductors on the current in a
circuit in the analysis. The units of impedance,
denoted Z, are also ohms, but there is a “real”
and an “imaginary” part. The imaginary part is
identified by j. The real part is identical to the



resistance value, while the imaginary part is
called 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

(ohm)
(ohm™),

Z=R+jX
Y=G+jB

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 of phase.

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

o= and cosg= X
an ¢ R and cos ¢ \Z]
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 |Z| indicates the magnitude of Z, given by

1ZI= VR + X*

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=1V cos ¢ =IVR/\Z|.

The term “cos ¢” is also known as the power
factor, abbreviated “p.f.” For a purely resistive
circuit, p.f.=cos 0° = 1. For a purely reactive
circuit, p.f. = cos 90° = 0.

The reactance X depends upon the frequency

f and the type of circuit. For an inductive
circuit,

X =2nfL.
For a capacitive circuit,

1
X, =-——.
¢ 2afc
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For a circuit having both inductance and capac-
itance,

1
X=X, +X¢=2afL - ——.
L +X¢ =2nf. 2afC

The output impedance of an electric 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 public utility. A
dc-to-ac converter is available that changes the
array power dc output into 120 V, 60 hertz ac,
with 90% efficiency independent of load phase
angle. While running, the motor has a dc resis-
tance of 300 ohms and an inductance of 0.3
henry. How much power output must the array
provide?
Solution: The reactance of the motor is
X=X =2nfL=2X7nX60X0.3=113ohms.
The motor impedance is
Z =300 +;113 ohms.
The magnitude of the impedance is
1Z] = VR® + X* = /300 + 113% = 320 ohms.
The motor current is
I=V/[IZ|=120/320=0.375 A.
The power drawn by the motor is
Py =I’R =0.3752 X 300 =422 W.
The power could also be calculated using the
phase angle:
Py, =IVR/|Z| =0.375 X 120 X 300/320
=422 W.

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

Py =Py[0.90=422/090 =469 W.

CIRCUIT ANALYSIS
2-21. Circuit Modeling

Circuit analysis is concerned with the macro-
scopic behavior of electrical circuits and devices
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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 a selection of, or combi-
nation of], the two active elements (sources) and
the three passive elements shown in Table 2-1.
All conductors are ideal (i.e., without resistance
or impedance). The five circuit elements in Table
2-1 are abstractions which have no physical
meaning in terms of their /-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 defines 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 sources cannot be
directly 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.

R, R
—W— -
R=R +R,
Ry
WV R_Ri-RZ P
— — KK, R°R, 'R,
¢, ¢
1 -2 C_ci.cz P
” " Cif'C2 C C1 CZ
<
S
/M\.
4 . L, . \
—_—LYYNE_IYY Y =
L.L1+LZ+ 2M
. ‘/F\
P, o o g, o o TN L=L, +L,-2M *
1 2
L
2
U L, L,-M
L--+2 *
L1+L2-2M
L ()
n2
9, L‘
L, L -M2
L= 172 *
L1+L2+ZM
V=V1+V2
Iy
_T }_ I=I1+IZ
12

1“Equations apply also for M = 0.

by a voltage source V in series with a resistance
R. The voltage V is the open-circuit voltage of
the network (i.e., no external elements are con-
nected to the terminal pair a-b.). The resistance
R is measured across the terminal pair ¢-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 ¢-b and is comprised
of active and passive elements can be replaced
by a current source ] in parallel with a resistance
R. The current is the short-circuit current of
the network. The resistance R is measured across



44

Table 2-3. Voltage and Current Dividers.
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the terminal pair ¢-b with all internal voltage

V= I(Ri*RZ+R3)

v‘ =I'R, = V'R1/(R1+R2+R3)

v

Z=I'R

2

\f3 =1 R3 =V. RJI(R1+RZ+R3)

=V. Rzl(Riﬁ' RZ+ R;’

sources shorted and all current sources opened.

Equivalent Sources. Any voltage source Vj in
series with a resistance Ro is equivalent to a
current source I, in parallel with a resistance
R1 lle =Ro and Vo =R111.

53 :
’]" Vig AR PRy = VIR*R)/(R*R,4R3) | NOTE: A voltage source must always be con-
=== nected to a series element and a current source
1= V(i:‘* RL+ RL) to a parallel element if infinite currents and
I, : i 31 ) voltages are to be prevented. It should also be
¥ e 1% lxa L= I(R—i)l(gz YR R_s) noted that solar c‘ell circuits are non-hnear.and,
v iia AR (AN (L, 4,4 therefore, more difficult to analyze than linear .
tho 2k 2R, - I\R‘;)/ ('R—i 'Rt E) circuits. For this reason, the above three theo-
- N1 11 rems must be applied with great caution.
SRR AR A
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Fig. 2-11. Response of simplified array and DC-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-
ple, consider the circuit of Fig. 2-11a. The array
current generator /4 provides all load current.
The voltage source ¥; in series with R; and an
ideal diode Dy 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 Ry, Lys and Cyy, respectively. The
voltage source ¥V, represents the back-EMF of
the motor. ¥y is zero when the dc motor arma-
ture does not turn, and increases with increasing
armature speed of rotation. At a given rotating
speed, Vys decreases when the work done by
the motor (i.e., 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 source circuit’s open-
circuit voltage, V,., develops. Consequently,
the current i is zero. Now let the switch be
closed at time z,. 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 ¥V}, and Iy, respectively. A simi-
lar transient response will be elicited when an
additional electrical load 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 calculated
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:

Kirchhoff’s 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 closed 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; i.e., 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) artificial loop currents i, and i, . We now
apply Kirchhoff’s voltage law and write the
loop equations:

-Vo +iyR; +i,R, =0
‘isz + i3R3 + i4R4 =0.
We can reduce the number of unknowns from

three to two, by noting that 7, =i; and i; =
is =ip,and make the equations solvable:

_Vo +iaR1 +(ia - ib)RZ =0

"(ia - ib)Rg +ibR3 +ibR4 =0.
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BRANCH 2

Fig. 2-13. A loop with two branches and three nodes.

Example of Analysis by Node Equations

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

~i; ti, +i3 =0
~i3 ti4 =0
+il —i2 "i4 =0.

We also note that V; = Vo - Vo, and V3 =V, -
V4, so that

_Kl_+_V_2+ Kg =0
Rl R2 R3
_Ké +K‘}. =0.
R3 R,

This pair of equations can be written as
(Vo - V2)G1 + V3Gy + (V2 - V4)G3 =0
-(V2 - Va)G3 + V4G4 =0,

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

If the foregoing circuit had contained capaci-
tances and/or inductances, the analysis would

Fig. 2-14. Two-loop circuit with current directions
and voltage polarities arbitrarily assigned.
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have been similar, except that the I-¥ relation-
ship of Table 2-1 would have been used. For
convenience, the operational forms p = d/dt
and 1/p = [¢ dt are frequently used.

2-25. Operating Points

Operating points, also known as quiescent
points, are formed by the intersections of the I-V’
(current-voltage) characteristics of two or more
elements connected in series or parailel. 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 defined by the intersection of the
load line and the cell’s I-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, Q; and @, in Fig. 2-15. The
combination of loads is obtained by summing
the load’s current at constant voltages, as il-
lustrated 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 ¥ 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

0

v

Fig. 2-15. Two possible operating points, Q1 and Q5.
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i viewpoint. For convenience, let us (arbitrarily)
define “positive” current as coming out of the
positive battery terminal. Since by Kirchhoff’s
law, I; =1, +1Ig, 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),
QE the available array current, I, is greater than

\ / Loao the load current, I; , and the magnitude of the

/<(comum POWER LOAD battery charging currents is |Ig|=14 - I. In

/ ~— the case of the battery being discharged (right

T graph of Fig. 2-18), the available array current,

v 14, is less than the required load current, I,

requiring a current from the battery of magni-
tude IIB‘ =IL - IA-

COMBINED LOAD
CHARACTERISTIC

Fig. 2-16. Combining load characteristics.

tia by by SEMICONDUCTORS AND SOLAR
CELL MODELS
\
ARRAY BATTERY Lore 2-26. Quantum Mechanics
l ! l Solar cells operate on quantum mechanical
Fig. 2-17. Simple power system. principles. Quantum mechanics is a field of
BATTRY CHARGING, T, <1, BATTRRY DISCHARGING, 1, > T,
OFERATING — OPERATING
ARRAY [~ VOLTAGE LOAD ~—VOLTAGE
LOAD—"
BATTRRY

ARRAY
BATTRY— 1, Ilt
I

A

| Ry N |
\

Fig. 2-18. Solar cell array, storage battery, and load connected in paralle]l (condition =J = 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
(i.e., 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

£
f

where ¢ is the speed of light (¢ = 300,000,000
m/second =3 X 102 m/second) and f is the
frequency of the radiation in units of hertz,
meaning cycles/second. One cycle 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 107° m) and frequencies of around
600,000 gigahertz (6 X 107 hertz). Other forms
of radiant energy include 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 £ and the magnetic field H, the spatial re-
lationship between E and H, and the frequency
(i.e., the wavelength) of the alternating fields
(both F 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:

A=

S=EH.
In vector notation, this equation is written as
S=EXH.

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, or the wave, travels. In
vacuum, the waves propagate with the speed of
light, c. In penetrable substances, the speed of
propagation, s, is reduced by the ratio of the
index of refraction, n (see Section 5-1):

s=c/n.
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The time-average energy transported by the
wave is given by the average Poynting vector:

S,, = 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 amount of
energy that can be emitted from any source
in the form of electromagnetic radiation.
The amount of energy F in a photon is related
to the wavelength A of the radiation, and there-
fore also to the frequency f, by

E=hf=7\_

where % is Planck’s constant (k = 6.63 X 1073*
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 before 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 well as in
classical 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 atomic vibrations
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 may also ionize materials (destroy
organic molecules), cause electrons to leave
metal surfaces (electron emission), and, in semi-
conductors, create “carriers” that participate in
the solar cell’s energy conversion process dis-
cussed later in this chapter.
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Another property of electromagnetic, as well
as corpuscular, radiation is momentum, denoted
by the Greek letter 4 (mu) and given by

u=my

where m is the mass of the particle (corpuscule)
and v is its velocity. 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 a perfect absorption process,
the entire momentum u is imparted to the ab-
sorber, according to the principle of conserva-
tion of momentum. In a perfect reflection pro-
cess, the incident mass is recoiled at the same
velocity as it came in, so that the total change
in momentum of the particle is 2u. This same
quantity of 2u is imparted to the reflector. The
force on a surface arising from the exchange of
momentum is also known as radiation pressure
(see Section 9-5).

2-27. Semiconductor Materials

Semiconductors are a class of crystalline mate-
rials that are neither conductors nor insulators.
At room temperature, their resistivity lies in the
range between approximately 107> and 10°
ohm - cm, which is between that of metals (less
than 10™* ohm - cm) and insulators (greater
than 10° ohm - cm). Practical values of semi-
conductor resistivities for solar cell applications
range from 1073 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 crystal lattice.

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. This 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 cell. 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 ¢ and hole ¢/, created by a
previous photon, are drifting toward cell contacts. Electrons d, e, f and 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 ¢ 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 themselves into the sili-
con lattice, and, because of their higher concen-
tration, overdoped the already present p-type
impurity. The changeover from p-type ton-type
material occurs in the less than 1 um thick
transition region or transition zone. The pn
junction, an idealized electrical concept which
does not directly represent the physical change
from p-type to n-type material, actually is lo-
cated somewhere in the volume enclosing the
transition region.

Application of metallic contacts to the semi-
conductor layers completes the fabrication of
the solar cell. 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, for 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 external load (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 4 and B, have
just knocked electrons from their respective
semiconductor atoms. Photon 4 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 elecirons are attracted
into the n-ayer and the hoies into the p-layer.
Hence, the solar cell layer 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-layer, 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
especially 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 the
derivation of a solar cell mathematical model
and the associated 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 0°K, thermal
agitation of the atomic lattice structure gener-
ates mobile (i.e., “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, py, is much greater than the
concentration in the n-material, p,, and the
concentration of free electrons in the n-material,
n,, 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
pn 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
pregion. The “diffusion currents” (actually
current densities) J, and J,, for holes and elec-
trons, respectively, are of the magnitude

dn

- dp -
Jp = —erd-; and J, =eD, dx

where e is the electronic charge, and Dy, and D,
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 well 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, 7, and diffusion length,
L, are related by

Ly =~Dy1p and Ly =+/Dy7y

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

In solar cells, the important process is to “in-
ject” minority carriers by utilizing the energy
of incident photons (sunlight) to “create” elec-
tron-hole pairs” and to “collect” the minority
carriers. The number of incident photons per
unit area and time (i.e., 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
associated with the acceptor atoms in the p-
material. Conversely, the holes coming from
the p-material recombine with electrons in the
n-material. Asa 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.



54 1 / SOLAR CELL ARRAYS

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 =neuyVo and J, = peuyVy

where u 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

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

The dynamic equilibrium of diffusion and
drift of holes and electrons at any time, ¢, 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):

9P _ _Pn-
ot Tp

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 ¢ (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, ppo, (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, i.e., py(x) = 0 as x >, For the
other boundary condition, it can be shown that
the hole concentration p,(0) at the junction
(i.e., at x =0) depends upon the thermal equi-

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

ev

0 =
Pn(0) = pno €xp T

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:

eV
J=Jglexp —-1
0 < Y kT )
where the saturation current density is given by

- erPno +

eDynp,
Ly

Ly

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

= Dy Dn) i (_—_e_l_’g)
Jo(T) —er<Nde + NaLn) T® exp T
where N, and Ny are the acceptor and donor
concentration, respectively, and Vg and 4, are
material constants.

For the case of an illuminated p-n junction
(ie., 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 (i.e., 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, /;, (or current den-
sity, J; ), which is available for flowing in an
external electric circuit. The complete cell
equation is then as follows (per unit area):

).

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 Jj,
equal to the “injection level” (i.e., light inten-

Jo

vV
J=J1 - Jo (epo—T— -
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Fig. 2-21. Ideal solar cell model.

sity), while the cell I-¥ (or J-¥) curve shape is
defined by 1) the value of J;, and 2) the current
Jp 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
pPa(0) (ie., pp(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 becomes 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 cur-
rents equals the total current density, J (Fig.
2-20h).

As the holes approach the junction (J,, 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, 7, aid in reducing recombina-
tion losses. On the other hand, charged-particle
irradiation produces 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 (ceil
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 cells thinner than ap-
proximately 350 um and explains the reduction
in short-circuit current output when cell thick-
ness is reduced.

2-31. Solar Cell DC Model

The basic solar cell equation derived from solid-
state physics theory (shown in Section 2-30)
does not represent the actual solar cell I-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—4, Rg, and Rgy—
in the solar cell equation (illustrated in Fig.
2-22) as given below.

e(V+IRs)]_ 1} e

AKT Ry
@21

I1=1; -1y {exp[

The symbols are defined as follows:

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

LIGHT
INPUT
S (A)
' P-LAYER R 1,
— MWA——0
\ I + - +
I° 3
L Vo $RsH v
v ;
N-LAYER

0

Fig. 2-22. Equivalent circuit (top) and -V curve (bot-
tom) of solar cell.
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Rg = cell’s series resistance
Ry = shunt resistance
I = cell’s output current
I, =light generated current
I, = 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 the reasons 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 +IRg)” in the above Eq. 2-1 is
sometimes shown as “(V - IRg).” This term
represents the diode voltage Vp, inside the solar
cell. 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 defined (arbitrarily) as in Fig. 2-22,
then ¥ = (V +IRg). On the other hand, if the
positive current flow would be defined opposite
to that shown in Fig. 2-22, the sign would re-
verse so that Vp =(V - IRg) would become the
correct form (see also Section 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).! Earlier p-on-n cells, as
well 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.?

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

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 Iy, 4, and Rg are very diffi-
cult to measure over all ranges of interest.

2-33. Analytical Models for Computer Work

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

Model 1. The solar cell model given in Eq. 21
is rewritten as follows:®

I=1Iy - Io{exp [ko(V +RgI)] - 1} - V|Rgy
22)
where

I = current through the load
I; = photovoltaic current across the junc-
tion
Ry = series resistance
Rgy = shunt resistance
ko = e/AKkT = coefficient of the exponential
k = Boltzmann’s constant
T = absolute temperature, °K
e = electronic charge, 1.6 X 107*° cou-
lombs
A =a curve fitting constant
Iy =reverse saturation current of the ideal
diode characteristic.

Next, Eq. 2-2 is solved for V:
V=Rsy(y - I-Io{exp [ko(V +RgD)] - 1})
(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 of the Pergamon Press)!

Now the following parameters are defined,

. v I I, . I
Voo — Ie ° Ie T I
RSHIsc Rslsc

r, = r, = a =k,

P Voo Ve ooe

and substituted into Eq. 2-3, with V., I, and
Ry as defined in Section 2-31. This gives the
set of equations below.

v=rp(iy - i-io{exp [a(v+r)] - 1})

v
i=ip - - io {exp [a(v +r,i)] - 1}.
P
Since i=0 when v=1, and v=0 when i=1,
the following two equations result:
1 =rp [i.L +i0 - io exp (a)]

1=i; +ip - ip exp (ary).

Hence, only three parameters need be indepen-
dently chosen. For reasens of convenience, r,
rp, and o were chosen as independent, with iy,
and i, determined by

. rp-1 1
‘o rp  Lexp (o) - exp (ary)

ir, =1 +i, [exp (ary) - 1].

Consequently, only three points on the normal-
ized I'V characteristic curve are sufficient to
determine the three parameters, 7, 7p, and .
From these three parameters and measured
values of Iy, and V., 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 V/Rgy term
is neglected and Eq. 2-1 is redefined through
a change in variables.® Let K,V,.=AkT/e,
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K, I, =1y, and I, =I,. Then Now, under open-circuit conditions when /=0
and V' =V,,, Eq. 2-4 can be solved for K, :
V+IR oc»
I=1I - IK, [exp (_Y(_V_S> - 1] -9 1 -1
1% oc K= [m (k— + 1)] (29)
2

With reference to Fig. 2-22 and Eq. 2-4, an ex-
pression for cell output power P can be written. By substituting Eq. 2-9 into Eq. 2-8, noting
V+IRS) ]} that exp (4 In B) = B4, we get Eq. 2-10.

K1Voc 1 [(Vmp +ImpR$)/Vocl
0=K,+1-K, ;(—+1
2

P=1IV=VI, {1 -K, [exp (

(2-5)
1
VinpK2 In <— + l)
K,
- (2-10)
1 [(‘Vmp 'ImpRS)/Voc] 1
Voa(z +1 +RgK, I In (1?: +1
At the cell maximum power point, V'=V,,,, However, by substituting Eq. 2-9 into Eq. 2-4,
I=1,,,and dP/dV = 0. Also we find Eqgs. 2-11 and 2-12.
dP Voo +1,,R 1+K; - (Lupllse)
— =1, {1 - K, |exp _M_P_S.)_l v In[ mplisc Ly
dv KV, oc , K, mp
In [(1/K;)+1
- K, L.V ex <&"”_+I'ﬂ>] Rs = i ;) !
T K " @11)
L (i+r ﬂ) (2-6) I |
KiVoc SdV . ]n(—l—+l— mp)
Vmp +ImpRS _ Kz K2Isc (2 12)
But from Eq. 2-4, we find Eq. 2-7. v = 1 i
o€ In{ —+ 1)
Kzl_w (V+IRs> (Kz
-2 oyp (——5
dar_ _ KiVoc K1Voc (2-7) Substituting Eq. 2-12 into Eq. 2-10 results in an
av 1+ RK, I, ex <V+1Rs) equation for K, as a function of Iy, I,p, and
KiVoc K1Voc Voc:
, Vmp> < 1 >
In| — +1
_ Imp ( Voc K2

(2-13)

0= -
Isc [ 1 ]_AC_[K'Z‘_E ln(_l_.+1>_1n(i+1__'_”_l’_>]
1 +K2 - (Imp/Isc) Imp Voc K2 K2 KZIsc

Evaluating Eq. 2-7 at the maximum power point, Equation 2-13 cannot be solved in closed form
substituting the result into Eq. 2-6, and divid- for K, but a numerical solution can be obtained
ing by I, we get Eq. 2-8. in a conventional manner. Equation 2-13 has
more than one root and care must be taken to

Vmp +1szRS> _ VinpK2  select the proper K, value, which usually cor-
K1\Voe K, responds to the smallest absolute value of Rg.
Equations 29 and 2-11 define Rg and K, as

0=K,+1-K, exp(

1 (2-8) functions of K,. The final model is formed by
V.. exp Vmp ~ImpRs + RsKalg substituting the numerical values of K,, K,,
o¢ KiVoe K, and Rg from Egs. 29, 2-11, and 2-13, respec-



tively, into Eq. 2-4, which defines the cell -V
curve. The required inputs to fully define the
model are the four common cell parameters, [,
Imps Vimp, and V. 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 cell. An avalanche breakdown occurs for
reverse bias potentials. This region of the solar
cell I-V characteristic is not controlled by the
cell manufacturers,and, typically, a considerable
variation will be found in the breakdown volt-
age. Equation 2-14 is a general model for both
operating regions. For a tpyical cell, ¥}, =30 V
and B=15.

I=I {1 K [e (V”RS) 1]
se 2 K1Voe

-V
+K, exp <BK1V b)l (2-14)
oc

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 10'° 1 MeV electrons/cm? is
better than 2%.

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

I=1I,(1- Ci{exp [V/(CiVoc)] - 1}

(2-15)
where
C1 = [1 - Umplls)) {exp [-Vinp/(CoVoc)] }
(2-16)
and
C2 = [((Vinp/Voe) = 11 [In (1 = Lipp [Is)] ™
(2-17)
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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.

