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P-V Curve from average I-V measurement for NUTS Solar Cell at AM1.5 STC
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Figure 6.11: P-V curve from average I-V measurement.

located.

In Figure 6.11 we can see the most important characteristics of the solar cell displayed, gath-
ered from the I-V curve constructed by average discrete measurement points.

The curve near the open circuit voltage V,,. can be considered linear, and MATLAB was used
to create an interpolation with the individual/average I-V curve to find a fitted value between
the discrete measurement sample points. This gives a more precise value compared to taking a
sample point close to the corresponding intersection of the zero axis.

As with the open circuit voltage, the short circuit current I, could be found by the use of
interpolating the average I-V curve in MATLAB, however our sample population includes the
current value for V = 0, which yields the same result.

The values for power were initially created by multiplying the corresponding sample data
elements for current and voltage. This means that the maximum power value, Pp,y, is located
at a single discrete measurement point, and that if the true value of P, is between the sample

points, it will not be found.
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Comparison of individual P-V curves for NUTS Solar Cell at AM1.5 STC
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Figure 6.12: Analytical functions fitted to discrete P-V values around Ppax.

A more precise method for obtaining the values related to the maximum power point is to
construct a fitted polynomial in the vicinity of P,,,., which allows us to calculate the values
analytically. Using a 10% region span around the maximum power point found for the average
I-V curve, we bound our polynomial fit to (vap_;vg —-0.05)Voe <V < (% +0.05) V,¢, and used
MATLAB to construct a fitted curve, by means of least squares method. This was done for all five
I-V measurements in order to get more accurate values for Py, Vinp and I, and can be seen
in Figure 6.12. For illustration purposes, the process is shown for one of the sets of measurement
data, where the 3" order polynomial approximation to the power values on the defined interval

was found to be

P(V)=-1.176V3 +5.145V% - 6.899V +3.269 (6.1)

which when derivated with respect to voltage, set equal to zero and solved yields

= _3528V2+10.290V2—6.899 =0
dv (6.2)

=V =1.87120V =1.0448

where the second root is clearly outside the interval and can be disregarded, such that Vi, =
1.8712 V. From this, a value of P,y and the corresponding Iy, can be found from Equation 6.1
and P = VI, respectively.

The parameters extracted from the individual measurement data sets via analytical or nu-

merical means can be found compared to eachother in Table 6.4. As can be seen, the individ-
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Table 6.4: I-V parameters from discrete numerical, and analytical power expressions

Analytical Numerical

I-V# Isc Voc Imp Vmp Pmax Isc Voc Imp Vmp Prax

1 0.3756 2.5759 0.3570 1.8768 0.6701 0.3756 2.58 0.3565 1.88 0.6702
2 0.3753 2.5730 0.3567 1.8712 0.6674 0.3753 2.58 0.3549 1.88 0.6673
3 0.3753 2.5754 0.3562 1.8778 0.6688 0.3753 2.58 0.3560 1.88 0.6694
4 0.3751 2.5696 0.3564 1.8672 0.6655 0.3751 2.58 0.3541 1.88 0.6657
5 0.3755 2.5788 0.3574 1.8709 0.6687 0.3755 2.58 0.3559 1.88 0.6691
Average 0.3753 2.5745 0.3567 1.8728 0.6681 0.3753 2.58 0.3554 1.88 0.6683

(Remark: Units measured in [V], [A], or [W], where applicable)
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Figure 6.13: Solar simulator surface temperature from extended I-V measurement session.

ual and average results from the curve fitting are not much different from those of the average
discrete numerical values. However, they offer values which are not strictly located along the
sampling frequency of the sourcemeter, while still matching the numerical sample values to a

high degree, and should as such be considered more representative.

6.2.1 Temperature Issue

Although one could wish for that the resolution of the I-V measurement simply was higher, the
source of error which comes to mind in these measurements is another; the standard testing
conditions specifically exclaims that measurements should be taken at a given temperature,
here 25 °C.

As can be seen in Figure 6.13, the temperature of the solar simulator work plane during the

experiment was not kept constant. Fluctuations in the surface temperature results from heat-
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ing by the solar simulator illumination source. The temperature of the work plane surface is
being monitored and compensated by the temperature controller which is adjusting the input
control current to the cooling fan mounted under the measurement surface. This controller is
programmed with a slightly too aggressive PI-controller behaviour, and this, combined with the
fact that there is no derivative control enabled, makes the temperature loop produce standing
oscillations.

The effect of a too high or too low temperature during I-V measurement is that certain mea-
sured characteristics of the solar cell will deviate from the results one would obtain during per-
fect STC conditions. Most important is the fact that the voltages of interest, V¢ and V;;,;, changes
quite a bit with temperature.