I=Kg - [exp (KsV™ - K5)]  (2-18)

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

I=1I{1 - C3[exp (CaV™) - 1]} (2:19)

The constants are defined in Egs. 2-20, 2-21,
2-22, and 2-23.

m = [In (Cs/Ce)] /[In (Vimp/Voc)] (2-20)

Cs = Cs/(Voe)™ (2:21)

Cs =In{[I;(1 +C3) - Imp] I(Csl4c)}
(2-22)

Cs =In[(1+C3)/C;3] (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 C5 will produce the least
errors over the range of illumination and tem-
perature considered. With this value substituted
for C;, the other constants are reduced as
shown below.

m = [In (Cs/4.46)] /[In (Vp/Voc)]  (2-24)

Cyq =4.46/(Voc)™ (2-25)
Cs =In [(1.01175 I, - I,p)/0.01175 I, ]
(2-26)

Cs = 4.46 (2-27)

2.34. Nonanalytical Computer Models

An analytical expression of the solar cell I-V
curve is not required for computer work. Dis-
crete sets of /-V data points representing the
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otherwise smooth I-¥ 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:

1. 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 permit, with sufficient accuracy,
the manipulation of the I-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 definition 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, and ¥, “ends” of the
I-V curve. However, for the sizing of power
regulating electronic equipment, knowledge of
Iy or V,, may be required more accurately
than knowledge of Py, . If one solar cell model
cannot (with sufficient accuracy) predict the
entire -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
+0.1% 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 *1% or, in extreme
cases, to +10%. 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.® The ac part is of the form

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

where (G, +jSp) = Ap, the complex admittance
for holes diffusing into the n-layer. The real
part, G,, is the conductance; the imaginary
part, jS,, 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 = 27f
where fis the frequency.

The numerical value of 4, 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’ and to diffused p-n junc-
tion, silicon photodiodes.!® For small ac signals
(compared to the dc bias voltage of the junc-
tion), these references have shown that the
ac output voltage component, v,., that is super-
imposed on the dc output voltage, V., is

_ gM(1 - )QAF (@, w) exp (jw)
Yac Yoo ¥y

where

q = electronic charge

M = degree of modulation of the input
light level

w = angular frequency of modulation
of the input light level (w = 27f)

r = front surface reflectivity

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

A = illuminated surface area
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Fig. 2-24. Solar cell small-signal AC model.

F(a, w) = function independent of time

Y, = internal admittance of the junction

Y;, = admittance of the load.

For the frequency range of interest, Y, is a

parallel combination of R, and C,, such that

Rgc = (kT/qJoA) exp (-qVa.[kT)

and

Coc = W(SRae)-1

L
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Table 2-4. Approximate Low-Frequency ac
Parameters for Conventional 2 X 2
cm Silicon Solar Cells (One Solar
Constant AMO Intensity, 28°C

Cell Temperature).

Ve Rgc Ry Rsy Cp Cr
(mV) ) ) k@) (uF) (uF)
550 0.2-2 0.1-0.5 5-50 2 0.06
350 1-10  0.1-0.5 5-50 0.2 0.06
where

k = Boltzmann’s constant
T = absolute temperature

Jo = reverse saturation current density
s = surface recombination velocity

IMPEDANCE (2)

ILLUMINATION: ?}TOE SOLAR CONSTANT

CELL TEMPERATURE: 28°C

CELL SIZE: 20 x 20 x 0,25 MM
BASE RESISTIVITY: 7-102 . CM
AR COATING: SiO,

0.50V

0.55 V

| | [
r

10° 10
FREQUENCY (Hz)

Fig. 2-25. Solar cell impedance.!!
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and
W=(2.46D,[w,)"*
with

D,, = minority carrier diffusion constant in
the p-region of a p-on-n junction
wy = cutoff frequency of the junction.

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

The capacitance, C,, is also known as the
diffusion capacitance, Cp. The values for Cp,
Cr, and R, 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,
2X 2 cm, 0.25 mm thick silicon solar cells
(defined in Section 4-11) of 10 ohm cm base

resistivity produced during 1967 through 1969,
the parameters discussed above were found':!?
to have the approximate 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 Cp to diminish with
increasing frequency until Cp = 0 and C7 is the
only capacitance remaining at the higher fre-
quencies. The value of C7 depends upon Vpe
as follows:

Cr=K(Vg) ™

where K is a constant for a given solar cell. 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, ¢, are given
by

Z=vfi
and

cos¢=Z[Rp

0 =

PHASE ANGLE (DEG)

FREQUENCY (Hz)

Fig. 2-26. Phase angles for impedances of Fig. 2-25.



respectively, and the capacitances are related by
Cp + Cy=sin ¢/(2nfZ)

where v and 7 are the cell small-signal ac voltage
and current, respectively, the other symbols are
as previously defined, and the incremental
diode dc resistance, R, is defined as

Rp = |dv/dl]|

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

_Rec R

+Rs.
Rac +RSC

D

The variation of R, as a function of the cell
bias voltage, V., for the cell I-V curve illus-
trated in Fig. 2-27 is given in Fig. 2-28. Near
short-circuit current R,, becomes very large
and Rgy dominates the cell impedance. Near
open-circuit voltage, R,, becomes small and Rg
exerts a large influence on the impedance.

The Nimbus B solar cell array is one example
on which the impedance was measured on an
entire array.'®> The array consisted of two
parallel-connected panels having a total of 98
cells in series and 112 cells in parallel. The cells

N
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o
o
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|
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0 0.1 0.2 0.3 0.4 0.5 0.6
CELL VOLTAGE (V)

Fig. 2-27. Average solar cell -V curve (11-cell sample,
conventional 20 X 20 X 0.2 mm, n-on-p, 10 £ - cm,
one solar constant AMO, 28°C).
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Fig. 2-28. Range of incremental solar cell diode resis-
tances for solar cells of Fig. 2-27.

(conventional SiO,-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 terrestridl
sunlight of 104 mW/cm? intensity. The array
temperature was 20°C and its output values
were as follows: Iy, = 10.55 A, V,. =56 V, and
Vinp =46 V. The ac impedance was measured

F)

TEMPERATURE = +20°C
OPERATING POINT = 35V, 10.6 A
SUNLIGHT ILLUMINATION

SINUSOIDAL EXCITATION = 5 V P-P

OUTPUT IMPEDANCE (0)
s
T

0 | | |
10° 10! 102 10° 10! 10
FREQUENCY (Hz)

Fig. 2-29. Nimbus-B solar cell array output impedance
versus frequency.
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at V4, =35 V (a point on the I-V curve that is
at 76% of V,,,) with an ac voltage of v, =5V
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 define the following quantities:

N, = number of cells connected in series
Np = number of cells connected in parallel
N, = total number of cells on the array

V. = cell output voltage

V, = array output voltage

¢ = cell output current capability

I, = array output current capability

P, = cell output power capability

P, = array output power capability.

Then we have the following relationships:

Va =NV,
I,=N,1,
Py =N.P,

and, of course, P,=V,1I,, P,=V.I, and
N¢=NgNp.

Ilustrative 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 =120V, or a power of
50 X 120 = 6000 W = 6 kW. As a check, we find
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: V,=04V,I.,=05A
Ng=300,N, =100

Find: Va, 14, and P,.

Solution: V,=N,V,=300X04=120V

I;=Nyl,=100X0.5=50 A

Py =Nt P, =NyN,V,I,
=300X 100X 0.4 X 0.5
=6000WorP, =V,I,
=120 X 50 = 6000 W.

Ilustrative Example No. 2-9

Problem: A solar cell array isrequired 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, define the array.

Solution: Each cell produces P, = 0.1 W, there-
fore NP, =N;X 0.1 =100, or N;=100/0.1 =

I

@

a. TWO CELLS IN
PARALLEL

> ¢

O !
a " p b

c. THREE STRINGS IN

b. TWO CELLS IN SERIES

) ¢

+
+ +
b

d. TWO SUBMODULES IN

PARALLEL (EACH
STRING HAS TWO
CELLS IN SERIES)

SERIES (EACH SUBMODULE
HAS THREE 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 sources.)



1000 cells. Also, 0.4 Ng=120, or Ny=120/
0.4=300 cells in series. Since N;=N,Nj,
N, =N¢/N; = 1000/300 = 3.33 cells in parallel.
A decision must be made to use either three or
four cells in parallel, resulting in either one of
these arrays:

Np =3:
N¢=NpNg =3 X 300=900
Array power =P,N,=0.1 X 900 =90 W,
Np=4:
N¢=NpNg=4X300=1200
Array power =P,N;=0.1 X 1200= 120 W.

2-38. llluminated 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 iltu-
minated array that is free of thermal gradients.
For the purposes of the following discussion,
the solar cell I-V curve is expressed as I(v) to
show explicitly that 7 is a function of v.!% 15
The cell I(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 I(v) charac-
teristics are defined by the externally measur-
able quantities of terminal current, I, as a
function of terminal voltage v, at a given light
intensity, @, cell temperature, and state of
charged-particle irradiation. Implicit in these
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output characteristics is the internal cell series
resistance, Rg, 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 (i.e., at light level Q)
may be given functionally by

1(v) = I, - Io(vo)
=IL - UG(U)

v=0

(2-28)
v<0

where I, is the terminal current, v the terminal
voltage, and I;, a constant current equal to the
terminal short-circuit current. I5(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 important
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 about the cell’s
nominal design intensity Q, the solar cell /(v)
curve shape is nearly invariant with intensity
and translates only along the current and volt-
age axes. Using this finding, Eq. 2-28 may be
written for any light intensity different from Q
(ie., at kQ).

I, )=kl - Iy(vo - Av) v=0
=kl - vG(v) v<0
(2-29a)
where
Av=(1-k)Rg (2-29b)

The significance of Eqgs. 2-28 and 2-29 is
made clear in Fig. 2-31. Curve 4 in this figure
shows a cell curve at intensity Q, while curve B
shows the same cell curve at zero intensity;
i.e., at k=0. Any point on the 4 curve has
shifted along the current axis by the amount
of (1 - k)I;, =1I; and along the voltage axis by
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an amount of Av=(1- k) Rg=1;Rg. The
negative sign in front of Av 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;
i.e., the I(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 & 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 directly 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.

TWO ILLUMINATED CELLS
IN PARALLI

I &)=2 [‘nL -1 (vo)]

ONE ILLUMINATED CELL

I () =1 =1, (v,

AND APPROXIMATE MODEL FOR
ONE ILLUMINATED AND ONE
DARK CELL IN PARALLEL

I () =1 =g (vg)

ONE ILLUMINATED
IN'PARALLEL (i CORATE
MODEL

& U RSO

ACCURATE MODEL FOR TWO
CELLS IN PARALLEL, ILLUMINATED
AT ONE=HALF INTENSITY

&) =1 =21 (v, =0.51R5)
APPROXIMATE MODEL FOR ONE
SHADOWED CELL IN PARALLEL
WITH ONE ILLUMINATED CELL

ONE DARK CELL
b ) = s ('onllks)

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.!® (Reprinted
with permission of the IEEE)

Iy =plkly - Iy(vy - Av)] v=0
=plkl - vG(v)] v<0
(2-30a)
where
Av=(1-Kk)I;Rg (2-30b)

The first-quadrant portion of the I(V) curve of
a string 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
of L.

WI=S b0, @31
i=1

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

(V) =plkly - Io(Vy - AV)] (2:32a)
where
Vi=svand AV=(1- k) sRg
(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 particular 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 V,
is forced by an energy storage battery, by a
power regulator, or by a number of other
power-producing strings, the string voltage V;
is also forced, so that

Vs=VA+VD and I;=1p (2-33)

where Vp is the isolation diode drop and /g and
I, 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 I, is as described in
Eq. 2-34.



L= 3 ILVa)ly,

i
m

=p ) [kl - L(Vs - Vp - AV)ly,
=

(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.’® 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
A, and the illuminated, active portion thereof is
Aj;, the short-circuit current output of the par-
tially shadowed cell becomes r/j,.
- Ai
A
Hence, a partial shadow on a cell will have the
same effect on I, as reduced light intensity on
a non-shadowed cell. 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 I, (v) =1, - Iy(ve), and that
of the shadowed or dark cell with k = 0is [, (v) =
-Iy(vo - I Rg). The partially shadowed sub-
module characteristics are the current sum of
these two equations at constant voltage values:

IM(U)=Ic(v)+Ik(v)
=1y - Io(vo) - Io(vo - I Ry)
(2:36)

(2-35)
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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, assume 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:

I.)=Iy() =1, - Io(vo) (2-37)

Curve 4 in Fig. 2-31 shows that this approxima-
tion calculates the power output as too high
from this partially shadowed submodule.

Next, assume 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 submodule equation is the sum at
constant voltages of two cells of Eq. 2-29 with
k=05.

IM(U) =IL - 210(00 -0.5 ILRS)
(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 (i.e., p(1 - r)
of them are shadowed), then the submodule
equation becomes

Iy (v) = Ipym + Laark
where
TIypym =10kl - rolo(vo - Avy)
and where
Avy =(1 - k) Rg.
The dark component is
Tgark = =(1 - Dplo(vo - Avy)
where

sz =ILRS-
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The dark current component is, of course, inde-
pendent of the illumination factor %.

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

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

I (0) =1p [kl,-, ~Io(vo - Auy)

1-7r
- —r'lo(vo = sz)]

Avy =(1 - I Rg
Av, =(1 - NI Rg
v>0 (2-39a)

From Eq. 2-37, the optimistic approximation
becomes:
Iy (v) =rp [kl - Io(vo - Av)]
Av=(1-k)[ Rg
v=0 (2-402)

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

Iy@)=r [k[L - %Io(vo - Av)]

Av = (1 - rk)ILRs

v=0 (2-41a)

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

Iy (v) =p[rkly - vG(v)] v<0

(2-39b)
(2-40b)
(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.

Iy(=I10)-J@) v=0
=1(0)-vG(v) v<0 (2-42)

1(0) = rpklI;,, and J(v") provides the same func-
tion for the submodule that I (vo) serves in the
cell Eq. 2-28, except that J(v") may represent

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

The validity of the above accurate models
has been established experimentally.'¢: 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 I; = I,,is obtained
by summing the cell voltages at constant cur-
rent values, as illustrated. It is clearly seen that
the lower output cell number 1—i.e.,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 characteristics
of cell number 1. In order to analyze cells con-
nected in series, the reverse breakdown char-
acteristics must be considered as expressed by
the term G(v) in Eq. 2-29.

The general current-voltage characteristics of
an entire unshadowed solar cell string (Eq. 2-32)
are nearly identical to the average individual
cell characteristics, except for the coordinate
scales, some additional series resistance due to
cell interconnections, and some minor altera-
tions of the cell 7(V) curves due to the string
assembly techniques. For simplicity, 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 long 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 submodule with p cells in parallel was
shown in Eq. 2-42 to be Iy (v) =1(0) - J(v)
and the string [;(V,) curve was obtained by
summing all the s submodule characteristics of
that string at constant current values as shown
for Egs. 2-31 and 2-32 for the non-shadowed
case. By substitution, we get Eq. 2-43.

Is(Vs) = I(O) - J(Vs + AV)

Three solutions to Eq. 2-43 are outlined for
a partially shadowed string consisting of s = 48

(2-43)
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Fig. 2-32. Current-voltage characteristics of two unequal solar cells connected in series.!5 (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: 4, B, and C.

Case A. The same portions of active cell areas
are shadowed in each submodule.
One submodule is completely shad-
owed, all others are illuminated.
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.

Cuse B.

Case C.

For Case A. Eq. 2-43 is directly applicable,
since 7 in this equation is identi-
cal to all the r’s in the s =48
submodule equations.

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

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 submodules plus one par-
tially shadowed submodule, all
of the type of Eq. 2-42. The
graphical solution of this sum is

For Case B.

For Case C.

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 cells'®
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 a series string is shad-
owed, the amount of current limiting can be
reduced; i.e., the output 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.'®>2° The addition of these shunt
diodes across shadowed submodules 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. I-V curves of a partially shadowed string without shunt diodes.!S (Reprinted with permission of the

IEEE)

reverse bias. A submodule becomes reverse
biased when the remainder of the series string
containing this submodule tries to force a greater
current through this submodule 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.2! This is accomplished by
first substituting the shunt diode characteristics,
I; (v), for G(v) in Eq. 2-42, so that the submod-
ule equation with p cells and d shunt diodes in
parallel becomes Eq. 2-44.

In() =1(0) - J(v')
=1(0) + dl4(v)

v=0

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-
larly, as shown earlier, by first expressing Eq.
2-30 in terms of v.

V=3, (245
i=1

This can be expressed in terms of 1.

IS(VS) =f(IMs vp,s, d’ r,-- .) (2'46)

For a partially shadowed string with shunt
diodes, the same three shadowing cases studied
for a string 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.

The string curve is the sum of
(s-1)=47 fully illuminated sub-
modules plus one non-illuminated
submodule of Eq. 2-30 as illustrated
in Fig. 2-34 for r = 0. It will be noted
that only the power (and voltage
drop) dissipated in the shunt diode
is lost. (Figure 2-35 also illustrates
the resulting summation for eight
discrete steps of 7, as well as the ex-
perimental data.)

The effect of a general shadow pat-
tern on a string 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.?! The somewhat higher exper-
imental current output as compared to the
prediction was caused by incomplete shadowing

Case B.

Case C.

Fig. 2-34. I-V curves of the partially shadowed string
of Fig. 2-33 with shunt diodes.S (Reprinted with per-
mission of the IEEE)

ARRAY ANALYSIS 71

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 computations®? carried out accord-
ing to Egs. 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 submodule is
completely shadowed, the I(V) curve will, in
general terms, be lowered in voltage by AV =
v+ V,, where v is the submodule photovoltaic
voltage under full illumination and ¥ is the
voltage drop of the shunt diode connected
across this now shadowed submodule. If AV
could be assumed a constant, then a family of
curves, each displaced by AV 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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Fig. 2-36. Accurate and approximate I-V curves of
the partially shadowed string.!5 Solid line is the the-
oretical curve of Fig. 2-35. Dotted line is the approxi-
mate model output. AV = 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 A7 = (1 - r)I(0)
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
I(V) curve by the method suggested by and il-
lustrated in Fig. 2-36. By determining the value
for AV 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
I(V) curve shape knee and the shunt diode
knee.

It should be noted that string 7(V') curves, as
shown in Figs. 2-33 through 2-36, vary their
shape with both intensity or angle of incidence;

i.e., all characteristics become I (V) =J(V, +
AVy) with AV = I(0)pR; at zero intensity.

2-42. Shadowing Factors

A so-called shadowing factor, F, can be defined
as the ratio of the output of an entire, partially
shadowed, arbitrarily sized and shaped solar ar-
ray to the hypothetical unshadowed output of
this same array,'

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 a. Let each zone be
divided into flat panels (facets) N, symmetrically
distributed and separated by panel angle A. The
first panels of different zones are displaced from
the reference panel by an angle x. The solar
vector makes an angle 6 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 Section 2-49) we find Eq. 2-47.

cos ¥y =cos 8 cos a

+sinfsina cos [y + (V- DA+X] (2-47)

It should be noted that for naturally shaded
panels cos A 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[(0) cosy=0 0<r<0.5
=1(0) cos y 05<r<1
(2-48)

Iz(Vgde,y =p i pil[(0) cos v; - J(Vy)i],,

i=1
(2-49)

V4 is still given by Eq. 2-34, but p; may be
either 0 or 1, depending on whether r in Eq.
2-48 is smaller or larger than 0.5. The choice
of 0.5 will statistically result in zero error
for a large number of strings and random
shadow patterns. The unshadowed zone output,
Iz0(V4)g,y » is also given by Eq. 2-49, except
that all p; =1. The ratio, F, of the partially
shadowed zone output to the unshadowed out-
put (Eq. 2-50) indicates the fraction of actually
available current.

I;(V4)

F AL
(Vado,y A

S 5 [1(0) cos v; - I (V)]
_ =1
3 11(0) cos 7 - J(V )]
(2-50)

Since, for a given zone, the total (as well 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
i COS Y
Iz(0) zgl t

Iz(0) I

> cos;
i=1

F(0)g,y =

(2-51)
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The I(0) terms have cancelled out, and F has
been reduced to a geometric 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 of
strings which would be illuminated in the ab-
sence of shadowing.

The instantaneous shadowing factor, F, may
be averaged over any range of the spin angle ¥,
and/or sun angle 6. Assume that an average
shadowing factor, F, is to be determined for n
values of ¥, all at one 6. Then, from the integral
definition of the average, we find, Eq. 2-52.

Only for special cases, such as when Ay =, or
when n is very large, Eq. 2-52 may be written as
Eq. 2-53.

n m
2 D Pij cos Y

j=ti

1

Fz(0) = -

ny cosy;
i=1

(2-53)

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 withr =1:

I7(V4)o,y =PF(0)s,y

3 [HO) cos v~ J(Vu)l,  (2:54)

i=1

12(V4)e =PF (0)g

3" U cos v - I(Va)l,. (2:55)
i=1
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2-43. Non-llluminated Array Models

The I-V curves of non-illuminated (i.e., dark)
solar cell arrays are well represented in the ar-
ray models described in Section 2-38, except
that Igc =0 when the illumination is zero.
Temperature gradients and non-uniform solar
cell I-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!? given
in Eq. 2-56.

I;=1, {exp [q—(%%R—S‘Q] - 1} (2-56)

where

I; = diode current
I,q = diode saturation current

q = electronic charge

V4 = diode terminal voltage

Rgq = diode series resistance

D = curve-fitting constant
k = Boltzmann’s constant
T = absolute temperature.

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

Vd = Vod + IdRSd (2-57)

V,q is the diode threshold voltage (about 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.?® 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,
Vg, is held relatively constant by some kind of

SOLAR ARRAY REGULATOR

. Ih h

N 2 1

v

MODULE WITH § CELLS

|
TYPICAL SOLAR CELL I
|
|

IN SERIES AND p CELLS -
IN PARALLEL

Fig. 2-37. General block diagram of solar cell array
power subsystem.

regulator independently of the solar cell array
output capability. The nomenclature is defined
in Fig. 2-37. A single submodule containing an
affected cell (ie., 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 I, are given below.

Atnode A: Iy - Iy =0
AtnodeB: Iy -1, =0

(2-57a)
(2-57b)
LOOp]ll

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

First, the current-voltage (/-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 I-¥ 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 sample of cells. The method for
constructing I~V curves of partiaily shadowed
(or open) solar cell circuits is based on Sections
2-38 through 2-40.

The graphical solutions of Eqs. 2-57a, b, and

Vy+Vy-Vg=0 (2-57c)
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Fig. 2-38. Module design and modei.

c are effected with reference to Fig. 2-39 as
follows. From Egqs. 2-57a and b, it is obvious
that the current in all circuit elements is the
same; i.e., Iy = Iy =1I,. The objective is now to
find that current for which Eq. 2-57b is satis-
fied; that is, for which V4 =V - Vg (note
that V4 is a negative quantity and the signs are

consistent). The graphical solution can be
simplified by plotting I'y(Vyy - V) instead of
Iy(Vy) and inverting the sign of V. This is
shown in Fig. 2-40. The intersections of the
curves readily provide the operating points Q,

through Q,.
In Fig. 2-40, only four operating points are
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Fig. 2-39. Current-voltage characteristics 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 Q; and Q,, 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 Q,; 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 (i.e., per-
fectly matched) reverse characteristics. If the
reverse characteristics are mismatched, one cell
may dissipate a greater amount than is the
case when the dissipation is equally shared by
the cells.

2-46. Power Dissipation in Reverse Biased
Solar Cells

The total energy input which contributes to
heating of a reverse 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).

PR =PS 'PE (2-58)

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

Pgr=eoT? (2-59)

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

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 Pg be-
come negative (i.e., power flows into cell).
From Egq. 2-58, we find Eq. 2-60.

PR=PS_(_PE)=PS +PE (2-60)

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

SOLAR

RADIATION Ps—pf SOLAR | o p ELECTRICAL

INPUT CELL E OUTPUT
TO LOAD

Pr RADIATIVE HEAT OUTFLOW

Fig. 2-41. Energy balance model.
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Fig. 2-42. Measurement of Pg.

Pg, and the electrical input, Pg = VI, as read on
the wattmeter or on independent voltage and
current meters. The product V7 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, Pg, is at a minimum.

For negative cell voltages—i.e., 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 Pg for in-
creasing reverse bias.

It is also evident from Fig. 2-43 that if the
polarity of V reverses, all current greater than
I; (ie., I - I;) must flow through Rgy because
the diode blocks the current flow. Again, the
dissipation in the cell is independently deter-
mined by Pg and Pg, and Pg =Pg - Pg. In the
fully shadowed case, Pg=0 and Pg =Pg.
Hence, in the fully shadowed case, the curve of
P (V) (Fig. 2-44c) exists only to the left of
the origin.

LOAD

NODE "A"

P i S

SOLAR CELL

L d
"LOSS-LESS"
WATT METER

Fig. 2-43. Solar cell and load model (see text for limi-
tations of this model).
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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 cell 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 environmental 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:

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

e Conversion of environmental considera-
tions and criteria into solar cell operating
temperatures

e Calculation of solar cell array power output
capability.

Of course, not all 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 isintended
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:

o Gathering of input data
o Performing supporting analyses
e 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 (DENI) 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 defined 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, F;, includes anything that may
affect the amount of light reaching the solar
cell active surface (Eq. 2-61).

F (0, $uv, $p) = Fra(buvs 9p) * Fre(buv, 9p)
"Rsc(0, Puv, Bp) - Fa(?)
(2-61)
where

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

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

R, =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, 8, to
that expected from the
cosine of 8 (i.e., Ry, is the
cosine correction factor)

F4 =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(0, ¢yy, 9p, t) = indication that the factor,
F, is a function of 8, ¢,,,,
¢p ki t

¢y = ultraviolet radiation dose

¢p = particulate radiation dose

t = time in service or in orbit.
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Fig. 2-45. Space array electrical performance prediction. (For adaptation to terrestrial arrays see text.)
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The radiometric properties, ag and €z are func-
tions of both ¢,,, and ¢, . For terrestrial arrays,
the array convective heat transfer coefficient
also enters in.

Solar Cell Characteristics. The electrical charac-
teristics 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:

e Solar cell I-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 1 MeV
electrons

e Temperature coefficients for solar cell or
module current (f;) and voltage (8y), and
power (8,) before and (for space) after
irradiation with 1 MeV electrons

o Cover installation factor, F,

o Cell series resistance, R;.

The cover installation factor, F, is defined as

FC = ]sc(C)/Isc(U)

where the indices (C) and (U) indicate the
covered and uncovered cell short-circuit current
output, I, respectively. Typically, for SiO,-
coated solar cells, F, is less than unity and for
Ta;05-coated cells, F, is equal to or greater
than unity.

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

o Solar cell radiation dose (in space only)

¢ Cover and cover adhesive radiation dose (in
space only)

e Solar cell illumination level

e Solar cell operating temperature

o 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 practice 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-
ticulate 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 defined as follows:

F 4 =assembly factor (solar cell power out-
put degradation due to soldering,
welding, etc.)

Fpc =solar cell array power output degrada-
tion due to temperature cycling

Vp = blocking diode voltage losses

Vw =interconnector and wiring voltage
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 /-V Curves

The best method for predicting solar cell and
array performance is shifting the cell or array
I-V characteristics 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
(ie., 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, Is;, Iip, Vinp, and V, ., 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 I-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 I-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
coordinate system such that the array’s spin
axis or axis of symmetry is coincident with one
of the axes of the coordinate system, as illus-
trated in Figs. 2-46 through 2-48 for a variety
of general array configurations.??
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Fig. 2-46. Solar array geometry for paddle-wheel solar
array configurations.”
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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; i.e., they all have the
same angle .

Each zone is subdivided into N solar cell
panels or paddles. Each panel or paddle is angu-
larly displaced from its neighbor by an angle A.
The angle A is measured in a plane which is per-
pendicular to the spin axis (i.e., 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 first 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 ¢ . Initially, ¢ =
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 ¢. When a paddle axis is
perpendicular to the spin axis, ¢ = 0.

Each paddle is twisted relative to being plane-
parallel to a plane which is perpendicular to the
spin axis by an angle ¢. 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 ¢ with the spin axis.

The angle of incidence, I, for each panel or
paddle on the array, for a given angle 6 (sun
angle) between the array spin axis (spin vector)
and the array-sun line (sun vector), can be found
from Eqgs. 2-62a or 2-62b, respectively. The
angles are defined above and in Figs. 2-46
through 2-48.

*For a definition of vectors, see Appendix A.

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

CosT';=sin g -sin 0 -sin [Y + (V; - DA +x]
+coso-sin¢-sind
“cos [y + (V; - DA+x]

+cos 0 - cos-cosd (2-62a)

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

CosI';=cosf - cosa+sin 8 - sina

-cos [y +(V;- DA+x] (2-62b)

2-50. Calculation of Effecﬁve 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.

S'=(S/D*)F, cosT' (2-63)

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

S = sunlight intensity (in units of solar con-
stants)
D = array-sun distance (in units of AU)
F, =solar cell cover transmission factor
I" = angle of incidence.

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

Glassed Solar Cell /-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

Lscg =IscuF,

where I, is the unglassed short-circuit current
of the radiation-damaged cell and F,, is the cover
installation factor. Since Fc is typically within a
few percent of unity, the other three solar cell
parameters after glassing are

Ing = Impu + (Iscg - Iscu)
Vmpg = Vmpu

Vocg = Vocu



where

Ip = current at maximum power
Vmp = voltage at maximum power
V,c = 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 /-V Curve After Intensity Change.
The solar cell I-V curves for a particular radia-
tion damage are shifted in the I-V coordinate
system along the current and voltage axes by
the amounts AZ, and AV, given by

Al =(S'- S)Iscg
AV] =‘A11RS
where

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

Rg = cell series resistance

S' = effective solar intensity
S =solar intensity at which the solar cells
were originally tested.

Al is negative and AV, is positive for re-
duced intensity (i.e., S’ <S), leading to a lower
short-circuit current, g, and a slight shift
toward higher voltages even though the actual
cell open-voltage will decrease by

Vs =klog(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):

Igos = Igeg + AL

Iinps = Impg + A4
Vinps = Vinpg + AV + AVgr
Voes = Vocg +AV1 + AV,

Solar Cell /-V Curve at Operating Temperature.
The I-V curve is now adjusted for the actual
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solar cell operating temperature, T,,. The I-V
curve is shifted in the I-V coordinate system by
amounts AJ, and AV, given by

Al = ﬂIIsc (Top - TO)
AVZ =6V(Top - TO)
where

Br = temperature coefficient for current in
units of °C™

By = temperature coefficient for voltage, in
units of V- °C™

I, =the cell I, before the temperature
change

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

The values of $; are usually positive and those
of By are negative. Therefore, a temperature in-
crease (T,, > To) causes an increase in I, and
a decrease in V,,. The four cell parameters
change as follows:

ISCT =
ImpT =Imps + Al
VmPT = Vmps + AV2

VocT = Voes t AV;.

Iges + AL

Degraded Solar Cell /-V Curve. The solar cell
LV curve is now further adjusted for the as-
sembly and temperature cycling degradation
factors, Fy and Fpc, respectively. Both F,
and Fpc usually introduce 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,
and V,.. Therefore, it is desirable to depress
both 1,,, and V,,, on the I-V curve by the
amounts

Al =-(F Frc)'?
AVy =-(F4 - Fre)'l?

respectively, and letting Iy, and V,,, remain un-
changed. The four cell parameters will therefore
change as follows:

Iscd =]scT

Inpa = Impp + AL
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Vmpd = VmPT + AV3
Vocd = Vocp-

Array /-V Curves. The unshadowed solar cell
array I-V curve is computed from the single cell
I-V curves in the following sequence:

e Multiplication of the single cell current
output by the number of solar cells in par-
allel, N, on a given panel or paddle

¢ Multiplication of the voltage output of the
N, solar cells in parallel by N cells in series

o Subtraction of the voltage drops, ¥ and
Vw, from the panel voltage output

¢ Summing of all panel and paddle output
currents at constant voltages.

The above computations result in an array
IV curve at operating temperature and after
environmental degradation. This process of cal-
culation is treated mathematically in Sections
2-39 and 2-40 and results in the following four
array output parameters:

Isey =IscalNp
I mpy = Isch p
VmpA = VimpalNs - Vb +Vw)
= Voost - (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.

VocA

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.

A shadow is defined as the absence of solar
illumination on a solar cell array due to a block-
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

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 definition 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 defined
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 electrical
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 photographic pro-
cedures may be employed. The following mate-
rial** 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,

a; =2arctan (D/2Ly)
a, =2arc tan [D/2(L + B)]

lr Ly By B

OBJECT

Fig. 2-49. Shadow geometry.?



L _Li+B, _D+d
L L D
L+B _D+d

L D

where

o =planar angle subtended by the sun’s
diameter

B = length of umbra

D = diameter of the sun = 0.86 X 10° miles =
1.4 X 108 km

d =width or diameter of object causing a
shadow

L = distance from the object to sun at 1 AU.

Since d << D, we have L=L, and L+B=L.
Therefore,

a; ~a, =2arc tan (D/2L)=9.25X 1073 rad
B=~B, =d/[2 tan («/2)] =108.1d.

Then, the width u of the umbra of the shadow
becomes
_d(B-s) 108.1d-s _ s
“TTB 108.1 108.1

and the width p of the penumbra is

_d(B+s) 108.1d+s _ + S
- B 108.1 108.1
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and s is the distance from the object to the
surface.
Normalized umbra and penumbra widths as a

function of normalized distance 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 cases of s <B, and from unity to an
indeterminate value for cases of s > B. The il-
lumination intensity distribution within the
shadow, and its average value, is a function of
the shadow plane location relative to B and of
the shape of the shadow-casting object.

The relative darkness at a point in the shadow
can be determined by viewing the sun from that
point. A portion A of the solar disc, appearing
to have a radius R, will be obscured by the ob-
ject. In other words, 4 is the projected area of
the shadowing object on a circle with radius R,
and R is the radius of the circle subtended by
an angle « at a distance s. The relative darkness
K =A/(nR?). The normalized illumination in-
tensity is defined as /=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 shadowis/ =1 - K.

Fig. 2-50. Dimensionless representation of normalized Umbra width, u/d, and Penumbra width, p/d, as a func-

tion normalized distance to shadow casting object, s/d. 24
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OBJECT PLANE

[— ° |
p

SHADOW PLANE |

Fig. 2-51. Further shadow geometry to show relation
of distance, s, to apparent solar diameter, 2R, and
object width, d.2*

Cylinder Parallel to Shadow Plane. The case for
a shadow resulting from a cylindrical rod or
from a bar parallel to the shadow plane (and
perpendicular to the paper), which is normal to
the sun-object axis, is illustrated in Fig. 2-51.
The view angle 8, from distance s, of the object
with width d, and the corresponding sun diam-
eter 2R, are related by 8 = 2 arc tan (d/2s) and
by a=2arc tan (R/s). Consequently, d/2R =
tan (B/2)/tan (a/2) and d/2R = B/s. At a solar
distance of 1 AU, we obtain

d[2R =108/(s/d)

which is solved graphically in Fig. 2-52.
Observing the object 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/2 results in images as shown in

Fig. 2-52. Normalized object half-width, d/2R, versus normalized shadow plane distance from object, s/d.?*
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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).""4

x=0 0{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.?*

Fig. 2-55. Normalized illumination intensity as a function of normalized location within the shadow, m/R, with
the normalized distance, s/b, as a parameter.24
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Fig. 2-56. Average light intensity, /, in a shadow from a long object parallel to the shadow plane as a function of

normalized distance, 5/B.2%

Figs. 2-53 and 2-54 for the cases of s <B and
§ > B, respectively.

In the case of Fig. 2-53, the moving point is
in the umbra for locations of x =0 to x = u/2;
x =u/2 is reached when m/R = (/R) - 1. (The
distance between center of a circle of radius R
and center of a shadow object of width d is
denoted by m). While moving from x =u/2 to
x =p[2, the viewing point will be located in the
penumbra; x =p/2 is reached when m/R =
(r/R) + 1. By inspection of Fig. 2-51, it can be
seen that # =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 =p/2.

The normalized illumination intensity as a
function of the normalized location in the
shadow, m/R, is shown in Fig. 2-55 with the
parameter s/B ranging from 0.5 to 10. Integrat-
ing the area under the curves in Fig. 2-55 to
obtain

_ 1t
I=— f Id(m/R)
tJo
results in the average normalized illumination
intensity as a function of s/B, shown in Fig.
2-56. Multiplying 1 -7 by the normalized
shadow width p/d =1 +s/B results in a con-
stant (1 - I)p/d =1, which indicates that the
totalamount of light 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-

Fig. 2-57. Example of shadow across a solar cell mod-
ule consisting of series-parallel connected cells.?4
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Fig. 2-58. Normalized segment area, S/Rz, as a function of normalized segment height, #/R. 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 circle as a function of
the segment height 4 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 calculations 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, a, the reflectance or
reflectivity, p, the transmittance or transmis-
sivity, 7, 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), ¢, In general, all of these material proper-
ties are functions of temperature, their values

SPACE
VEHICLE o
SUN

OvenicLe

~QERONT SIDE

' \‘ RADIATION
’

SOLAR CELL ARRAY

“QrRONT sIDE
REFLECTION

~O ACKSIDE

o)
RADIATION ALBEOO

Fig. 2-60. Heat balance for space arrays.

tending toward zero as the absolute tempera-
ture approaches zero.

The absorptance, ., is the ratio of the energy
absorbed by a material to the energy incident
on the surface of this material. The spectral
absorptance a, is the absorptance at a specific
wavelength, . The solar absorptance, ag, is the
spectral absorptance integrated over the solar
spectrum

Qg = J‘m S()\)a}\ d\ (2-64)
(1]

where S(A) 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, ag, can be
defined such that

(2-65)

where

m = number of difference surface materials
ag; = solar absorptance of the ith material
A; = area of the ith material having ag;.

An effective solar absorptance, og,, which
includes the effect of electrical energy flowing



from the solar cells and thereby reducing the
heating of the cells, is defined in Eq. 2-66.

&Se = as - Fpnop (2-66)
where
F, = packing factor, defined as the ratio of

the total active solar cell area to the
total substrate area for which ag, is to
be determined

TNop = solar cell operating efficiency.

The reflectance, p, is defined as the ratio of
the energy reflected from the surface of a mate-
rial to the energy incident upon the surface of
that material. The spectral reflectance, p,, is
the reflectance at a specific wavelength, A.

The transmittance, 7, is defined 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,, is defined
as the ratio of the energy emanating from a
transparent material to the energy incident on
the front surface of that material (including
both front surface and back surface reflectance).
The spectral transmittance, 1), is the reflectance
at a specific wavelength, A.

The emittance, €, 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 (ie., p=7=0and a=e=1). The
monochromatic or spectral emittance, €, , is the
emittance at a specific wavelength, A. The direc-
tional emittance, €p, is the emittance measured
in a direction vector that makes an angle ¢ to
the normal of the surface. The normal emittance,
€y, is the directional emittance measured per-
pendicular to the emitting surface. The hemi-
spherical emittance, €y, is the normal emittance
integrated over 2 steradians (for experimental
relationships between ep and ey, see Chapter
8). For a surface composed of several different
materials, an average, or mean, or effective
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hemispherical emittance, €y, can be defined
such that

n
2 euidi
= (2-67)

where

n = number of different surface materials
€y; = hemispherical emittance of the ith
material
A; = area of the ith material having €g;.

Radiant energy incident upon a surface may
either be absorbed, reflected, or transmitted.
By the principle of conservation of energy, at
any instant of time and at a given temperature,
Eq. 2-68 holds true.

atptr=1
oy tpptn =1 (2-68)

For opaque surfaces, 7 =0, so that we have Eq.
2-69 in all its forms.

atp=1
(X)\'I‘p)\:l
e=a=1-p

(2-69)

The conditions € = a and €) = a;, are defined 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*

ex=o=1-p

ag #€,05 F €p, ag F €y, Qg 7 €4,
as # EH and ase #* EH'

The energy, g, emitted by a gray surface is
given by Stefan-Boltzmann’s law (Eq. 2-70).

q =€oAT* (2-70)
where

€ = emissivity at temperature T
o = Stefan-Boltzmann’s constant

*+ means ‘“‘does not equal”
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A = emitting area
T = absolute temperature.

The governing physical principle in the solu-
tion of any heat transfer problem is the conser-
vation of energy. For any (hypothetical) volume
fully enclosed by a (hypothetical) surface:

ZQin +ZQout +Z‘Istored =0 (2-71)

where g;, and qq, are the rates of energy flow
per unit time and per unit area through the sur-
face, and qgoreq 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 ¢ 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,
Ty and Tp. Subscripts H and 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

kA

W= (Ty - Ty) (2-72a)
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, g =dQ/dt, in a
thermally conducting medium, due to a tem-
perature gradient dT/dx across this medium,
given by Eq. 2-72b.

TH

T

e

Fig. 2-61. Conductive heat transfer.

q=-kA — (2-72b)
dx

The minus sign in Eq. 2-72b indicates positive
heat flow in the positive x-direction in response
to a negative temperature gradient, dT/dx (i.e.,
decreasing temperature with increasing x).

If the conducting medium is homogeneous
and is of constant cross-sectional area,

ar _Tuy-Tp
dx s

where Ty and T, 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, g,
flows through each layer of the sandwich and
results in temperature gradients, AT/Ad, 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 ATI ATz

Y

4 ta T a,
Ty-T,= AT, + AT, (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

> 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).

A4 _  Do-D;
" In(o/4) " | Do
nDe
D;

(2-74)

Otherwise, the heat flow is given by Eq. 2-72. A
typical example of radial heat flow is the dis-
sipation of I’R losses from insulated current-
conducting wires.
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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, g, removed from an area A is given by

qc=hA(Ts - T,) (2-75)

where the subscript ¢ indicates convective heat
transfer, A is the convective heat transfer coeffi-
cient, also known as surface or film coefficient,
and subscripts S and 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 # 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 # 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 first 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

" =%

NO WIND

WIND FROM FRONT

Fig. 2-64. Air cooling of arrays.
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FINS ARE SENSITIVE TO
WIND DIRECTION

SPINES ARE INSENSITIVE
TO WIND DIRECTION

Fig. 2-65. Finned heat sinks.

thermal conductivity of the fins 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-
ispherical emittance €z, and being at an abso-
lute temperature 7, 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, T; and
T, is given by Eq. 2-76.

net =A13120(Tf— T;)=A2 ?210(7'?‘ Tg)
(2-76)

Fis a geometric factor (also known as the ““script
F” or view factor), defined in Eq. 2-77.
energy intercepted by A,

F . =
12 energy emitted by 4,

energy intercepted by A4,

5.
i energy emitted by A,

(2-77)

The subscripts 1 and 2 refer to the first and
second surface, respectively. All other symbols
are as defined earlier.

The geometric factor, ¥, varies between zero
and unity. In practice, ¥ 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' =% when € = 1. That is, F includes

effects of emissivity while F is a purely geomet-
ric factor. Alternately, F may be computed (for
€=1) from Eq. 2-78.

cos 0 cos 0 cos02
= —— dA, dA
12 Al TT j f 2

(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:

e The temperature gradient throughout the
solar cell stack and the substrate thickness
is zero (i.e., the array is isothermal)

o There are no thermal interactions between
the solar cell array and other structural ele-
ments or heat sources of the spacecraft

o The earth radiation and albedo energy in-
puts to the array are negligible.

A%

Fig. 2-66. Heat exchange by radiation between two
small black surface elements.



For this simplified case, the heat balance
equation per unit area is given in Eq. 2-79.

qin ~ Gelectrical = dout
(_MSeS cosI'= (EHF + GHB)O'T4 (2-79)
where

ag, = effective solar absorptance (per Eq.
2-66)
S = value of the solar constant
I' = the angle between the solar cell array
normal and the array-sun line
€yr = effective hemispherical front side emit-
tance (per Eq. 2-67)
€yp = hemispherical back side emittance
o0 = Stefan-Boltzmann constant
T = absolute temperature.

Rearranging Eq. 2-79 results in Eq. 2-80,
with the solar cell operating temperature, T,
replacing T.