The temperature fluctuated between 24.1 °C and 27.8 °C during the measurement, with an
average temperature of 25.64 °C and frequency of about 3.25 mHz, or one complete wave cycle
about every 5 minutes period. In addition, the temperature of the solar cell junction can be
assumed to be slightly higher. A complete I-V measurement set with the settings used took
approximately 1.5 minutes, and even if the measurement was started when the temperature
was correct, the deviation would change throughout the measurement, with an opposite valued
error rate depending on the rising or sinking state of the temperature. The main problem lies
with the fact that if the measurement was started when the temperature gradient was positive, it
could rise as much as 3 °C in less than one minute. Due to the fact that there were no previously
recorded temperature logs available, the problem only became apparent after examining the
data after the experiment.

When examining the measurement logs, the only timestamps available are #r start and #r stop,
the time of starting and stopping the temperature measurement respectively, and fy finished fOr
when the I-V measurement log is created. We do know the supplied sampling frequency of
the temperature controller, but for the I-V measurements, we only know the voltage resolution,
which forces us to approximate the measurement time or sampling frequency. Knowing that
one measurement set of Ny = 161 samples took a duration in the vicinity of 1.5 minutes, it is
not unreasonable to assume that the sampling frequency is fiv = 2/sec, or a period of 0.5 s,
which means that one full measurement range had a duration of 80.5 seconds.

The temperature log gives a start and stop timestamp, and the resulting duration which
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Table 6.5: Timestamps collected from I-V measurement session.

Measurement Samp. period. (Est.) fstart Istop At Nr  nrstart  NTstop
Temperature  fr =0.050 s 15:37:36  17:05:55 1:28:19 105694 0 105694
I-V#1 fiv=0.5s (16:32:03) 16:33:23 0:01:20 1610 65340 66950
I-V #2 fiv=0.5s (16:35:27) 16:36:47 0:01:20 1610 69420 71030
I-V #3 fiv=0.5s (16:37:15) 16:38:35 0:01:20 1610 71580 73190
I-V #4 fiv=0.5s (16:39:58) 16:41:18 0:01:20 1610 74840 76450
I-V #5 fiv=0.5s (16:41:50) 16:43:10 0:01:20 1610 77080 78690

when combined with the stated sampling period of 0.05 s gives us the range of the total sam-

ple space

_ tT,stop — IT start _ 5299+1
1/ fr 0.05

Nt =105980 £ 20 (6.3)

where the fact that the sample resolution is higher than that of the timestamp in the log gives
an inaccuracy of + 20 samples. However, upon inspection of the log entries it is revealed that the
actual total number of samples is N7 = 105694, a difference of of 286 samples of that expected
by Equation 6.3. This can be interpreted as either a time difference of (286 +20) % 0.05=14.3+1
seconds, or an average sampling period range of fr € [50.126 ms < % < 50.145 ms]. This
inaccuracy adds to the already uncertain basis which the I-V temperature connection is built.

With the assumption of I-V measurement time and the gathered temporal information from
the logs, we can attempt to reconstruct the timeline of the measurement session, and the rele-
vant information can be seen in Table 6.5.

Using this data, we can attempt to investigate what kind of temperature the junction was
exposed to during the measurement of the parts of the I-V curve which are used to extract the
important characteristics. Figure 6.14 shows the extrapolated measurement durations on top of
the temperature curve from the solar simulator work plane. It should be noted that due to the
potential inaccuracy in synchronizing the log contents, the overlaying graph showing the work
plane temperature during I-V acquisition should only be considered demonstrative towards the
rapid change of temperature during measurement. The accompanying extrapolated tempera-

ture data for the characteristics are shown in Table 6.6, for completeness.

It can easily be seen upon inspection of the estimated temperature that the match between
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Solar Simulator Work Plane Surface Temperature
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Figure 6.14: Solar simulator surface temperature during I-V measurement sets.
Table 6.6: Extrapolated temperature offset due to fluctuation during measurement.
Temperature offset (°C)
[-V Measurement # ATe ATvee ATpmax
1 -0.57  +1.93 +0.63
2 +0.26 -0.61 -0.40
3 -0.73  +2.47 +1.49
4 +1.03 -0.01 +0.26
5 -0.58 -0.41 -0.62

Table 6.7: Azurspace 3G30C solar cell temperature data (see complete data sheet in Appendix

B).
Temperature gradients
BOL b5El14 1E15
Open circuit voltage dVee/dT  (mV/°C) -6.0 -6.2 -6.3
Short circuit current dls./dT (mA/°C) 0.32 0.31 0.39
Voltage at maximum power  dVy,p/dT  (mV/°C) -6.1 -6.3 -6.4
Current at maximum power  dlyp/dT  (mA/ °Q) 0.28 0.20 0.29




CHAPTER 6. EXPERIMENT 81

expected values from temperature gradient compensation by Table 6.7, and the actual measured
values is poor in our case. Although some might be attributed to error in the estimated dura-
tion of the I-V measurement, the overall misalignment in results are too big for this to be the
main cause. This can however be due to the unknown mismatch between the temperature at
the temperature sensor and the solar cell junction, or due to the attempted alignment of times-
tamps from the undocumented logging systems, which becomes a sensitive parameter when
the temperature can vary greatly throughout a single measurement set. Or the difference in
readings can come from a different source of error, such as the temporal stability of the illumi-
nation source. It can nevertheless not be recommended to use these values to compensate for
a shift in temperature, and the average analytical values gathered from polynomial curve fitting
of the discrete measured I-V pairs will be kept.