_ ( age  ScosT
% \égptegp o

1/4
) (2-80)

Radiation Cooling in Space. Solar cell array
eclipse exit temperatures may be estimated by
making the following assumptions:

e The temperature gradient throughout the
solar cell stack and the substrate thickness
is zero (i.e., the array is isothermal)

o There are no thermal interactions between
the solar cell array and other structural ele-
ments or heat sources of the spacecraft

e The emitting array surface areas on the
front and back side are equal

e The earth radiation and albedo energy in-
puts to the array are negligible

e The eclipse is an instantaneous absence of
solar illumination (i.e., no penumbra
shadow).

For this simplified case, the heat balance
equation per unit area is given in Eq. 2-81.

out + 9stored = 0
— — . dar
(€up + eyg)oT* + (mcp)z =0

(2-81)
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This equation can be restated as Eq. 2-82.

daT

aT* =-b— (2-82)

where
a=(€yp +eyp)o
b =mcp.

The equivalent thermal mass, m_cp, is defined in
Eq. 2-83.

n
?n'zp = Z m;Cpi (2-83)

i=1
In the above equation, m;, is the ith mass (per
unit array area) and c,; 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.

a ['e Te
-— f dt= f T™4dT (2-84)
b J, Top

The limits of integration for time ¢ are from the
start of the eclipse (¢, = 0) to #,, and the limits
for temperature T are from the operating tem-
perature T,, to the eclipse temperature T,
which is reached at time ¢,. The operating tem-
perature T, is the array or solar cell tempera-
ture according to Eq. 2-80, just prior to enter-
ing the eclipse. If ¢, is equal to the eclipse
duration, T, is the eclipse exit temperature.

Integrating both sides of Eq. 2-84 gives the
following equation.

1 _
te=_§'(Te3 - Tog

a
b
or
3a -1/3
Te(te) =Top |1 + 5 Topte (2-85)

Substituting Eq. 2-82 back into Eq. 2-83 gives
Eq. 2-86.
-1/3
A

(2-86)

3(€ur + eup)0Top
mep

T, (te) = Top <1 +
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For most practical cases, the emittance € and
the specific heat capacitance c,, are functions of
temperature. As a first order approximation,
both € and ¢, may be assumed to be linear func-
tions of absolute temperature;i.e., ez = ET and
¢pr = CT. Inclusion of e and c,r in Eq. 2-81
leads to the following three cases. Their appli-
cability should be judged from the value of the
expected T,, and the decrease of € and ¢, with
decreasing temperature, as shown in Chapter 10.

Emittance Variable with Temperature. The
heat balance equation becomes Eq. 2-87.

— . dT
(Eg +Eg)oT® + (mcp)gt— =0 (287)
The solution to Eq. 2-87 is given in Eq. 2-88.

AEr +Ep)oT?, , >“’4
— e

T (%)= Top (1 +
mcp
(2-88)

Specific Heat Capacitance Variable with Tem-
perature. The heat balance equation becomes
Eq. 2-89.

—dT
(EHF + EHB)0T3 + sz =0 (2-89)

The solution to Eq. 2-89 is given in Eq. 2-90.
2(€yp +egg)oT2, \V?
(1 " (€ur _HP)O op te)

T.(t.) = Top
(290)
Both Emittance and Specific Heat Capacitance

Variable with Temperature. This case is identi-
cal to that of Eq. 2-86, where both emittance

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 a thermal heat flow problem, the
governing electrical and thermal differential
equations or integro-differential equations must
be similar, and the boundary conditions used
for solving the equations must be similar.

Conductive Heat Transfer. For a steady-state
heat flow, g,-,, from point “1” to point ‘“2” in
a homogeneous bar of constant cross-sectional
area 4 and length L between the two points,
the electrical analogs are as follows:

Thermal FElectrical Analog
kA 1
q1-2 = A (Ty-T2) I,= R_c(Vl -V2)

where

k = thermal conductivity
T, = higher temperature
T, = lower temperature

Table 2-5. Analogous Quantities.

Electrical Thermal

Parameter Unit Parameter Unit
Charge, Q0 coulomb Heat energy, O watt-second
Current, / ampere Heat flow rate, ¢ watt
Potential, V' volt Temperature, T kelvin
Resistance, R ohm Resistance, R kelvin/watt
Conductivity, k per (ohm - meter)  Conductivity, k watt/(meter - °K)
Capacitance, C  coulomb/volt Heat capacitance, mcp, watt-second/°K)
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Fig. 2-67. Thermal model for terrestrial modules.

I,_, = current flow from point “1” to point
“2’7
R, = resistance (convective)
V' =higher potential
V', = lower potential.

Radiative Heating. For solar energy incident on
the front surface of an array having reflectivity
o, the amount of energy transmitted into the
array, in both thermal and electrical analog
notation, is given below.

Thermal Equation  Electrical Analog

gin = q5(1 - p) Iin =I(1 - p)
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Radiative Cooling. The transient thermal equa-
tions and their respective electrical analogs ap-

pear below.

Thermal Equation

dr
dt

3aT3, \'°
Te(te)=Top (1 + 3 t,

Electrical Analog
1 av
—V*+C—=0
R, dt

aT* +p— =0
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W3, . )"’ 3
R,C ¢

The thermal equations correspond to Eqgs. 2-82
and 2-85 and utilize the same nomenclature
given for them (R, = radiative resistance).

Ve(te) = Vop <1 +

2-58. Terrestrial Array Operating Temperatures

It has been found that the heat transfer from
terrestrial, flat plate modules is by convection
as well 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 ~ 9e = qRFSG t ARFIG * qRFS * ARBSG

+qrBIc t qrBa tdcBa tqcra (291)

The subscripts denote the following: e = elec-
trical, R =radiated, C = convected, F = front,
B =back, IG = illuminated ground, SG = shad-
owed ground, and A =air. The “script F”
factor for radiation heat exchange from an
inclined module is given in Fig. 2-68.2%

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, naturally occurring phenomena of a
statistical but macroscopic nature which may,
in time and when having occurred in certain
combinations or frequencies, potentially reduce
the available power from the array in excess of
the predicted degradation due to the reasonably
well known environmental degradation factors.

What has not been included in such reliability
analyses are microscopic failure mechanisms
and uncertainties in environmentally-caused
degradation of materials and components.
Nevertheless, present-day reliability analyses
can be excellent tools to aid the array designer
in comparing the expected performance of
alternate design approaches as well 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 of
success, pg, for the array to produce a given
power output at a given time, ¢, after deploy-
ment. The power output is that expected after
the naturally occurring array output degrada-
tion due to environmentally induced mecha-
nisms has taken place. The probability of suc-
cess is related only to component, material, or
assembly failures, including:

e Interconnector joint open-circuit failures

e Solar cell short-circuit and open-circuit
failures

o Blocking diode short-circuit and open-
circuit failures

e 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 of failures per operating hour or in units of
bits. A failure rate of one bit is defined as
1X 107 failures per part operating hour.
Alternately, the failure rate, A, may be given in
units of number of failures per temperature
cycle, and the time, ¢, 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, pg (i.e., the reliability), of each com-
ponent or joint is related to the operating time,
t, by

Ds= R= e_}‘t
where

e = base of the natural logarithm

\ = failure rate

t = operating time (or number of tempera-
ture cycles as appropriate).



The probability of failure, py, is given by
pr=1-p;s

For two independent failure mechanisms
operating on a system or component, the
reliability can be expressed as Eq. 2-92.

-[A, d+A, (1-d)]¢t

R=e (2-92)

where

A1, A, = two different failure rates
d = duty cycle factor (0 <d < 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
(i.e., one solar cell fails in an open-circuit
mode for every 1X 10° 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 a reduction 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
soldered 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 faitures (100% cell power loss) or cell frac-
tures (1%, 2.5%, 10% power loss). (Illustrative example)

Figure 2-69 shows the percentage of solar e An additional cell failure in the same series

array power lost as a function of the percentage string and in the same submodule produces
of cells failed due to random open-circuits for an additional one-third power loss.
a circuit composed of 10 parallel strings of 42 e A cell with a power loss less than 100% is
three-cell submodules in series (1260 cells defined as a cell with a corresponding short-
total). It is seen that even with paralleling at circuit current loss but an unchanged I-V
the submodule level, a relatively large power curve shape (i.e., a cell having a corner
loss results from a relatively small number of broken off).
open-circuited cells. For example, with 0.08% o The general effect of a partial cell failure
cells failed (one cell) the array power output is on power loss is to reduce power by the
reduced by 3.3%. product of the partial percentage loss and
The assumptions below were used in the the “one-third” factor.
;xilgalyzs.lzgwhlch produced the results shown in The analysis consisted of the four steps out-
) ) lined below.
o A cell “open” is defined as one which ex- 1. Each cell was assigned a number in the
hibits an infinite impedance which results range of 1 to 1260.
in a 100% cell power loss. 2. Using a random number generator, each
e The first cell failure in any series string cell was associated with a failure event.
(three cells in parallel) produces a one- 3. As each cell was removed from the cir-
third power output loss from the string. cuit, the power loss was assessed accord-
(This is equivalent to a one-third current ing to the assumptions stated above.
loss at the constant bus voltage.) 4. Figure 2-69 was plotted. Power losses of
e An additional cell failure in the same series less than 3.3% were obtained by the di-
string, but not in the same submodule, has rect ratio of 3.3% power loss per 0.08%

no additional effect on power output. 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 cell. Figure 2-70 shows the
relationship between the number of connec-
tions per cell and the percentage of open joints
for cells of a string composed of single cells.
From the figure it is clear 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 probability of
success of the system be defined by Pg and that
of the parts by P4, Pg, Pc,.... 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.?¢ For
example, for the second system illustrated in
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RELIABILITY SURVIVAL
DIAGRAM EQUATION
O O PS = PA
0 n 0 Ps = PaPy
0 n o Pg = PuPePc
H Pg = Py +Pg=P,Py
lI
n Ps = PatPg+ Pc
C -
<] PPct Palefc

Fig. 2-71. Reliability models for system mission prob-
ability of success, Pg.

Fig. 2-71 (two parts in series), the probability
of mission success is given in Eq. 2-93a.

Pg =PgqwPy + Psarfay  (2-932)

where

Pg,w = probability of mission success with
A working
Pg,r = probability of mission success with
A failed
P,y = probability of A failing.

Since Pgqw =Pp and Pyp=1- P4, Eq. 2-93a
becomes Eq. 2-93b.

PS=PBPA +0(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:

Pg=PgaywPy + PgsrPyy
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= IPA +PB(1 -PA)

=PA +PB _PAPB (2'930)

Actual solar cell array models are composed
of many detailed reliability diagrams and the
survival equations become quite complex.?”

ORBITAL ANALYSIS
2-62. Spacecraft Motion in Orbit

After 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-loop flight paths are termed
orbits while open-loop 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 m?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
of 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.2834

Energy and Momentum. After launch, a space
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. After release, the
spacecraft will possess kinetic energy, E, and
potential energy, Ej, given by Eq. 2-94.

E=Eyx+E,=mv*[2- um[r (2:94)

where

m = spacecraft mass
v = spacecraft velocity
r = distance between the spacecraft and the
center of earth '

-u = gravitational parameter (the minus sign
is based on the convention that the
potential energy of a body is zero if it is
at infinity).

The gravitational parameter is defined for
the earth by Eq. 2-95.
u=Gm, (2-95)
where

G = Universal Gravitational constant
me = mass of the earth.

In the absence of drag forces or additional
propulsion efforts (from the attitude control
system, for example), the energy of the space-
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FOCUS OF ELLIPSE

Fig. 2-72. Definitions for angular momentum.

craft will be conserved (i.e., 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 defined as mv and angular momen-
tum as mr’w, 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=mrvcos ¢
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)

¢ =angle between the tangential velocity
vector (direction of velocity) and the
normal to r, also known as the local
horizontal.

The spacecraft energy £ and angular momen-
tum H will determine the orbit altitude (more

CENTER OF CENTRAL BODY

PERIAPSIS

N3
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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
(i.e., 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).

(297)

As defined in Fig. 2-73, a is the semimajor axis.
For a circular orbit r =a, Eq. 2-97 reduces to
Eq. 2-98.

vz = ulr (2-98)

v, is known as the circular velocity. When the
spacecraft possesses the escape velocity v, the

orbit becomes a parabola with a = oo,
v2 = 2ufr (2:99)

The orbital parameters (illustrated in Fig. 2-73)
are related to spacecraft energy and angular
momentum as in Eqgs. 2-100 and 2-101.

a=-ul2F
b?la=H*u

(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.

et =1-ba® (2-102)

DIRECTION OF FLIGHT

SPACECRAFT LOCATION

/APOAPSIS

a

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 defined previously and v is the
angle between apoapsis and P, known as the
true anomaly.)
a(l-e?)
=— 2-103

¢ 1-ecosv ( 2)
If the angle is measured from periapsis, Eq.
2-103b holds true.

_.a-e’)

= — 2-103b
1+ecosv ( )

(For analytical convenience, note that 1 - e =
(1 +e)(1 - e) and that one of these terms can-
cels with the denominator if v=0or v =1.)

Orbit Period. The period of a satellite in an el-
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? = ka® (2-104)
where

k= 4n?/u (2-105)

Eq. 2-104 shows that the period is independent
of the orbit eccentricity.

2-64. Altitude in Elliptic Orbit

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 rdv

— =-—— = constant

2-106
dt 2dt ( )

The solution of transcendental Eq. 2-106 must
be obtained by numerical or graphical methods.
From the solution, the altitude, &, 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 inton
sectors of equal area, each sector having
an area of 4,,.

A, =mab[2n (2-108)

2. Note that the area of each sector is given
by Eq. 2-109, where 7 is given by Eq.

2-103.
A ‘fb lr2dv
n . 2

Numerically integrate Eq. 2-109 by incre-
menting v in small steps, starting from a =
0 to such a value of b where 4,, approxi-
mately equals the value of 4, 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 O to 7 radians) are
separated by n equal time intervals.

3. Divide the orbit period T into n equal
time intervals and plot A versus successive
time intervals, or tabulate the results for
further use.

(2-109)

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 location of the space-
craft.

One important property of a coordinate sys-
tem is that it is inertial (i.e., non-rotating in
time, but free to translate). For mathematical
correctness, heliocentric, geocentric, 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 celestial 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 infinite
extent through the earth’s equator (the equa-
torial plane) defines the celestial 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 30° from the
constellation Aries. The first point of Aries is
now defined by the line of intersection 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 ecliptic plane and will cross the
X-axis at the vernal equinox. The angle € 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 planes is called
the line of ascending 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 ascension, .

The angle between the orbital and equatorial

Of the many different sets of six parameters
that can describe the position of a spacecraft in
space, the following is a convenient set:

¢ Orbit inclination, i,

o Orbit semi-major axis, a
o Orbit eccentricity, e

e Right ascension, &

e Epoch time, t,

e 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 epoch (instant of
time) may be any arbitrary point in time, ¢,
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 local vertical. 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 local hori-
zontal.

Orbit Inclination. A spacecraft launched from
a launch site, located at L° latitude, at an azi-
muth angle of A° (i.e., the vehicle’s heading



106 1 / SOLAR CELL ARRAYS

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.

cosi, =cos L sin A (2-110)

For Cape Kennedy, L = 30°N, and for Van-
denberg, L = 35°N, approximately. For range
safety reasons, however, not all values of A are
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.

Inclination
(deg) Orbit Type Precession
0 Equatorial Counter-clockwise
0<iy, <90 Posigrade Counter-clockwise
90 Polar Stationary
90 <i; <180 Retrograde Clockwise

2-66. {llumination 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-
metric configuration and sun orientation mech-
anism.

The angle of sunlight incidence on the orbit
plane, B, is defined 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 g is given by Eq. 2-111.

sin 8= A(B sin y cos £ - cos 7y sin ) - Csin y

(2-111)
where
A =sini,
B=cose

C =cos i, sin €.

B 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, vy, 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 y 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 dy/dt and is given approximately by
Eq.2-112.

dy/dt =360/365.24 = 0.98565° [day
(2-112)

If v is related to a specific angle vy, at time #,

(such as the launch or equinox), v is given at a
later time ¢ by Eq. 2-113.

dy

=y +(t-to)— 2-113

Y=Y+ (-t (2-113)

The angle of the right ascension, 2, decreases

with time, mainly due to effects caused by the

earth’s oblateness. The time rate of change of 2

is given approximately for circular earth orhits
by Eq. 2-114.

Table 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




dQ _ JR%Y? cosi,

da R+h)T*

(2-114)
For elliptic earth orbits, the time rate of change
of Q is given by Eq. 2-115.

dQ _ JR*uM? cosi,

dt a2 (1 - ?)? 2115)

where

J=1.624 X 1073, the dimensionless, general
coefficient of gravitational harmonics
©=3.986X 10° km? - seconds™2, the prod-
uct of the universal gravitational constant

and the mass of the earth.

All other symbols are as previously defined. At
time ¢ after the launch (or other epoch) time
to, Eq. 2-116 holds true.

Q=80 +(t—t0)@- (2-116)
dt
If in Eqgs. 2-114 or 2-115 dt is replaced by
the orbital period T per Eq. 2-104, the resulting
angle increment A2 gives the regression in de-
grees longitude between successive orbits. For
example, Eq. 2-115 becomes Eq. 2-117.

2nJ cos i,

AL =GR (- A

(2-117)

Examination of Eq. 2-111 reveals that § varies
cyclically at a relatively rapid rate between
limits that vary at a slower rate. The rapid rate
is due to d2/dt and is of peak-to-peak magni-
tude Bl = 2li,|. The slower rate is due to dy/dt
and determines the variation of the cyclical limit
band for 8 between an upper limit of (i, + €) at
summer solstice. At the vernal and autumnal
equinoxes, the limit band restricts § to the range
of §=+i,.

The largest or smallest values of § for certain
values of 7y and £ 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 £ for which § is a max-
imum (or minimum), denoted by the subscript
Bm, can be found from Eqs. 2-118 and 2-119.

tan £2g,, = -(B tan ! (2-118)
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C-ABcos )
tan yg, = T Asna (2-119)

Special Cases. Equatorial synchronous and sun-
synchronous orbits constitute two special cases
that illustrate the variation of § during one
year. For equatorial orbits,

i;=0
B=sin"! (sin € sin 7).

The variation of § during one year is from -€ to
+e or from -23.44° to +23.44°. The variation
of 8 during one orbit is zero. For polar orbits,

ip =90°
B =sin"! (cos € sin y cos & - cos v sin ).

By selecting a combination of the orbital
parameters @ and e, one may hope to achieve
dy/dt =dQ/dt. (Egs. 2-112, 2-113, and 2-114,
for definition). If y, and Qo (Egs. 2-113
and 2-116) could be made equal, a sun-synchro-
nous orbit with B varying according to =
sin™! (0.0413 sin 2y), 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 B 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 (i.e., 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 6 is determined by the degrees-
of-freedom of the solar cell array orientation
capability. The degrees-of-freedom are deter-
mined by the number of axes about which the
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Table 2-7. Solar Cell Array
Degrees-of-Freedom.

Number of Number of Array Maximum
Spacecraft Array Degrees-of- Range of ©
Axes Axes Freedom (degrees)

0 0 0 +180

1 0 1 0

2 0 2 0 to £8

3 0 3 0

0 1 1 £

1 1 2 0to £f

2 1 3 0

0 2 2 0to £

1 2 3 0

0 3 3 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, 7, 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 7 = v, where
v is defined by Eq. 2-103). For this spacecraft/
array configuration, the sun angle is related to
the other angles by Eq. 2-120.

.~ ORBIT PLANE

SPACECRAFT

——
\ECLIPTIC PLANE

ORBIT NOON
TO SUN

ARRAY

CENTRAL
AXIS

ARRAY
ARTICULATION
AXIS
__Fig. 2-75. Definition of geometry for determination
of sun angle, 8, between sun line and array central

axis.

cos § = (cos a cos p sin § + sin « cos 7 cos
- cosasin psin7cosf) (2-120)
where

a =array articulation angle between the ar-
ray central axis (pointing away from the
earth) and the local horizontal

B =illumination angle of the orbit plane, as
defined 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 6 = sin f.

With the spin axis pointing toward the earth
along the local vertical,

cos @ =cosfBcosT.

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,

0 =4.

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 B-angle, as defined in Fig. 2-74
(discussed in Section 2-66). A fraction of sun
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time in orbit, f, is defined in Eq. 2-121, where
t; is the time of illumination and T is the orbit
period, according to Eq. 2-104.

f=4/T

For circular orbits, Eq. 2-122 is true, where R
and a are as defined in Sections 2-63 and 2-64,
and f is given by Eq. 2-111.

f= _1_+ 1 sin~! {[1 - (R/a)2]1/2}
2 7

cos

(2-121)

(2-122)

Figure 2-76 shows the variation of f (ex-
pressed in percent rather than in fractional
form) with orbit altitude and §.%*

REFERENCES

1. M. Wolf and H. Rauschenbach, “Series Resistance
Effects on Solar Cell Measurements,” in Advanced
Energy Conversion, Vol. 3, Pergamon Press, Elms-
ford, New York, 1963.

2. R. J. Stirn, “Junction Characteristics of Silicon

10.

11.

12.

13.

14.

1s.

16.

17.

18.

19.

ARRAY ANALYSIS 109

Solar Cells, Non-illuminated Case,” NASA TM
33-557, Jet Propulsion Laboratory, August 1972.

. G.C. Jain and F. M. Stuber, “A Distributed Param-

eter Model for Solar Cells,” in Advanced Energy
Conversion, Vol. 7, Pergamon Press, Elmsford,
New York, 1967.

. R. J. Handy, “Theoretical Analysis of the Series

Resistance of a Solar Cell,” in Solid State Elec-
tronics, Vol. 10, Pergamon Press, Elmsford, New
York, 1967.

. From notes by N. Sheppard, General Electric

Company.

. W. D. Brown et al, “Computer Simulation of

Solar Array Performance,” Report No. SSD
70135R, Hughes Aircraft Co.

. W. Luft, J. R. Barton, and A. A. Conn, “Multi-

facted Solar Array Performance Determination,”
TRW Systems Group, TRW, Inc., Redondo Beach,
California, February 1967.

. W. Shockley, Holes and Electrons in Semiconduc-

tors, Van Nostrand Reinhold Co., New York,
1950.

. D. E. Sawyer and R. H. Rediker (p. 1122) in Pro-

ceedings of the IRE, Vol. 46, 1958.

T. E. Hartman, “Transient Photovoltaic Response
of Diffused-Junction Silicon Photodiodes,” (pp.
127-133) in Solid State Electronics, Vol 3, Per-
gamon Press, Elmsford, New York, 1961.

D. W. Zerbel, “Fast Response Solar Array Simula-
tor,” Final Report for Contract NAS 5-11581,
TRW Systems Group, TRW, Inc., 1968.

D. W. Zerbel and D. K. Decker, “AC Impedance
of Silicon Solar Cells,” in Proceedings of the Inter-
society Energy Conversion Engineering Confer-
ence, Vol. 1, September 1970.

“Nimbus-B Quarterly Technical Report No. 5,
Sept-Nov 1966,” Report No. R-3125, Contract
NAS 5-9668, RCA Astro Electronics Division,
1966.

W. D. Brown et al, “Computer Simulation of
Solar Cell Array Performance,” Report No. SSD
701 35 R, Hughes Aircraft Company.

H. S. Rauschenbach, “Electrical Output of Shad-
owed Solar Arrays,” in Conference Record of the
7th Photovoltaic Specialists Conference, IEEE,
November 1968.

W. Luft, “Partial Shading of Silicon Solar Cell
Converter Panels,” in Conference Paper CP 62-
204, AIEE, October 1961.

F. C. Treble, “Field Tests on UK3 Solar Cell As-
semblies,” Technical Report No. 66112, Royal
Aircraft Establishment, April 1966.

R. M. Sullivan, “Shadow Effects on a Series-
Parallel Array of Solar Celis,” Report No. X-636-
65-207, NASA/Goddard Space Flight Center,
Greenbelt, Maryland.

Filed patent application now pending by W. R.
Baron, entitled, “A Method of Reducing the Ef-
fects of Cell Shadowing on a Series/Parallel String
of Solar Cells, Photovoltaic or Other Incident



110

20.

21.

22.

23.

25.

26.

217.

28.

29.

30.

1 / SOLAR CELL ARRAYS

>

Energy Conversion Devices,” and assigned to
TRW, Inc.

W. R. Baron and P. F. Virobik, “Solar Array
Shading and a Method of Reducing the Associated
Power Loss,” in Proceeding of the 4th Photovoltaic
Specialists Conference, Vol. 11, PIC-SOL 209/5.1,
August 1964.

Internal documentation of work by P. F. Virobik,
J. R. Barton, and A. A. Conn, TRW DSSG, TRW,
Inc., 1964-1966.

W. Luft, J. Barton, and A. Conn, ‘“Multifaceted
Solar Array Performance Determination,” pre-
sented at 1967 Intersociety Energy Conversion
Engineering Conference, Miami Beach, Florida,
August 1967.

H. S. Rauschenbach, “Skylab Orbital Workshop
SAS Z-ocal Vertical Study,” TRW Systems Re-
port No. SAS.4-3117, Vol. 11, November 1971,
prepared for McDonnel Douglas Astronautics
Company, Western Division, under contract
MDAC-WD-70-2-004.

. Internal documentation of work performed by

W. Luft, TRW DSSG, TRW, Inc., 1968.

J. W. Stultz and L. C. Wen, “Thermal Performance
Testing and Analysis of Photovoltaic Modules in
Natural Sunlight,” JPL Report 5101-31, July 29,
1977.

MIL-HDBK-217B, Military Standardization Hand-
book, Reliability Prediction of Electronic Equip-
ment, September 20, 1974.

W. A. Klein and S. N. Lehr, “Reliability of Solar
Arrays,” in Second Annual Seminar on Reliability
in Space Vehicles, Los Angles, California, Decem-
ber 1961.

F. T. Geyling and H. R. Westerman, Introduction
to Orbital Mechanics, Addison-Wesley, Reading,
Massachusetts, 1971.

H. F. Lesh, “Determination of Interplanetary
Trajectories,” Technical Memorandum 33-414,
Jet Propulsion Laboratory, November 1968.

K. A. Ehricke, Spaceflight, Vol. 1, “Environment

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

and Celestial Mechanics,” Van Nostrand, Prince-
ton, 1960.

J. M. A. Danby, Fundamentals of Celestial Me-
chanics, MacMillan, New York, 1962.

R. W. Wolverton (Ed), Flight Performance Hand-
book for Orbital Operations, John Wiley & Sons,
New York, 1961.

J. Jensen et al, Design Guide to Orbital Flight,
McGraw-Hill, 1962.

R. M. L. Baker, J1. et al, An Introduction to
Astrodynamics, Academic Press, New York, 1960.
The American Ephemeris and Nautical Almanac,
Washington, D.C., published annually.

L. G. Stoddard, “Eclipse of Artificial Earth Satel-
lites,” in Astronautic Sciences Review, April-
June 1961.

W. W. Hough and B. D. Elrod, “Solar Array Per-
formance as a Function of Orbital Parameters
and Spacecraft Attitude,” in Journal of Engineer-
ing for Industry, February 1969.

W. E. Allen, “Design Analysis of Solar Cell Array
Configurations for Vertically Stabilized Satellites
in Near-Earth Orbits,” Technical Memorandum
TG-1066, The Johns Hopkins University (Applied
Physics Laboratory), August 1969.

“Olsca: Orientation Linkage for a Solar Cell Ar-
ray,” Technical Report AFAPL-TR-68-76, July
1968.

A. L. Greensite, Analysis and Design of Space
Flight Control Systems, Vol. XII, “Attitude Con-
trol in Space,” NASA CR-831, August 1967.

M. B. Tamburro et al, Guidance, Flight Mechanics
and Trajectory Optimization, Vol. 1, “Coordinate
Systems and Time Measure,” NASA CR-1000,
February 1968.

L. A. Pipes, Matrix Methods for Engineering,
Prentice-Hall, Englewood Cliffs, New Jersey,
1963.

F. G. Cunningham, “Calculation of the Eclipse
Factor for Elliptical Satellite Orbits,” ARS Jour-
nal, December 1962.



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 fiscal constraints,
and—perhaps most important—by the skills,
experience, and personalities of the personnel
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 cell 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 analyses
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 final components,
parts, and material selections are made. The
performance and characteristics of the final
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 all projects have all 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-

m
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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 array specialist gets involved
no later than during the preliminary design
phase. Actually, he is more of an “array gen-
eralist” than a specialist, because he must now
consider the many aspects and interfaces of
importance in the design process. Frequently,
he assumes 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 include 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.

b

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
(i.e., design optimization).

Design optimization activities may also 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 well 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
well 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 fol-
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 typical list 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 failure. 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 which power output must be met

Ilumination
Intensity (solar constant)
Spectrum (air mass)
Solar distance (season)

ARRAY DESIGN
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Conditions under which power output must be met

Orientation (off-pointing)
Shadowing
Temperature
Operating range
Ambient conditions
Electrical losses
Solar cell interconnections
Wiring, connectors, circuit breakers
Slip rings
Blocking diodes
Mismatch
Reliability
Grounding (electrical)
Electromagnetic interference
Electrostatic charging
Mechanical
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 (launch)
Pressure/altitude
Acceleration
Shock
Vibration and acoustic noise
Environmental—space (on-orbit)
Temperature cycling
Charged particle radiation
Ultraviolet radiation
Micrometeoroids
Deposits
Magnetic cleanliness
Magnetic moment
Environmental—terrestrial
Storage, handling, testing, installation
Ultraviolet radiation
Deposits and dirt accumulation
Humidity
Temperature cycling
Weathering
Miscellaneous
Transducers (temperature)
Test points
Transportability
Repairability
Transient overvoltage
Schematic diagram
Insulation resistance
Dielectric voltage breakdown strength
Identification and marking
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Table 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
Electrical layout 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 imprints 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 N
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 N
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 ST
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” column:

S applies for space arrays
T applies 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 well as the physi-
cal mating requirements for mechanical and
electrical elements (mounting brackets, con-
nectors, etc.). Table 3-3 provides a checklist
for the most frequently encountered interfaces.

Table 3-3. Solar Cell Array Design Interfaces.

Interfacing Design

Activity Nature of Data

Overall system Size and configuration
Orientation to sun
Shadows and reflections
Concentration

Solar distance

Substrate
Size and geometry
String layout
Unavailable areas
Weight
Structural support
Deployment system
Orientation drive
Methods of mounting and
structural support

Mechanical

Thermal —~Array temperature
Operating temperature
Extreme low temperature
Extreme high temperature

Thermophysical
Cell operating
efficiency
Absorptance, emittance
Thermal control
coatings
Deposits (outgassing)

Electrical Array output
Power levels and

profiles
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Table 3-3. (Continued)

Interfacing Design

Activity Nature of Data

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
of wires
Arcing and corona

Attitude control
Cancellation of mag-
netic moments
Experiments (spacecraft)

Non-magnetic materials

Magnetic

Ground handling
and test

Provisions for mounting

Protective covers and
containers

Permanent or temporary
handling facilities

Test points and
connectors

Cost
Development time
Procurement time
Risk

Programmatic

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 include the following:

e Military and federal specifications and
similar documents for certain materials,
components, and processes

o Project approved parts lists

e Company quality assurance manuals and
workmanship standards

e Company drafting room manuals

o Company and project oriented procure-
ment policies

o 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 of the
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-lead 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 well as the system’s implications.
Typical, specific items of the design to be
examined are given below.

e 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.

e 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.

e 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 follow a review plan. A typical
review plan would include the guidelines
below.

e Look for:
Misunderstandings
Omissions
Errors
Functional inadequacies
Excessive risk.

e Review for:

Use of prior state of the art
Soundness of invention
Accurate documentation
Complete documentation
Experimental proof.

o Assess:

Variety of alternatives
Depth of analysis

Logical convergence
Decisiveness

Cost and value awareness.

e Plan for:

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 record 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 operational 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
final design through a number of different
documents:

e Parts (solar cell, coverglass, etc.) specifi-
cations

e Process and material (adhesives, primers,
soldering, etc.) specifications

e Solar cell layout drawings (cell spacing,
wire routing, etc.)

e Solar cell interconnector design (defining
manufacturing and assembly complexity)
and subassembly drawings (tolerances,
process control requirements, etc.)

e Workmanship criteria.

Solar cell arrays are costly, and if they are of
any substantial size, they will consume a sub-
stantial fraction 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 produce 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 rechargeable energy storage bat-
tery in conjunction with the solar cell array. to
handle the transient loads rather than to
oversize the array. The battery also serves as
energy source during periods of no sunshine,
and gets recharged during periods of sunshine.

The orderly presentation of the actual loads
to be operated from a solar cell array system is
known as the load profile for that system. For
illustration, consider the simple terrestrial or
space photovoltaic power system depicted in
block diagram form in Fig. 3-1. The array out-
put feeds through a blocking diode to the
battery. The diode prevents current flow from
the battery through the solar cells when they
are not fully illuminated. A shunt-type regulator
absorbs all excess energy from the array when
the battery is fully charged and the loads are
disconnected. There are n loads connected to
the system; each may be switched on or off
independently.

Itlustrative Example No. 3-1

Problem: Determine the load profile for the
power system shown in Fig. 3-1. Assume that
the battery has nominally 25 V and the loads
are as follows:

Load 1 is a constant power load transponder
that draws 50 W continuously, day and night;
Load 2 is an electric motor-driven water
pump that operates three times a day for one
hour: once before sunrise, once near noon,
and once after sunset; and draws a starting

current of 20 A for 5 seconds and a running
current of 4 A; and

Load 3 is a scientific experiment that operates
approximately every 2 hours for 6 minutes,
day and night, and draws a current of 3 A.

Solution: The current drawn by Load 1 is
50 W/25 V=2 A. This current is plotted as
function of time for a 24 hour period in Fig.
3-2. The other load currents are similarly
plotted. The time phasing of Loads 2 and 3
are arbitrary, except that it must be assumed
that all worst-case loads can be “‘on” simulta-
neously, resulting in a peak current drain from
the battery (at night) of 2 + 20+ 3 =25 A. The
combined loads in Fig. 3-2 were obtained by
simple addition of the current levels at each
time. Loads 1 and 3 are shown to be switching
independently, causing a slightly different com-
bined load profile.

The average current drain, defined by the
area under the curve of the combined loads (in
units of ampere-hours, Ah; ampere-seconds are
abbreviated as As), is calculated as shown.

Load 1
2AX24h=48 Ah

Load 2
3X20A X 558=300 As
300 As/3600 = 0.08 Ah
3X1hX4A=12Ah

Load 3
12X0.1hX3A=3.6Ah

Combined loads
48+0.08 + 12 + 3.6 = 64 Ah

LINE RESISTANCES

/L
N - -
Dt W Wy
BATTERY
ARRAY CHARGE BATTERY IN%A? l’-\]%Ag kngD
REGULATOR : : n
ARRAY SYSTEM LOADS

Fig. 3-1. Simple Power System.
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Fig. 3-2. Load profile. (Illustrative example)

Average combined load
64 Ah/24h =27 A
27AX25V=67W

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. lilumination 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 well 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 observer or
a solar cell array installation. The site is located
at L,° latitude and L,° longitude. The local
civil time, or local standard time, is defined by
the longitude of the standard meridian, Lg,,.
The standard meridians for time zones in the
U.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 observer located north of the
Tropic of Cancer views the sun due south. The
true solar time, Hy, is related to the local stan-
dard time, Hy,, by Eq. 3-1.

Hs =Hls +eq/60 + (Lsm - Lob)/15

G-
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Table 3-4. Some Time Zones.

Zone Longitude
Number Standard Time (C 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

E4; is the equation of time (in units of minutes)
taken from Fig. 3-3 (the units of Hy and H, are
hours). Figure 3-3 illustrates that during most
of the year, the true sun time is either ahead or
behind the local standard time, a fact that re-
quires consideration when designing precise
tracking equipment for concentrator arrays
requiring high pointing accuracy. When viewing
the sun from the site at which the aforemen-
tioned reference system is fixed, the sun rises in
the east, as illustrated in Fig. 3-4, and moves
across the sky according to the following
equations.

sin ¢, =cos L, cos & cosh +sin L, sin 6
(3-2)
and
sin ¢, = ~cos & sin h/cos ¢,  (3-3a)
or
cos ¢, = (sin 8 - sin L sin ¢,)/cos L, cos ¢,
(3-3b)
where

¢, = azimuth angle of sun, measured in the
horizontal plane from the north-south
line
¢ = sun elevation angle, measured in a per-
pendicular plane
L, = latitude of site
L, =longitude of site
& = solar declination angle given in Fig. 3-3.
The sun hour angle 4 is given by Eq. 3-4 and
H; is defined by Eq. 3-1.

h=15(12 - Hy) (3-4)

The sunrise and sunset times, expressed in
hours, according to the true solar time hour are
approximately as given in Egs. 3-5a and b.

Hg s = (1/15) arc cos (tan L, tan 8)  (3-5a)
Hgy gs =12+ (1/15) arc cos (-tan L, tan 8)
(3-5b)

The corresponding sunrise and sunset times for
local standard time are given in Eqgs. 3-6a and b.

Hlt,sr =Hst,sr - eq/60 + (Lob - Lsm)/ls
(3-6a)

Hyg g5 = Hgy 5 - eq/60 +(Lop - Lsm)/15
(3-6b)

The hours of possible sunshine, Hp, are given in
Eq. 3-7.

H, = (2/15) arc cos (-tan L, tan §)
(37

In Fig. 3-4, EAST and WEST indicate the 90°
and 270° angles measured in the horizontal
plane from true north. During the summer
months, the sun’s path encompasses a greater
angle than 180° from east to west; however,
not all the energy available outside the 180°
arc may be usable by a fixed, flat plate array.
The amount of energy that can be used de-
pends upon the latitude, sun declination, time
of year, and array tilt angle toward the south.
The analytical relationship can be developed
from Eq. 2-62 in Section 2-49 and Egs. 3-2
and 3-3, by noting that the sun zenith angle
¢, =90 - ¢, and that ¢, is identical to the sun
angle 6. The array tilt angle is o and the azi-
muth angle ¢, = ¢ (see Fig. 3-5). The resulting
expression for the compound angle I' between
the sun line and the normal to the flat plate
array is Eq. 3-8.

cos I' = cos 8 cos a + sin 8 sin & cos ¥
(3-8)
where

cos @ =sin ¢, as given by Eq. 3-2

sin 8 = sin [arc cos (cos L cos & cos h
+ sin L sin §)]

cos ¥ = cos ¢, as given by Eq. 3-3b.
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Fig. 3-4. Path of sun as seen north of Tropic of Cancer.

By plotung I' versus H for different values of
a and 8, the total solar intensity/time 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
incident on an inclined plate or on other array
configurations consists of taking data from ter-
restrial sunshine tables (Appendix B).

lllustrative 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

DIRECTION
OF INCIDENT
SUNLIGHT S

w\\\

S
E
E
PANEL \\
\ W\\ ) |

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 cosines:

cos -8°+cos-22° 0.990 +0.927
cos b,y = > = >

=0.959
840 =-16.5°.

A

HORIZONTAL
222 T A/ /LAY, 77 /A
CASE A CASE B CASE C
E = EQUINOX
S =SUMMER
W = WINTER

Fig. 3-5. Tilt angle definition. Angle « 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 ag =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 § = 16.5°.

Hp, is only 9.7 hours at § = 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°=115° in winter and 35° + 23.5° =
58.5° in summer. The light intensity on the
array, as defined by the compound angle I,
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, P4, can be expressed as Eq. 3-9.

PA=S'COSF'17'F'AA (3-9)

S is the terrestrial or space solar intensity, ex-
pressed in units of W/m?, I’ (gamma) is the
compound angle between the sun line and the
array normal, i is the solar cell efficiency, F'is
the sum-total of all array design and degrada-
tion factors, and A4 is the array area. Solving
Eq. 39 for 4, we get Eq. 3-10.

Ayg=P4[/S-cosT-n-F (3-10)

Equation 3-10 permits calculation of the re-
quired array area to meet the load requirements,
P, . 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 I' is
defined in Section 3-12, n in Section 4-17, and
F in 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 n =10%, F=0.5, and a bat-
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tery charging efficiency of 60%. The full load 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-
ing the 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
P, =650+/67 +165 =882 W=0.882kW.
From Table B-3, the lowest monthly insolance
on a tilted plate is 181 kWh/m?, or 181/9.7 X
30=0.62 kW/m? daily average. This quantity
replaces (S - cosT) in Eq. 3-9 and 3-10. The
required array area is, according to Eq. 3-10:

A =0.882/0.6 X 0.10X 0.5 =28.5 m?.

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 4 4 is re-
placed by the total number of solar cells in the
array, N, and the cell area, 4.

Py=8§-cosI"'n-F-N; A,
Solving Eq. 3-11 for NV, gives Eq. 3-12.
Ny=Py/(S-cosT-n-F-4,) (3-12)

(3-11)

illustrative Example No. 3-4

Problem: Find the number of solar cells for the
array of Illustrative Example No. 3-3. Assume
that each cell has a diameter of 2.25 inches.

Solution: The cell area is given by

d’n (225X 2.54)’x

A= =25.6 cm?
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The number of cells required, according to Eq.
3-12,is

N,=0.882/0.62 X 0.10X 0.5X 25.6 X 107*
=11,100.

3-15. Preliminary Array Sizing—Cell Power
Method

In terms of the solar cell power output, P,, the
array power, P4, is given in Eq. 3-13, where S,
is the reference intensity at which the cell power
output P, was determined.

S-cosI’
4 =———  F-N,-P, (313)
So
The required number of cells is V.
Py -So
Ny=—"""""7""— -
' F-P,-S-cosT (3-14)

lHlustrative Example No. 3-5

Problem: Find the number of solar cells for the
array of Ilustrative Example No. 3-3. Assume
that each cell has an area of 25.6 cm? and a
power output density of 10 mW/cm? at one
solar constant intensity (1.0 kW/m?).

Solution: The cell power output is 10 X 25.6 =
256 mW = 0.256 X 107 kW. From Eq. 3-14.

N,=0.882/0.62 X 0.5X 0.256 X 1076
=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,

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, Pc, of a
single solar cell from Eq. 3-15.

Pc=Py-S" Frap *Fr,, Fu Fsu
“Fpp *Fconr  (3-15)

The terms are defined below.

Py =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).

§' = effective solar intensity, including
the effects of cover transmission
degradation, solar distance, and
non-normal incidence.

Frap =solar cell radiation degradation fac-
tor, defined by either Eq. 3-16* or
3-17.%*

*PD = percent orbital solar cell degradation.

**P,p = cell maximum power output. The additional
subscripts ¢ and O refer to the end-of-mission 1
MeV fluence, ¢, and the initial, zero fluence condi-
tion, respectively. (The 1 MeV fluence is obtained
according to the procedure described in Section
3-34))



FRAD =1- PD/IOO (3-16)
FraD = Prmpo/Pmpo
(3-1 7)

= operating temperature degradation

FTop
‘factor defined by Eq. 3-18.*

FTop =PmpTop/Pmp0
(3-18)

Fyr = 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, Fyy
will range between 0.95 and 1.00.

Fgy = shadowing factor, as defined in
Section 2-42. For unshadowed ar-

tor, prorated for a single cell and
defined by Eq. 3-19, where Vp =
diode voltage drop, Vy = voltage
drop of the wiring between the ar-
ray and the load, and Vg = array
bus voltage at the spacecraft load.**

_VptVw
Vpg+Vp+Vy

(3-19)

Fpp=1-

Fcoonr = configuration factor, also known as
aspect ratio, as given in Section 3-17.
(For flat plate arrays, Foonr = 1.
For cylindrical, spinning arrays,
Feonr = 1/m)

Step 3. Determine solar cell array characteris-
tics as shown below.

*The additional subscripts Typ and 0 refer to the
operating temperature and reference temperature,
respectively. PmpTa is computed according to

Section 2-51, while T op is estimated according to
Section 2-56. If appropriate values of Fj, and ngp
are not yet defined, one can assume as a first cut
F p= 0.9 and nNgp = 0.05 for long-life high-radiation
or higher-temperature orbits or ngp = 0.1 for low
radiation or lower-temperature orbits.

**If the blocking diodes and wiring losses are not yet
defined, (Vp + Vy) =1.4 V is a good first-cut ap-
proximation for single silicon diodes on arrays
below 1 kW size, and (Vp + Vyy) = 2.8 V for higher
power levels.
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Number of solar cells:
N=P,[Pc (3-20)
where

P, =required power output
P = single-cell output from Eq. 3-15.

Substrate area:
Ag=A NJF, P

where the packing factor, Fy,, is defined below,
and A, is the overall solar cell area.

(321)

Substrate mass:
M=mA, (322)

where m is the mass per unit area (kg/m?) from
Sections 1-16 and 1-17.

Packing factor:

(3:23)

where

N =total number of solar cells on a given
solar cell panel or array
A, = overall area of a solar cell
A, = substrate area.

Different definitions for A are being used, de-
pending upon how A is to be used in computa-
tions. A; may define the following substrate
areas or portions thereof:

e Areas under the solar cell modules and
strings only

o All so-called “available™ areas onto which
solar cell circuits, including cabling, may be
mounted

o The substrate gross area with the exception
of areas reserved for hinges and similar ele-
ments and with the exception of cutouts
(larger openings) in the substrate

o 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 definition 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.

(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

o The range of the angles of incidence of the
sunlight falling onto the spacecraft and
onto the solar cell array throughout mis-
sion life

e The change in the array-to-sun distance
during mission life

o The required power level and power profile
of the array

o 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-

Table 3-5. Packing Densities for 2 X 2 cm
and 2 X 4 c¢m Solar Cells.

Number of Cells Number of Cells
(per ft?) (pet m?)
Fp 2X2cm 2X4cm 2X2cm 2X4cm
0.8 186 93 2000 1000
0.9 208 104 2250 1125
1.0 232 116 2500 1250

lytical accuracy for conceptual design studies.
For more refined configuration studies, actual
solar cell array I-V characteristics should be
used rather than the projected areas. One com-
monly used method is to assume 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 0
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 a series 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, Ng, is
found from

_VgtVp+Vy

325
s Vo (3-25)

where

Vg = spacecraft load or battery bus voltage
Vp =array blocking diode forward voltage
drop
Vw = total wiring voltage drop between the
solar cells and the spacecraft load or
the battery (in both the hot and re-
turn lines)
Vimp = 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 (i.e., the angle
between the solar vector and the satellite spin axis).

Fig. 3-7. Aspect ratios of paddle mounted arrays, shadowing effects ignored.1
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Fig. 3-8. Aspect ratios of conical solar arrays.!

put voltage at the cell’s maximum
power point and under operating tem-
perature and intensity.

The value of Vj is usually project-peculiar
and depends primarily upon the battery’s elec-
trochemical characteristics. Values for ¥V are
typically near 0.7 V for silicon diodes. Values
for Vy are project-peculiar; however, Section

Table 3-6. Relative Area of Faceted Cylinders.

Number of Facets Relative Area

) AR)

o (cylinder) 1.000
4 0.637
6 0.827
8 0.900
10 0.936
12 0.955
16 0.974
20 0.984
24 0.988

AR =Ag,/A cylinder and
Ap= %nr2 sin (2n/n)

where A,, is the area of a polygon of n
sides inscribed in a circle of radius r.

3-20 provides a procedure for selecting Vy, for
a minimum weight array-plus-bus wiring design.
Values for V,,, 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 voltage of a single cell
from Eq. 3-26.

Vmp = Vmpq‘) +AVg +BVp(Top - Ty)

(3-26)
where

Vimpe = glassed solar cell maximum power
output voltage at the reference tem-
perature T, after irradiation with 1
MeV electrons to a level of e - cm™>

AVg' = 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)

Byp = temperature coefficient for the max-
imum power voltage, as defined in
Section 4-21



T,p = solar cell operating temperature, ob-
tained from Section 2-56 or from
Section 3-24

Ty =solar cell standard test temperature
(25°C or 28°C).

Number of Cells in Parallel. Let a group of N,
solar cells, all connected in series, be defined as
a series string, or simply as a string of cells.
The total solar cell array consists of NV, strings
that are connected in parallel and, together,
provide the required load current. N, is found
from Eq. 3-27, where Iy, is the average maxi-
mum power point current output of all N, cells
in parallel after glassing and degradation, at the
operating temperature, T,p, and under reduced
illumination conditions due to cover darkening
and non-normal incidence.

I

Np = (327)

Impau

To compute gy, proceed as in Eq. 3-28.

Zlmpi

Inpay = (3-28)
where
Impi =Imp¢> ' (S,)i 1 +B}p(Top - To)]
“Fr - (Fs)i  (3-29)

The terms are defined below.

Irypg = glassed (but with undegraded trans-
mission) solar cell maximum power
point output current at the reference
temperature T, after irradiation
with 1 MeV electrons to a level of
pe-cm2.

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 S; are the same and
the subscript i may be dropped.

ﬁ}p = temperature coefficient for 7,,,,, as
defined in Section 4-21, expressed
in units of °C™*.
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T,p =solar cell operating temperature,
obtained from Section 2-56 or from
Section 3-24.
T, = solar cell standard test temperature
(25°C or 28°C).

F,,, = miscellaneous solar cell assembly
and degradation factors (identified
and discussed in Section 2-47); for
most array designs, F,,, will range
from 0.95 to 1.00.

(Fsy); = the shadowing factor for the ith
parallel-connected string of solar
cells, as described in Section 2-42.
For unshadowed strings, Fgzy = 1.00.

Parallel Circuits. As aminimum, 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 cell level 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 a part or
all of the current flow that is blocked by an
open-circuited solar cell. 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 definitions given in Fig. 3-9, the
required area for a group or string can be cal-
culated from Egs. 3-30a and b.

A=MC+M- )H (3-30a)

] T

_—Q—-——‘Q_-—

3 U ]

A

Fig; 3-9. Solar cell array layout dimensions.

B=ND+NG+F+2E  (3-30b)

where

C = solar cell width—parallel
H = cell gap—parallel

D = cell length—series

G = cell gap—series

E = end contact bar width
F = end contact/cell gap.

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 near-zero power losses. Instead, the
permissible power loss is determined by a
trade-off between the weight due to increased
array size.? 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,=2pL/A
and their total mass (neglecting the insulation)
is

m,=2LAd



where

p = electrical conductivity of conductors
A = cross-sectional area of conductors
d = density of conductors.

Let the required load power be Py and the
power losses in the conductor be Pg. The array
must, therefore, be sized to provide P, + Pg.

Let the array mass corresponding to Py be
my, and the array mass corresponding to Pg
be mg. Then the sum-total of the masses of the
array and the conductors is

M=m; + mg +m,.

However,
mg =mp P[P
and
Pg=I3R, =1} pL/A
and

PL = VLIL
where V;, is the load voltage and I} is the load
current. Thus we find Eq. 3-31.

2myp Iy pL

M=m; + +2LAd (3-31)

L
Differentiating M with respect to 4 and setting
the result equal to zero permits the minimum M
to be found for which the cross-sectional area,
denoted by A4,,, is given by Eq. 3-32.

AY =mpI p/Vid (3-32)

The value for 4,,, 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 = pdLYR, 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 M, and that of a copper conductor
by M,. The mass ratio of two, for the same
resistance R and length L is
Pady

M,
M, ped;’
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The subscripts @ and ¢ refer to aluminum and
copper, respectively. For p,/p. =1.64 (from
the data in Chapter 10), d, = 2.70,and d,, = 8.89
g cm™3, we obtain

MM, = 0.50.

Hence, aluminum conductors weigh one-half of
copper 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
Section 2-45) may lead to solar cell failures and
associated solar cell array power losses (as de-
scribed in Section 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 heat 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 Section 2-45. Sections 2-46,
2-54, and 2-56 permit the solar cell tempera-
tures to be determined.

If an analysis shows that a real or a potential
hot-spot problem exists, the design changes
listed below should be considered to reduce
the magnitude of the reverse voltage and/or
heat dissipation.

¢ Eliminate operational short-circuiting of an
array or array section (i.e., let shunt regula-
tors shunt the array to the load voltage
rather than to near short-circuit).

e 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,

o Use single cell series strings rather than
parallel-connected groups of cells in the
series strings.

e 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.)

e Increase the lateral heat conduction and/or
heat dissipation from solar cells and the
substrate.

3-22. Designing for Reliability

Array design for reliability, as defined 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 estimated 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 minimizing /%R 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).>*

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:

e Complete insulation of the high-voltage
array solar cell circuits, including solar
cells, interconnectors, and joints, from the
surrounding plasma or air

e Minimization or complete avoidance of
pinholes and voids in the insulating layers

e Provisions for shunt diodes to both in-
crease the array reliability and to minimize
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.

(@ - Fpnop)Ar S cos I‘] 14

T =
i [(EHFAF teypAp) ©

(3-33)

The transient eclipse temperature as a function
of eclipse time, ¢,, is given by Eq. 3-34.
-1/3

(3-34)

3(€ygrAF + eqpAp) T?;p

Te(te) = Top [1 + —
P

The symbols (defined in the sections indicated)
represent the following:

@, = average solar cell solar absorptance
(Section 2-53)
Fy, = solar cell packing factor (Section 2-53)
Nop = solar cell operating efficiency (Section
4-17)
Ap = array total front side area
Ap = array total back side area
€yr = hemispherical emittance of the array
front side (Section 2-53)



€yp = 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

o = Stefan Boltzmann’s constant (Appen-
dix C)

mcp, = array thermal mass (Section 2-56)

I' = 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 T,, with solar dis-
tance according to Eq. 3-32 is illustrated in
Fig. 3-10. In the equation, the cells are non-
operating (ny, = 0), the sun intensity S varies
with distance from the sun according to Eq.
2-63, and I'=0. The a/e ratio shown on the
graph is for €yr = €yp and should be divided
by 2 when used in the calculation of T, 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 Steady-State
Altitude Temperature
(lm) (°c)
370 67
740 65
1,110 64
1,850 62
7,410 57
14, 820 55
22,240 54
35, 880 53
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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 cells 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 cells 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 o, (de-
fined in Section 2-53) of the array can be
lowered by any one or combination of the
following:

e Using spectrally selective reflecting filters
rather than absorbing filters to reflect all
sunlight that cannot be converted into
electrical energy (see Section 5-9)

e Minimizing cover and cover adhesive dark-
ening at end-of-life (see Chapter 5 and 10)

e Covering all array areas not covered by
solar cell active areas with highly sunlight-
reflective materials

e Maximizing the end-of-mission solar cell
operating efficiency (defined in Section
4-17).

A decrease in the absorbing area A, 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 cell 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 a space array due to a change in the
solar absorptance, &g, from 1.00 to 0.95?

Solution: Eq. 3-33 can be restated as
T* = k(@s - Fpnop)

where k is a constant representing all other
symbols in Eq. 3-33 (k is of no further interest).
Differentiating this equation, we obtain

4T3dT = k(dag).

Dividing the second equation by the first and
rearranging terms,

g_ dag
T 4 - Fpnap) '

Substituting numbers, assuming Fj, - nop = 0.1,
and letting dT = AT and dog = Ao = ag, -~ Ogy,
we obtain

AT _ 095-1.00 _ 0.0147

T 4095-0.1) ) )

For an operating temperature of 300°K (23°C),
AT=-0.0147 X 300=-4.4°K. For an oper-
ating temperature of 330°K (53°C), AT=
-0.0147 X 330=-4.9°K. Hence, a lowering
of ag 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, € (defined in
Section 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 cell 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 tem-
perature can also be achieved by increasing the
emitting area, 4, as discussed in Section 3-29.



INlustrative 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, € gx, from
0.90 to 0.95? Assume €yg = 0.95.

Solution: Restating Eq. 3-33 as
T* =k'(€urAr + €upAp)™
and differentiating with respect to €y yields
k'Apdeéyr
(€urAr + enpAp)®

Dividing the second equation by the first and
letting the differentials become increments
results in

4T3dT=-

£__ AFAEHF

T 4(eprAr t egpAp)

For a flat plate array, Ap = Ap, so that

AT _ Aeyp

T 4(€urp + €np)
Substituting numbers,

AT_ 095-090 _ oo
T 4(0.90+095)

For an operating temperature of 330°K,
AT =-22°K =-22°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 heat 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. Tilting the modules and re-
moving all possible obstructions to air flow is
also helpful. This 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.® Solar cell operating
temperatures can be reduced by any one or
combination of the following:

o Off-pointing—non-normal angles of inci-
dence reduce solar heating proportional to
the cosine of the angle of incidence

o Mosaic array—highly reflecting and emit-
ting thermal control elements are inter-
spersed with the solar cells to decrease both
o and 4, and increase both € and 4,

o Fartially reflective covers—a portion of the
area of each solar cell cover carries a highly
reflective coating, thereby reducing both @
and A, while keeping €y and 4. constant

o Semi-transparent covers—the solar cell
covers carry a partially reflecting, partially
transmitting coating applied uniformly
over the cover areas, thereby reducing «
without affecting €y

e Cooling fins—flat or curved solar cell panels
carry radiating fins, thereby increasing the
emitting area on the array back side

o Non-flat array geometry—solar panels hav-
ing conical or other shapes exhibit greater
effective emitting areas than absorbing
areas

e Spinning array configurations—the emitting
array is approximately m 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 heat concentration, see Sec-
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tion 5-20. Heat conduction is discussed in Sec-
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 of mc,.
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. However, if this is not
achievable, increasing the thermal mass may be
required.

lllustrative Example No. 3-8

Problem: What is the change in eclipse exit
temperature due to a change in mc, by 10%?

Solution: Restating Eq. 3-34 as

T\ _
=1+ 3(€HFAF
Top

+ eypAp) Tapte (mcp) ™!

and differentiating with respect to mc, yields

73 . *dT, = -3(€yrAr + eupAp)
op
- Topte(mep)2d(mc,).

Dividing the latter equation by the former and
letting the differentials become increments
results in

N
—i —{(me) [3 +

- A(mcp).

(mcp) ] B
(eHPAF + cpABR)Topte

For most cases, the operating temperature T,

is between 100° and 400°K, so that the term
containing T, is small compared to 3. The

equation can therefore be simplified to

For a 10% change inmc,, A(mc,)/(mcp) = 0.10
and AT, /T, =0.10/3 =0.0333. For an original
eclipse exit temperature of 100°K (-173°C),
AT, would be 100 X 0.033 =3.3°K or °C. An
increase in ﬁc'p results in an increase in T ; for
the example, T, increases from 100° to 103.3°K
(from -173° to -169.7°C).

RADIATION SHIELDING DESIGN

3-31. Solar Cell Radiation Shielding

Radiation shielding design is concerned with
the protection of solar cells from the particu-
late radiation environment found in space. Since
complete protection of the solar cells is not
feasible, the typical radiation shielding design
activities involve making trade-offs and finding
optimum compromises between at least the
following major parameters:

e Solar cell end-of-life power output

e Solar cell array mass (especially as deter-
mined by the substrate and solar cell cover
masses)

e 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 well as in its final, operational 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 10* km). A typical
reduction in the fluence due to coverglass shield-
ing is illustrated in Fig. 3-13 for a number of
different radiation particle types.

Elliptic Earth and Transfer Orbits. The total
1 MeV fluence in elliptic and spiral (transfer)
orbits, ¢, can be determined from Eq. 3-35.

T
o= | someyar 339
0

where

¢(h) =1 MeV fluence at altitude % as given
approximately in Appendix E
h(t) = solar cell array altitude as a function
of time, ¢
T = time at which ¢ is sought; typically,
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, A (¢); the range of ¢ for
spiral orbits is from shroud ejection (¢ = 0) to
reaching the on-station orbit (¢=7), and for
elliptic orbits from any point in orbit (£ =0)
through the same point for one period (¢ = T)—
note: use Keppler’s second law, described in
Section 2-64; b) multiply the 4 values in the
h(¢) graph from Step a with the ¢ (%) values for
all particles [obtain ¢(#) from Appendix E] to
obtain a ¢(h)h(¢) 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, A, for constant time intervals, A¢; mul-
tiply the % values by the ¢ (k) values; and sum
the ¢(k)h (¢t) tabular entries to obtain ¢.

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.

Approximate Altitude

1600 to 50,000 (includes
synchronous altitude of
35,786

Above 50, 000

Range (km) Radiation Particles
0 to 250 Negligible
250 to 1600 Trapped electrons and protons

Trapped electrons and solar flare
protons and alpha particles

Solar flare protons and alpha
particles
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Fig. 3-11. Damage equivalent 1-MeV fluence in circular earth orbits due to trapped electrons for Iy, and Py, of
silicon cells protected by 0.15-mm thick fused silica covers and infinitely thick back shields.6

However, no simple relationship exists for the
effect of shield 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, dgr and dp, are calculated by adding the
shield thickness (in g/cm?) of all i front ele-
ments and of all j back side shield thicknesses,
Eqgs. 3-36 and 3-37, respectively.

dgi (3'3 6)

(3:37)

For substrate materials not listed in Table
3-11 and for composite substrates, the total
shield thickness, dy;, of a multilayer sandwich
structure can be found from Eq. 3-38, where
d,, is in units of g/cm?, the p; are the material
densities in g/cm®, and the ¢; are the corres-
ponding thicknesses in cm.

n
dg =p1ty tpata +.. .+ Pty =) pit
i=1

(3-38)

All material must cover the same substrate areas;
for honeycomb core, use the expanded core
density, and for interconnectors, use an average
interconnector density per total substrate area
considered.
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Fig. 3-12. Damage equivalent 1-MeV fluence in circular earth orbits due to trapped protons for Py, of silicon
cells protected by 0.15-mm thick fused silica covers and infinitely thick back shields.®

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 incident
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 well 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.%

solar cell silicon base layer thickness. For more
optimistic assessments, the shielding thicknesses
of Table 3-12 have been used.

For 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 Flux 1 MeV Fluence
(e-em™2.yr' (e-cm™)
Orbit Particles Front Back Front | Back
Transfer Trapped electrons
Trapped protons
orbits Subtotal
On-station Trapped electrons
Trapped protons
Flare protons
years Subtotal
Other
Subtotal
Total Sum vertically
Grand total Front + back
Shield thickness
Front:
Back:




ARRAY DESIGN 141

FRONT SHIELDING}

\GLASS/CELL ADHESIVE
g SOLAR CELL

REAR SHIELDING

A e e f

e X X X X XXX

SOLDER

CELL/SUBSTRATE ADHESIVE
FIBERGLASS INSULATOR
SUBSTRATE ALUMINUM FACESHEET
'FACESHEET/CORE ADHESIVE
HONEYCOMB CORE
FACESHEET/CORE ADHESIVE
SUBSTRATE ALUMINUM FACESHEET
THERMAL PAINT

Fig. 3-14. Typical solar cell shielding.

energy, and the mix between different particles
as well 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 /g.. (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:

o Determine the required inputs (see below)

e 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

e Determine the 1 MeV fluence components
entering the solar cell from the back side
for infinite front side shielding

e 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 for all missions:

e Launch date (affects solar flare proton
fluence)

e Mission duration (defines end-of-mission,
EOM)

o Characteristics of transfer or parking orbits

o Number of transfer or parking orbits

e Design data, as described below.

Additional requirements for earth orbits
only:
e Apogee (farthest point from earth)
e Perigee (nearest point to earth)
o Inclination (angle between the orbit plane
and the earth’s equatorial plane).

Additional requirements for interplanetary
probes only:
e Array-sun distance variation with time
after leaving parking orbit.

Design data:
o 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 | 6.71lE-2 | 1.12E-1 1.68E-1 | 3.35E-1
g/cm2 33 0.0168 0.0335 0.0671 0.112 0.168 0.335
inch 0.003 0.006 0.012 0.020 0.030 0.060
mm } 0.075 0.15 0.30 0.50 0.75 1.50

L
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Table 3-11. Variation in Shielding Thickness with Material.

Shielding Thickness Shielding Thickness
Density per 25 pm (0,001 in.) Relative to
Material (g/cm3) Thickness (g/cm?)* Fused Silica
Coverglass — Fused Silica 2,20 5.59E-3 1.00
Coverglass — Microsheet 2,51 6.38E-3 1.14
Glass/Cell Adhesive 1.0 to 2.54E-3 to 0.45 to
1.70 4.32E-3 0.77
Silicon Wafer 2.4 6.1E-3 1.09
Solar Cell Back Solder 7.82 3.38E-3 0.60
Cell/Substrate Adhesive 1,10 2.79E-3 0.5
Fiberglass Insulator 1.87 4,75E-3 0.85
Substrate Al Facesheet 2,82 7.16E-3 1.28
Honeycomb Core 0.026 6.60E-5 0.0118
Thermal Control Paint 1.55 3.94E-3 0.70

*E - 3=1073, 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 II uses a
coverglass overhanging the active solar cell
area in one direction only, and one adhesive
fillet 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 Thickness Shielding Thickness
(inches) (mm) | (% of thickness) (g/cmz)
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

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 |. The desired low energy proton
protection is obtained by installing coverglasses
on the solar cells so that the entire active cell
area, as well 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 IV

A
NO PROTECTION

APPROACH I
TWO ADHESIVE FILLETS

APPROACH I
ONE ADHESIVE FILLET

1l

L J ]

COVER

1 GLASS

APPROACH |
EDGE
h 4/ GAP
- - LiL_.

JULJL
\ 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 perfectly 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 under the glass overhanging the cell.

Approach Il. 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 1ilI. 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 cell
edge normal to the collector bar.

COVER~
| ] I
I l !
I I I
I l I
20.14 | I Il 19.35  20.42
MAX |‘| . | MAX . MAX
! I i
I I I
I I I
1 H fl
[ | R [N
»
CELL ?
K T 1.02
N CONTQ/ER 20.14 MAX +0.05
DIMENSIONS
20.32 MAX IN MM

Fig. 3-16. Cell stack of approach I, Example.
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Fig. 3-17. Design for approaches II and III, Example.

Requirements for Adhesive Fillets. After glass-
ing and soldering 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 overclean this edge fillet 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

0000000410000800080E0III00RIISIEITIEIIIEIIIIIIIIINILSS. .

SOLAR CELL

, TYPICAL ADHESIVE FILLET
COVER GLASS /

lllllllIllllllllllllllllllllllllllllllllllllllllllltll/////lh.

SOLAR CELL

MAXIMUM FILLET

1
COVER GLASS //

SOLAR CELL

Fig. 3-18. Adhesives fillets in approach III.
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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 Coming 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

8

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 particles,
in turn, will be absorbed by the cover adhesive,
while others will penetrate into the solar cells.

10
4
0
JAREAY
\[[ 30 | oreit
/ AN INCLINATION
/ ,,\\ (DECOE)
) -
W / / \ X
/ AN
J | A\ 7 I\ J 1430
[,[l y/4 \ \/ %
/ P
/i /] \)t;‘\’
N\
DRI 1[/ \1
% /o
g T
3
[a]
g
3
210
"
/
// I
P
104
3
10
102 3 104 10°

ALTITUDE (KM)

Fig. 3-19. Average absorbed dose in 0.15-mm thick covers in circular earth orbits due to trapped electrons.
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Fig. 3-20. Average absorbed dose in 0.15-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 1 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 S be consulted.

b

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, includ-
ing its solar cell array, is made equipotential.”>®
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 10° 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 electro-
statically clean solar cell array include 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 (In,O3;—used on Explorer 31
and GEOS), beryllium oxide (BeO), and tin
oxide (Sn0,). 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
a=0.93 was achieved on Explorer 31 for a
coating conductivity of 1 to 3 X 10° ohms
per square). Metallic contact areas on the
outer surface should be minimized because
metals generally 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 forque 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,”*'® 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
electrical 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 / in an elemental con-
ductor (or in an elemental solar cell) of length
d1 is given by Eq. 3-39.*

*For a definition of vectors see Appendix A.



Fig. 3-21. Magnetic field due to current-carrying
conductor.

(3-39)

where uo is the permeability of empty space
and r is the vector from the current element /d1
to the point (x, y, z). The total field B, obtained
by summing over all current elements /d1, has
three directional components, B, B,,, and B,.
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 B, and B;, but none along the
y-axis (i.e., 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."

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
solar cells such that the direction of the current
in the back-wires is opposite to the direction of
current in the solar cells. Figure 3-24 illustrates
several back-wiring concepts.!> '3 Figure 3-24d
illustrates the most effective method. If several
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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 cleanliness
to be lost. Twisting of wires also reduces the
magnetic field.}%:15

The use of materials which may become mag-
netized should be avoided in design situations
which require extreme magnetic cleanliness.
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 m? 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 performed 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 final
design for other unrelated reasons.

3-39. Minimizing Magnetic Moments

The minimization of magnetic fields arising
from solar cell array currents as described in
Section 3-38 generally also minimizes the
array’s magnetic moment. However, the layout
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 B), and B, fields, except B, = 0 every-
where in the y = 0 plane. B, = 0 everywhere. By may be zero somewhere, but in generalBy # 0.

b) X-directed current elements mirrored about the x =0 plane produce By, and B, fields. By,

where in the x = 0 plane. B, = 0 everywhere.
c) Y-directed current elements mirrored about the x = 0 plane produce B, and B, fields. B, = 0 everywhere in
the x = 0 plane; B, may be zero also but in general B, # 0.

d)

in the y = 0 plane. By, = 0 everywhere.

e)

=0.

=B, =0 every-

Y-directed elements mirrored about the y = 0 plane produce B, and B, fields, except B, =B, = 0 everywhere

X- and y-directed current elements mirrored about the x =0 and y =0 plane produce several planes in
which By =By, =B,

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 By =By, =B,

=0.



ARRAY DESIGN 149

* —> | —> ~
—> | —>
—b —b
A *<—L—-—|r~<—d-l><-d~>‘<‘|_—->‘
Y
<+ < —> | —»
—> | —> «—— | «——
— | —— + —> | —> .
< <+ —> | —> <
> —> — | —
«— | —— —> | —
<————L———>l—<—d-><—d->‘-——L——>}
B
Y
—b «— — > +——
< » 4+— —p
—> 4« ‘ —b «—— -
—> | «—— —> | «—— <
+— —> R — —>
—> +— —> +——
‘.‘-_—L—»'-—d d->|<—L——’-|
C

»x

Fig. 3-23. Several solar cell string configurations for magnetic field cancellation. (From Ref. 11).
a) Mirror configuration about x = 0 plane produces zero magnetic field only in y =0 plane. B, and B, 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 improved magnetic field cancellation over Fig. a).

c) Mirror-mirror configuration about the x =0, y =0 and y = +(d + L) planes provides improved magnetic field
cancellation over Fig. b).

of an uncompensated current loop along the 3-40. Electrostatic Charging Control

array’s perimeter, as illustrated in Fig. 3-26.

To minimize the effects of such current loops, During geomagnetic substorm activity, as de-
the mirror image properties discussed in Section fined in Section 9-49, dielectric surfaces of the
3-38 can be utilized advantageously, as illus- solar array are subject to electrostatic charging
trated in Fig. 3-27. 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.

¢) Three back wires.

d) Conductive sheet back wiring.

(a) (b)

Fig. 3-25. String connections located offset (a) and
central (b).
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Fig. 3-26. Uncompensated current loop of folded
string.

Y

ing in electromagnetic interference (EMI) and
potentially in the destruction of materials and
electronic components, unless appropriate pre-
cautions are taken. Figure 3-8 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-

Lo

- >

—
-

Lo

Fig. 3-27. Mirror-Mirror compensation of net current loops.
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Fig. 3-28. Electrostatic charging model. Array without conductive coat. Sizes Not to scale. (Reprinted with per-
mission of the IEEE)!6

mum voltage differential across a facesheet shall
not exceed 100 V at a plasma current density
of 10 nA/cm?, a maximum conductive paint
sheet resistance of 10° 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 10° to 10* ohms per
square ¢

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

PHOTOVOLTAICS
4-1. Solar Cell Devices

Solar cells are relatively small, 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 array of solar cells,
multiplying the output of an individual cell.

Semiconductor devices constitute a family of
solid-state electrical components that include
the well known transistors, rectifier diodes,
light emitting diodes, and integrated circuits
that are used in modern electronic consumer
products.

Present-day solar cells may have sizes ranging
from about 1 mm to over 100 mm in diameter
(254 mm=1.0 inch; 1 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 cir-
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?. Bright sun-
light on a clear day on the earth’s surface con-

tains about 1.0 kW/m?, 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 incident 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, finally,
into electricity (electric generator).

Direct energy conversion processes include
chemical, photochemical, thermionic, thermo-
electric, photoelectric, photovoltaic, and others.
In all of these processes, chemical, thermal, or
light energy is converted directly into electricity.

Solar cells operate on photovoltaic principles.
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 generated. 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 Effect’

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, photovoltaic 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
about 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 close match of the
spectral (color) sensitivity of selenium cells
with that of the human eye made these cells
desirable for a wide range of photometric
(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,
intensive semiconductor material research was
spurmned by the World War II 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!~°
After considerable theoretical and experimental
work, started in the 1930’s and carried on with
great vigor during 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 cell. 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? of AMI (Air Mass 1) 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.S.
work; and 2) because p-type material was
cheaper in the U.S.S.R. than was n-type. It
was later found that cells made from p-type
silicon were more resistant to corpuscular
radiation as found in space than were cells



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-layers 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
1X2cm, 2X4cm, 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-
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tion. It had been discovered that the controlled
introduction of small 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-particle 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 cell. The resultant—
so-called “violet”—cell maintained its superior
performance after electron bombardment with

integrated fluences beyond 10 1 MeV e/cm?.
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
VMIJ 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, recent
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 planar 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-reflecting, 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, augumented, intermediate, or hybrid
high-efficiency cells, in addition to the Comsat
Violet, Comsat Non-reflecting, 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-
tively 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
cell. Starting in the mid-1970’s, 0.050 mm
thick solar cells of 2X 2 c¢m 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. For example,
encapsulated solar cells having 4 cm? area
showed 19% efficiency at AMI1 illumination,
while those having 25 c¢cm? are showed only
15% average in larger production quantities.
Even larger, 80 cm? 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. Ultimately, other types
of solar cells, such as gallium arsenide cells
(see Section 4-5), may perform more favorably
than silicon cells because of their potentially
higher energy conversion capabilities.

4.-5. History of Non-Silicon Cells'~°

The intensive semiconductor material studies
undertaken during the early 1950’s were not
restricted to silicon, but included 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 II-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
HI-V compound cells. As the starting material
technology improved and single crystal GaAs
ingots could be grown, 2 cm? 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 ceils, but
electron radiation degraded both cell types
equally. Low energy protons, however, were.
found to damage GaAs cells much more than
silicon cells. As a consequence of the different
bandgaps, silicon cells lost red response and
GaAs cells lost blue responsé during irradiation.
In 1964, the silicon technology surpassed the
gallium arsenide solar cells for space use and the
GaAs work ceased in the U.S. The inherently
high material costs and difficulties encountered
in working with this material made GaAs at-
tractive only for high-concentration and high
operating temperatures, features that became
of interest 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 efficiency, exceeding 16% in 1977 at AMO
in 2 X 2 cm sizes. Efficiencies in excess of 23%
under AMI illumination for 0.25 cm? cells
was claimed. Some workers showed increasing
efficiency with increasing concentration 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 films 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 film semi-
conductor layers on glass, metal foil, or plastic
film substrates. The semiconductor films were
polycrystalline and promised to exhibit higher
radiation resistance than silicon cells. By 1961,
thin film CdS cells, having 5.2% efficiency and
0.2 cm? area, had been developed. Larger cells,
having 100 c¢m? area, showed only 1.2% ef-
ficiency. It was found necessary to encapsulate
the thin film cells completely to protect the
semiconductor material from humidity. Manu-
facturing processes were not repeatable, fre-
quently resulting in low efficiency and shorted
cells. Self-degradation, moisture attack, and
degradation in temperature cycling were
significant problems. A pilot line production
attempt during 1966 and 1967 to improve
both efficiency and cell stability was not
successful.

As a parallel effort during 1960 through
1967, cadmium telluride (CdTe) was hoped
to eliminate the problems encountered with
CdS. Work included first single crystal, and
later thin film polycrystalline material. In 1967,
4 to 5% efficient cells of 25 cm? area had be
fabricated, but the stability problem had not
been solved. Gallium arsenide thin film cells,
pursued between 1962 and 1967, resulted in
3.5% efficient cells. ,

CdS work, as well as other thin semiconduc-
tor research, was continued only on a small
scale in the following 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 cell 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 cells, because their fabrication cost is
predicted to be at least one order of magnitude
lower than the cost of silicon or GaAs cells.
Therefore, research on CdS cells is continuing.

SOLAR CELL TYPES

4-6. Solar Cell Classification

Solar cells may be classified into many different
families or types. Even though, at present, there
exists no universally agreed-upon nomenclature
for most mass-produced or experimental solar
cells, classification according to some important
criteria, as follows, is useful (the parenthetically
referenced sections provide more detailed dis-
cussions):

Cell applications (4-7)

Cell materials and processing (4-8)
Cell internal construction (4-9)

Cell optical characteristics (4-10)

Cell efficiency (4-11, 4-12,4-17,4-26)
Cell size and shape (4-29)

Cell thickness (4-30)

Cell contacts (4-32, 4-33)

Cell 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 requiring 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 (W/kg). 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 cells typically would not perform well
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 close 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 classified (for the
convenience of the array designer) according to
basic semiconductor material type, as follows:

o Silicon cells
o Gallium arsenide cells
e Cadmium sulfide cells
o 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 classi-
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 um, 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-diffused 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-
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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 class 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 drift field, 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 1 X 10 1 MeV electrons/

n-CONTACT

n-Si

JUNCTION

p-Si

CMETALZ
p-CONTACT

a. n-ON-p SILICON CELL

p-CONTACT
p-GaAlAs WINDOW
p-GaAs
JUNCTION
n-GaAs
U METALY/]
n-CONTACT

c. GALLIUM ARSENIDE CELL

cm?, 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 class 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 growth of the upper
layers on a single crystal GaAs wafer. Since
GaAs is a very expensive and relatively scarce
material, ways are sought to make the entire
cell by epitaxially growing all GaAs layers very
thinly on low-cost substrates made of a different

material.

Cadmium Sulfide (CdS) Cells. These cells belong
to the class of thin film cells that are made
from compound semiconductors. The most
promising CdS cell type has a Cu,S-CdS struc-
ture, as illustrated in Fig. 4-1d). Typically, x is
approximately equal to 2 in the copper sulfide
layer, but many different forms of copper-sulfur
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n-Si
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p-Si

p*-Si
 METALY

p-CONTACT

b. n-ON-p SILICON CELL
WITH p* LAYER

GLASS “SUBSTRATE"
CONTA
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In, 0,4
Cu,S
JUNCTION
cds
n-CONTACT

d. CADMIUM SULFIDE CELL

Fig. 4-1. 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 foil or plastic film substrates,
are highly flexible. In more recent 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 include compound
semiconductor cells as well as metal oxide cells.
Practical compounds can be formed from chem-
ical group III-V, group II-VI, and other group ele-
ments. For example, GaAs and GaAlAs are
group III-V combination, Cu,S is a group I-VI,
and Cds is a group II-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 nfp 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 assumes 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-layer 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
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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, including 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 first 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 um 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-layer and to the p-base layer. In a final 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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Fig. 4-3. Vertical junction silicon solar cell.

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 of impurities 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 CdS/Cu,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 highly on 1) the amount of sunlight
that penetrates into the photovoltaically 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
photovoltaically 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 Cells. 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
finish 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 Cells. This surface, too, is
achieved by chemical etching. These cells have
a smooth, flat finish 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 Cells. 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 (Ta,0s) or multilayer
(ML) coatings. One attractive MLAR coating
is Ta;Os over titanium oxide (Ti,O,). AR
coatings are very thin, less than 1 um thick, and
are usually applied by a vacuum deposition
process.

Back Surface Reflector Cells. 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 internal light 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
cell. 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

some 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 programs 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 AM1 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 AM1 Concentration

Geometry (mm) (mm) (%)* Ratio
Circular 50t060 0.3to04 8tols 1

75t0100 0.3to 04 8tol3 1
Rectangular 20 X 20 0.3 10 to 17 1

20 x 40 0.3 10to 13 1

20 X 60 03 10to 13 1

54 X 47 0.3 14 to 15.5 20

*Depends on specific cell 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.

e 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 its forward mode.

A solar cell, illuminated or not, is said to
be biased in its forward direction by an
external source 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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Fig. 4-5. Solar cell electrical output characteristics;
(a) I-V Curve, and (b) P-¥ Curve.

4-14. Current-Voltage Characteristics

Current-voltage characteristics, or, in brief, I-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, short-circuit current (cell terminal
voltage is zero);

2. Pp,p, maximum power output point, also
known as the optimum power output
point, P,,; and

3. V,e, open-circuit voltage (cell terminal
current is zero).

The maximum power point, P,,,, corresponds
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to the maximum conversion efficiency, Nmax.
This point is located where the rectangle having
the largest area can be drawn inside the I-V
curve, The I-V curve is tangent to a constant
power curve, also called an iso-efficiency curve
at the P,, point at which dP/dV =0 (Fig.
4-5b). From a set of several constant efficiency
curves drawn on the /-V curve plot, the actual
cell operating efficiency can be determined
when the cell is operated off the maximum
power point (i.e., when the terminal voltage
V# Vinp). '

Corresponding to Py, there is a maximum
power (or optimum power) current, /,,,,, and a
maximum power voltage, V,,,,. A straight line
drawn from the origin through P, (Fig.
4-5a) represents the optimum load resistance,
Rpopt, for this cell. The slope of this line is
1/RLopt = Imp/Vmp-

Frequently, the values for Ppp, Viyp, and
I,p are to be determined from experimentally
obtained -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 Py,
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 I-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 I-V curve data.

The I-V curve shown in Fig. 4-5a is only the
first quadrant portion of the entire I-V curve.
In general, the /-V curve extends from the
second quadrant through the first quadrant
into the fourth quadrant, as discussed in
greater detail in Section 2-33 and illustrated
in Fig. 4-6.

Sometimes the I-V curve is shown rotated
such that 7 is plotted on the abscissa and V on
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 “/-V”’ curve is reversed.)

Sometimes the photovoltaic portion of the
I-V curve is shown “upside down” in the
fourth quadrant. This presentation originated

+/

N—

QUADRANT I |

i v

Fig.4-6. I-V curve in 3 quadrants.

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 I-¥ 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 Section 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 Section 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 cm? total cell area, and 3.8 cm? active area.
Mlumination 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 series resistance, Ry, of a solar cell is an
idealization of internal dissipative electrical
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Fig. 4-7. I-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.!?> The largest contribution
arises from the resistance of the diffused layer.
Since R, 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 Section 8-21).

Small variations of Ry 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 I-¥ curve shape
of 2 X 2 cm solar cell. (Illustrative example)

changes in Ry may also be caused by environ-
mental exposure, such as heavy-particle 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 (i.e., “poorer” celis)
show a greater absolute power output than do
cells having lower series resistance (i.e., ‘“better’
cells with “sharper” I-V curves). The reason
for this is that cells are normally “graded”
(i.e., 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

0.2 B 0.6
0 VOLTAGE (V) 04

Fig. 4-9. Effect of shunt resistance on I-¥ curve shape
of 2 X 2 cm solar cell. (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 during testing. The effects of all leakage
paths are conceptually combined for array
design engineering in the so-called shunt resis-
tance, Rgy.

The typical range of shunt resistance for
1 X 2cm to 2 X 6cm cells is from 103 to 10°
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, n, of a solar cell is defined in
Eq.4-1.



N = Poyt/Pin = Pout/Pin *4c 4-1)
P, is the electrical power output of the cell,
Py, is the energy input to the cell, p;, is the
solar illumination level per unit area or the value
of the solar constant and A4, is the active solar
cell area upon which the solar energy is inci-
dent. A cell operates at its maximum efficiency,
Mmax, 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, ngp, is the efficiency at which the
cell is actually being utilized. For example,
solar cell arrays are frequently designed such
that Nop = Nmax at the end of mission life after
the initial maximum solar cell efficiency, ey,
has degraded due to environmental exposures
t0 Myax- 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 (i.e.,
Nop = Nyay) NOtwithstanding the fact that n,q,
may be considerably greater than n,, and may
be degrading severely during mission life.

The maximum solar cell energy conversion
efficiency depends mainly upon the following:
the solar cell internal 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 wltimate, 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 defined in Section 2-31.

The fill factor is a term that is used to
quantitatively describe the “squareness” or
“sharpness’ of the I-V curve. The “squarer”
such a curve is, the greater the maximum power
output, P,,,, may be for a given I;, and V.
For example, “squareness” is reduced (ie.,
the I-V curve “softens”) as the internal cell
series resistance, Ry, 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.

Pop
VocIse

_ Voplmp _
Voclse

FF (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 I-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 AV (ie., Iy = Iy,
Iimp =Imp, Voc = Voo + AV, and Vi = Vipp +
AV). For a hypothetical cell having ¥},, = 0.45
V, Ve =055V, I =0.10 A, I,,,, =0.09 A,
and AV =0.05V:

45X 0. '
045 009=0-736

"~ 0.55X%0.10
,_ 040X 0.09
FE = 0s0x0.10 " %720

At the higher temperature, the fill factor is
lower even though the curve shape has not
changed; the I-V curve merely shifted by
-0.05V.

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 cell. 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/m?) that is directly
incident on the solar cells depends upon the
following:

o Angle of incidence (i.e., the angle between
a normal to the solar cell array’s surface
and a light ray from the sun)

e Solar distance (i.e., 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)

e Concentration ratio of solar concentrators
(mirrors, lenses, or other devices; appli-
cable for concentrator arrays only)

e Light transmission losses in coverglasses,
cover adhesive, and other optical elements

e 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 (Ry) 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 I-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 I-V curves of a 1 X 2 cm solar cell
at three different illumination levels. (Constant spec-
tral distribution and temperature, illustrative example)



Iy, is practically proportional to the intensity,
Voe changes logarithmically, and Rg is very
nearly constant. The greater the intensity devia-
tion from the cell’s design intensity becomes,
the greater will be the cell’s I-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:

1. A scaling of the I-V curve along the cur-
rent axis;

2. A translation (shifting) of the I-V curve
along the voltage axis; and

3. A change in the -V curve shape affecting
the “roundness” of the “knee” region of
the I-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 0.1%/°C, depends upon the spec-
tral distribution of the illuminating light
(filtered 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 (i.e., the cell thickness, junc-
tion depth, anti-reflective coating, and state of
radiation damage of the cell).

Scaling of the I-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 I-V curve consists of
multiplication of the value of the output cur-
rent at each point on the I-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
mV/°C. This voltage change is nearly the same
for all non-irradiated, thick base width solar
cells (for V,c and V,,p), as well as for general
rectifier diodes made from silicon.

With increasing temperature, the ‘“knee”
region of the /-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 Ige, Imp, Vimp, and Vp, by defining
a temperature coefficient for Ry, or by defining
a separate “curve rounding” factor. Differences
between the temperature coefficients of V,,
and V,,p are usually indicative of changes in the
I-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-defined 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 express the 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 Iy, Vinp, or any other parameter) is

the instantaneous temperature coefficient,
defined by Eq. 4-3.
dP
p= — 4-3
Bp ar (4-3)

The normalized instantaneous coefficients is
defined by Eq. 4-4.

1 dP

b= par

Since 8p and Bp are typically non-linear over all
ranges of temperatures, the most practical
average temperature coefficient is in use, de-
fined by Eq. 4-5.
_P(T) - P(T,)
P T-T,

(4-4)

(4-5)

where

T = temperature at which the cell output
parameter P is sought

P(T,) = parameter at reference temperature
Ty
P=Isc,Imp, Vimp, Voc> Pmp, Rs.

As an example for short-circuit current, the
normalized average temperature coefficient
becomes f; (Eq. 4-6).

Isc(T) B Isc(TO)
Lic(To (T - To)

The units of this normalized temperature coef-
ficient are °C™! or, when multiplied by 100,
%/°C.

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.

Br = (4-6)

lllustrative Example No. 4-2

Problem: Calculate fp and p for P=P,,, and
a solar cell having an output of Py,, = 300 mW
at 28°C and 304.5 mW at 25°C.

o Solution:
T, = reference temperature, usually 25
° 300-3045 -4.5
or 28°C Bp = =22 - 15mw/°C
P(T) = parameter at temperature T mp 28-25 3
0.4 — T 0.4 I I
2 ohm+cm SILICON 10 ohm-cm SILICON
Ti-Ag CONTACTS
—— Ti-Ag CONTACTS
0.3 1 03 ——— AITi-Pd-Ag

(%/°C)

Ise

B

CONTACTS

¢ =1X10"

—200

—100 ]
TEMPERATURE (°C)

TEMPERATURE (°C)

Fig. 4-13. Temperature coefficients for short-circuit current.
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Fig. 4-14, Temperature coefficients for maximum power current,’3%4
—02 T T applies to a specific cell size only, while the
2 ohm-cm SILICON normalized coefficient is valid for any cell
;’;Ag CONTACTS size of the same type.
\
—03F N .
N Ilustrative Example No. 4-3
\
) AN Problem: For a hypothetical 2 ohm - cm sili-
% o4l >\ con soloar cell, calculateoits output parameters
g ¢ =1X10" N at 100°C when the 25°C test data is as fol-
o N lows: I, = 0.25 A, 1,,,, = 0.20 A, Py, = 0.10 W,
\ = -
\\/qs =0 o Vinp =0.50V, V,,=0.60 V.
~ N
—05 N~ ~ J
S~—_ 1 Solution: The applicable temperature coeffi-
10 ohm-cm SILICON = cient data is given in Figs. 4-13 through 4-17,
Al-Ti-Pd-Ag CONTACTS respectively. The temperature coefficient values
06 | 1 read off the graphs for ¢ = 0 at 100°C are S5, =

—200 —100 0

TEMPERATURE (°C)

100

Fig. 4-15. Temperature coefficients for maximum
power.” ™’

T Sl N °c-1
BPmp = 300 X 3 =-0.005°C
=-0.5%/°C.

The minus sign indicates that the power de-
creases as the temperature increases.
It is seen that the instantaneous coefficient

006%/°C, Bimp = 0015%/°C, Bpmp = ~0.47%/°C,
Bymp = ~2.25 mV/°C, and By, = -2.25 mV/°C.
The temperature difference AT=T-T, =
100 - 25 = 75°C. At 100°C,

I, =0.25 (1 +0.0006 X 75)=0.261 A
Imp =0.20 (1 +0.00015 X 75) =0.202 A
Ppp =0.10 (1 - 0.0047 X 75) = 0.065 W
Vinp = 0.50 - (0.0025 X 75)=0.313 V

Voo = 0.60 - (0.0025 X 75) = 0.413 V.
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Fig. 4-16. Temperature coefficients for maximum power voltage.53’ 54

100

Temperature Coefficients for Planetary Mis- open-circuit voltage, ¥,
sions. For planetary missions where large tem-

H
perature variations are accompanied by large I o(T;, Hy) = Ig(To, Ho) (#) +ay(T; - To)
intensity changes, the current-voltage charac- 0

teristic can be transformed from a reference V (T, H;) = I’c;c(To,Ho)+EH,(Ti' To)
temperature and intensity (T, Hy) to a new

temperature and intensity (7}, H;) using the fol- - AlycRy
lowing equations; for short circuit, I, and Al = I o(Ty, Hy) - Iio(To, Ho)

—1 T

T -1 T T
10 ohm-cm SILICON
$=0

2 ohm-+cm SILICON
Ti-Ag CONTACTS

¢=10" .

_2 — —
Al-Ti-Pd-Ag
CONTACTS

= (Vr — Vggec) (mV)

Bvac

¢=10"
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-3 1 ] -3 ] 1
—200 —100 0 100 —200 —100 0 100
TEMPERATURE (°C) TEMPERATURE (°C)

Fig. 4-17. Temperature coefficients for open-circuit voltage.53’ 54
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Fig. 4-18. Temperature variation of series resistance.**

or

H;
Alge = 15(To, Ho) H_o -
From these equations, expressions for any volt-
age (V) and current (/) along the I-V curve
have been developed:

H;\ _
KTy, Hy) = I(To, Hy) <Fl>+ ag(T; - To)
0

Al = KTy, Hy) - KTy, Hy)

H _
=1(T0,H0)< > +ay(T; - To)

F; -1
V(T;, Hy) = V(To, Ho) + Buf(T; - To) - ARy
- Ky [(T;, H)(T; - To)

where

&Hi = average short-circuit current tempera-
ture coefficient from T, to T; at in-
tensity H;

EHi=average open-circuit voltage tempera-
ture coefficient from T, to T; at in-
tensity H;

R = internal cell series resistance

K H; = average curvature correction factor
from T, to T; at intensity H; (this
factor is strictly a “geometric” correc-

1) + EHi(Ti - To)

SOLAR CELLS 177
1 T ' T | T
2 ohm-cm SILICON

_ r Ti-Ag CONTACTS

3)

S

E 0F 1
o«

o

= L .
Q

<

w.

w

> —1F —
o5

S

o

-2 L L
—200 —100 0 100

TEMPERATURE (°C)

Fig. 4-19. Temperature coefficients for curvature
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tion factor to change the I-V curve
shape, and has nothing to do with the
curve factor or the fill factor of Sec-
tion 4-18).

APm =Pm(Tis Hi) - Pm(TO;HO)
K = APy [ 5(Ty, H)(T; - To)]
where

P, (Ty,H,)=maximum power at reference
condition Ty, H,
P, (T;, H;) = maximum power for translated
current-voltage characteristics
from T;H; to Ty, H,
I,, = current at maximum power,
T;, H;.

The value of K is positive for a softening of
curvature (increasing radius of curvature) with
increasing temperature. The product Kp I(T;,
H;) is the voltage change per unit temperature
change resulting from changes in the I-V curve
shape. Knowing K, the change in power output
AP, associated with the change in the I-V
curve shape can be calculated from the last
equation,**

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 which describe the cell param-
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eters as functions of temperature T and solar
intensity H are as follows:

L(T,H)=C(T)H
where

C(T) =co t C1T+ 02T'2 +C3T3
+C4T4 '|"C'5TS

and, similarly, for voltage:
Voo (T, H) = A(T) + B(T) log,o H
.where

A(T)=ay +a,T+a,T? +a, T3
+a,T* +asT®

B(T)=b0 +b1T+ b2T2 +b3T3
+b,T* +bsT5.

The numerical values for all of the coefficients
a;, b;, and ¢; were determined with computer-
ized curve-fitting techniques from the experi-
mental data for intensity/temperature ranges
from 0.036 solar constants and -160°C cell
temperature up to six solar constants and
160°C cell temperature.*®

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 a reduction 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
um 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
1000:1 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 dense grid line
patterns that are optimized for a specific con-
centration ratio and cell operating tempera-
ture. Figure 4-20 illustrates how the -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
I-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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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 -120° to -170°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.!® Attempts to screen from
conventional cells those cells which would
operate satisfactorily at low-intensity, low-
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temperature conditions have not been success-
ful.!” 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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Fig. 4-22. Typical low-temperature, low-intensity solar cell output characteristics.1?
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repeatable for reverse voltages exceeding about
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 close 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.!®

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 2X 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 Ta, 05 coating
and solderless Ti-Pd-Ag contacts over an alu-
minum back surface reflector.

OPTICAL CHARACTERISTICS

4.-26. Effects of Optical 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 cell. Cell characteristics
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that affect celljunction illumination include
the following: front surface finish (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, (M), light frequency (f or
w =2xf), wave number (N=2A"" or 27 - A1),
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, 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, 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 nomenclature 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
cell.

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 0.4
pum cut-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 ym. 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 um toward longer wave-
lengths (below 1.0 um wavelength, the silicon
is absorbent; above 1.2 um, the silicon is trans-
parent) and an increase in the minority carrier
lifetime. The increase in red response results in
the observed increase in /g, 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 (i.e., cell thickness) is
made equal to or smaller than the mean dif-

RELATIVE RESPONSE

0.7
WAVELENGTH (M)

08

(s} CHANGES WITH TEMPERATURE

fusion length (Fig. 4-28¢c). 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.?*

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
2X 2 cm cells in the mid-1960’s. In the early
1970%, 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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Fig. 4-28. Changes in the spectral response characteristics of silicon cells; illustrative examples.zl’”’23 (Fig. b

reprinted with permission of the Pergamon Press.)
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2 X 6 cm cells are also used. Sizesupto 10 X 10
cm have been made experimentally. Smaller
quantities of 1 X 1 ¢m,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” 2X 4 ¢cm and 2 X 6 cm size cells are
actually cut to 2 X 4.1 cmand 2 X 6.2 cm size.
This “oversizing” in the long direction (i.e.,
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
50X 38 mm and 20X 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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Fig. 4-30. Relative solar cell sizes.

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 a reduction 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 lifetime. 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, 4, (or light-sensitive area), of a
solar cell is always smaller than the junction area
of a planar cell. Some of the junction area, by
necessity, is covered with electrical contacts
and so-called grid lines 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 cm? 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
cm? for a 2 X 2 cm cell). In most cases, how-
ever, it is based on the so-called “active” area,
including the grid lines but excluding the n-
contact bar (3.8 cm? 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 I, Py, and I, increase very
nearly proportionately with an increase in
active area, while V,,, and V,. remain very
nearly constant. Small 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 oamic. In this
usage connotation, there exists no relationship
to the electrical properties discussed above.

Electroless 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 first on the well cleaned silicon
surface, is typically 0.1 um thick. The following
silver layer is typically 3 to 5 um 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 um thickness also protects the contacts
and grid lines from humidity, while solar cell
anti-reflective coatings such as SiO, 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 ohmic 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 U.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.

Soldered Contacts. Cell contacts are delivered
either solder-free or solder-covered. Solder-

covered contacts may be dipped or pressed.
Dipped solder is typically 75 um thick. It forms
a meniscus when molten, and freezes, with the
solder thickness peaking at about 150 um.
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
may also 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 um rms or better, 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
picture 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 configurations.

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; i.e., 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-
alize 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 cycle, 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 cell. The direction of application of this
pull-force relative to the cell surface ranges
from 0° (shear loading) to 90° (peel loading 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 peel loading 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 specific 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 bending moments applied by the test
equipment via the interconnector to the typi-
cally very small weld 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?” that the 90° pull-strength is great-
est between 0° and -100°C and falls off rapidly
below -100°C and above 0°C (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

Solder joint area Weld nugget area

Metallization thickness on
contact weld nugget area

Solder thickness on
contact

Ribbon thickness,
ductility, and stiffness

Solder fillet cross
section

Ribbon surface roughness
and plating thickness

Wire or ribbon thick-
ness and stiffness

Angle and rate of pull
force

Angle and rate of
pull force

Surface roughness of sili-
. con wafer underneath
| weld area

This thermally induced prestress reduces the
silicon’s capability to support external tensile
loads and leads predominantly to silicon spall-
ing during pull 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. Flectrons and pro-
tons are also called charged particles. The com-
parative damage, expressed as degradation of
short-circuit current density (short-circuit
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 generally 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 inci-
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.

tion species gives rise to a photocurrent that is,
like the light-generated current, proportional to
the number of incident 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 crystal lattice,
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 hours 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

16 17 18
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energy inside a material by collision with its
atoms and finally 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 entering 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 specific value of particle
fluence, are important.

4-36. Damage-Equivalent 1 MeV Fluence

For analytical and test convenience, the con-
cept of damage-equivalent, normally-incident,



mono-energetic 1 MeV fluence, or, in brief, /
MeV fluence, has been developed. The 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. The 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 high-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 I-V curves before and after
exposure to a heavy dose (approximately 10'°
e-cm™2) of 1 MeV electrons are illustrated in
Fig. 4-12. This figure also illustrates an increase
in the temperature coefficient for Iy, and no
change in the temperature coefficients for ¥V,
and V,,, with radiation.

Protons damage solar cells such that two dif-
ferent values of equivalent 1 MeV fluence must
be used; one 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 efficiency (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 this 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.
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Fig. 4-37. Cross-over fluence of conventional, 0.25
mm 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 10
and 1 X 10'® e- cm™ of 1 MeV energy and de-
pends heavily on the initial output (efficiency)
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.?® 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 little
engineering significance, and rather broad
tolerances of the base resistivity are permissible.

Typical tolerance ranges are shown below.
Nominal Range

1to 3 ohm - cm
7 to 14 ohm - cm

1 or 2 ohm - cm
10 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 incident directly on
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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Fig. 4-38. Effects of varying base resistivity on power output.2? (Reprinted with permission of the IEEE )

significance in most orbits except in those
which are in the radiation belts. However, the
number of low-energy protons that can poten-
tially damage solar cells directly are available
in great abundance not only in the radiation
belts, 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 incident on the front of
coverglasses.

Protons which come to rest (i.e. 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 damaged 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 small loss in /5, and
to progressively larger losses toward P, and
Vpe.2° This is indicated by the loss function of
Fig. 4-39.

The low-energy proton damage mechanism
was discovered on several satellites in synchro-
nous orbit, and was verified by extensive ground
testing. Excessive orbital degradation due to
low-energy proton damage had been as large as
approximately 20%.

The results of numerous investigations with
regard to low-energy proton damage in geo-
synchronous orbit have shown the following:

e Even small, unprotected areas (in the order
of 1%) can lead to excessive output degra-
dation (in the order of 10% at P,,)

e 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.

e 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 during exposure to corpuscular radiation is
not totally stable. Two phenomena have been
observed on irradiated cells: damage annealing
and further degradation during exposure to
sunlight.3!> 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 U.S. for produc-
ing solar cell material.

Analysis of orbital flight data (Chapter 1)
has verified that a part 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
ifllumination (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 during
the 1960’s and early 1970’s. Typical contem-
porary solar cells can be expected to exhibit
some small 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 history of the
material. Photon irradiation immediately after
1 MeV electron irradiation to a fluence of
1X 105 e - cm™? 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.?"!

Recent tests of crucible-grown 10 ohm - cm
silicon, n/p, shallow-diffused hybrid cells,
made by OCLI and Spectrolab, have shown
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between 0 and 5% recovery of power output
after 48 hours exposure to light following ex-
posureto 1 X 10'5 e - cm™2 of 1 MeV energy.?

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 factor, Fg, has
been defined as

L. (glassed)

Fg= .
G I, (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 losses).

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 some
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 soldering or
welding, see Chapter 8.)

4-43. Storage

Solar cells may require storage precautions.
Silicon solar cells can be stored indefinitely
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
of solar cells in space and compare it with
degradation observed in laboratory testing. A
summary of the results obtained in the flight
experiments follows,

Nimbus-2.3* 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 well. 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-1.3% 3¢ The ATS-1 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 entering 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 1X 2 cm, conventional, 0.30 mm
thick, silicon, boron-doped, n-on-p, SiO 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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Fig. 4-40. Normalized current loss versus orbit for two Nimbus-2 solar cell experiments. 20
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Table 4-4. ATS-1 Flight Experiments Solar Cell Performance.
(Reprinted with permission of the IEEE),3¢

1 2 3 4 5 6 7 8 9 10 11
Shield Time After e Voe Pmp
Cell Shield Thickness Lift-Off I 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 71.7 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) 3119 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 91.7
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 5524 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
0.38 270.4 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 99.3 100.5 101.1
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 69.2 563.1 284 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 2704 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
than that expected from the particle
environment.

Unprotected solar cells degraded signifi-
cantly during three passages through
the radiation belts during the launch
procedure.

The degradation in power of the more
heavily shielded cells was relatively large
compared to degradation in short-circuit
current or open-circuit voltage.

The above conclusion points to a damage
mechanism (among others) in which series
resistance developed within the cell, pos-
sibly at the unshielded areas near contacts,

o

by some action not ordinarily considered
in radiation damage studies.

Cells bearing 6 mil shields degraded, in
power, less than cells bearing either thicker
or thinner shields.

Thicker shields were effective in protect-
ing the cells against degradation in short-
circuit current.

. Short-circuit current was not a valid in-

dicator of solar cell damage under the
conditions of this experiment.

. To qualitatively account for the shape of

the various voltage-current curves, it is
necessary to postulate various combina-
tions of @) illumination decrease; b) par-
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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-
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ticle radiation damage; and c¢) a mechanism
introducing large power losses, in the
maximum power region, for heavily
shielded cells.

LES-6.37%% 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

SOLAR CELLS 199

70 T T T T T T T

=

0.064 DAYS

60 -

50

40+

30

CURRENT (mA)

20—

ol 1y
0 100 200 300 400

VOLTAGE (mV)

I !
500 600
Fig. 4-43. Voltage-current curves for Cell 20, with a

1.52 mm silica (7940) shield.3¢ (Reprinted with per-
mission of the IEEE.)

T T T T T
100 < ~ 8~ CELLS 5,6 (0.15 mm)
- ~
d 90 A CELLS 15,16 —
E % AN (25 ym)
— N\
> N\
i 70k N CELL 20 (1.5 mm) 4
S \
« 60— 4
w
z 5ol 4
5 50
S 0 B!
g 30k /CELLS 25,26 (0 mm) _|
% 201 ~
2 b e
wnl 0l aaanul

0 P U e
001 0.1 1 10 100
TIME AFTER LIFTOFF (DAYS)

1000

Fig. 4-44. Maximum power versus time for several
cells with various shields.3¢ (Reprinted with permis-
sion of the IEEE.)

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.*1:42 The ATS-S 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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data. A large solar flare, 82 days after launch,
caused significant solar cell degradation before
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 um. 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
filters 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-film, 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 calcu-
lated to be as shown in Table 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,
simulating 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-
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0 1013

1 MEV ELECTRON FLUENCE, e/cm

1
108
2

1
104

Fig. 4-46. Results of laboratory radiation tests at one solar constant AMO, 25°C.42 (Reprinted with permission

of the IEEE.)
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Table 4-5. Equivalent 1 MeV Fluence Components for Trapped and Solar Flare Radiation in

Synchronous Orbit.*

(Reprinted with permission of the IEEE.)*?

Coverslide Thickness (mm)

0 0.025 0.15 0.30 0.51 1.52
Trapped electrons from
AE4 (e-cm_z‘year) 49 E+13 44 E+13 298E+13 214E+13 148E+13 3.58E+12
Trapped protons from
(APS) (e - em™2- year) 1.43E+25 531E+02 9.15SE-02 0 0
8/4/72 Flare (e-cm_z) 26 E+14 135E+14 6.6 E+13 48 E+13 3.7 E+13 23 E+13
*The notation E + 13 means 1013, etc,
Table 4-6. Solar Cell Degradation Due to Irradiation of
Partially Exposed Active Areas with
Low-Energy Protons.
(Reprinted with permission of the IEEE).*?
Gap = 0.011 mm near busbar
Radiation Level Jse Voc Pmp
(years) Ise Isco Voc Voco Pmp Pmpo
0 1386 1 566.8 1 56.6 1
0.5 136.3 0.983 5604 0.989 546 0.964
1.0 1343 0.968 566.1 0.981 521 0921
7.0 133.4 0964 559.2 0.987 52.2 0.926

graded approximately as predicted, ex-
cept ¥, degraded somewhat less, I, and
P,,, 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 1°C/year, while the flexi-
ble panel temperature remained constant.

ATS-6.*>%* The ATS-6 satellite was launched
on May 30, 1974 into synchronous orbit and
carried a solar cell flight experiment. I~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 pm thick fiberglass cloth and a 25 um
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 additional low-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).*3
Cover Glass
Configu-  Resistivity,  Cell Thick- Thickness,
ration (ohm - cm)  ness, (cm) (cm) Remarks Location
1 10 0.030 0.0076 - Rigid
2 10 0.030 0.015 - Rigid
3 10 0.030 0.030 - Rigid
4 10 0.030 0.076 - Rigid
5 10 0.030 0.0076 Plain 7940 fused silica Rigid
cover; no filter or
coatings on cover
6 10 0.030 0.0038 7940 integral cover Rigid
7 10 0.030 0.0076 7070 integral cover Rigid
8 2 0.030 0.015 - Rigid
9 2 0.020 0.015 - Rigid
10 10 0.030 0.015 Cover without UV filter;  Rigid
cover adhesive of
0.005 cm FEP
11 10 0.020 0.015 - Rigid
12 1 0.025 0.015 COMSAT violet cell; Rigid
cerium doped micro-
sheet cover without
UV filter
13 10 0.030 0.013 FEP cover without Rigid
added adhesive
14 10 0.020 0.015 - Flexible
15 2 0.020 0.015 - Flexible
16 2 0.030 0.015 - Flexible

developed several problems. some significant
data 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 cosine 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, 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-

able magnitude affected the results from
the cells on the flexible panel; therefore,
only the data for the rigid panel were
presented.

. The violet solar cells exhibited about 26%

greater output than the conventional 2
ohm - cm cells initially, but a greater rate
of degradation.

. Cells with covers having no MgF AR coat-

ing (Configurations 5, 6, and 7) had about
3% to 9% lower I, than those with AR
coating.

. The average percentage I;. 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 Iy, 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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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.*° The Navigation Technology Satellite
(NTS-1) was launched on July 14, 1974 into a
13,529 km circular orbit with an inclination of
125°. The orbit intersected regions of intense
trapped radiation, causing solar cell degradation
in one year that was equivalent to 4 X 10'*
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 a period
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 of the main array, shielded by 0.30
mm thick fused silica, tobe 3.6 X 10'* e - cm™2/
year. This fluence was composed of 2.6 X 10'*
e -cm™2/year due to trapped electrons of the
AE-5 environment, and 1.0 X 10'* ¢-cm™/
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 Helios (K-6) and
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