Although we have no direct credible causal connection between recorded temperature and
measurements, it can be noted that the errors due to temperature fluctuation fits reasonably
well within the span of our measurements. If the spread in results from the measured I-V sets is
to be attributed to temperature, the comparison between minimum and maximum measured
values for e.g. Vi in Table 6.4 suggests a fluctuation of about 1.5 °C at the five discrete sam-
ple points recorded for open circuit voltage, which is well within our overall temperature curve
amplitude.

In hindsight, the temperature controller could have been investigated for possible optimiza-
tion prior to the experiment. Eventually, the temperature and I-V measurement could have been
actively synchronized, to allow for dynamical scaling of the measurements in accordance with
the solar simulator temperature data.

The load behavior as well as the characteristic resistance can be seen in Figure 6.15.

6.3 Exploring the Simulator Behavior

6.3.1 Temperature Control

After learning that the temperature controller was configured with less than desireable parame-

ters, it was decided to prioritize the tuning before initiating the next measurement. Rather than
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Solar Cell I-V With Resistive Load
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Figure 6.15: I-V curve with external load dependency and characteristic resistance.

leaving it running for the duration of the laboratory session, the log file from the temperature
controller was explicitly split into segments where it felt natural, and the start and stop times of
all measurements were recorded offhand. It was found that temperature controller parameters
based on Ziegler-Nichols-inspired manual tuning for a PI-regultor yielded good behavior when
bounding the integral gain. The effect of tuning the controller can be seen in Figure 6.16, show-
ing the end of the temperature log with the old settings spliced in with the start of the log with

the new parameters.

6.3.2 Spatial Uniformity

By use of the reference cell which is used to calibrate the arc lamp current to provide an irradi-
ation of 1000 W/m?, it was discovered that the spatial uniformity at the work plane features a
hot-spot in the center, and slightly lower intensity in the surrounding areas. To counteract this,
the arc lamp current was adjusted such that the average readout from the reference cell over

the area spanned by the DUT in the work plane was close to the calibration voltage for 1 sun,
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Temperature Controller Tuning
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Figure 6.16: Temperature of work plane during 1 sun irradiation, before and after tuning. The
skip in continuity at around t = 650 is due to stopping and restarting the temperature log when
changing parameters.

87.3 mV, as stated on the reference cell and in the lab procedure document in Appendix C. The
measurements can be seen illustrated in Figure 6.17, where the center horizontal row averages
at 87.4 mV, while the average over all 9 squares is slightly lower, at 86.5 mV. However, the low-
est contribution is from the upper corner measurements which span the least area of the DUT,

making the effective average higher.

6.3.3 Irradiation and Armature Current

According to Equation 4.8, short circuit current should increase linearly with photogenerated
current, given negligible parasitic resistances. Photogenerated current of high quality multi-
junction cells should increase linearly with irradiation levels [72], and irradiation levels should
increase linearly with armature current for xenon arc lamps in normal operating conditions. As
a small test, the solar simulator armature current was adjusted in step-size intervals of 0.1-0.2 A,
with single digit precision on the readout from the control panel. The values were decided to be
kept reasonably close to default operation mode at 1 sun, despite the stated operating range of
the bulb between 15.5 and 28 A [121], to not push too far outside normal operating conditions
at a lab we've generously been granted access to. The results of adjusting the armature current,
with respect to reference cell voltage and short circuit current measurements can be seen in

Figure 6.18 and Figure 6.19, respectively. The is assumed that the change in spectral distribu-
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Solar cell:

» 80 mm x 40 mm (30.18 cm?)
A

86.0 mV 88.1 mV

85.6 mV 89.0 mV 87.6 mV

_____________________________________________________________

20 mm x 20 mm

Figure 6.17: Work plane spatial uniformity levels at 2 cm x 2 cm resolution demonstrated by
reference cell voltages. Solar simulator armature current at 21.8 A.

tion characteristics of the light source is negligible, and that the measurement values are due to
change in intensity.
By utilizing the external spectral response to express the short circuit current for the cell, as

defined in Equation 4.7, we can see that

Ie= f SRext(1) f(A) dA 6.4)
A

Seeking the ratio between the short circuit current at AM0 and AM1.5 conditions, we can
take inspiration in the methods employed by Japanese NASDA for AMO solar cell calbrations

[124], and formularize this as following
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Reference cell voltage dependence of solar simulator armature current with resolution of 0.1 A
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Figure 6.18: Reference cell voltage dependency on solar simulator armature current.

Short circuit current dependence of solar simulator armature current with resolution of 0.1 A
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Figure 6.19: Short circuit current dependency on solar simulator armature current.
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Ie(AM0)  [iSRex() 22 dA
I, (AM1.5G) f,{SRext(/D EAMJlE.iG(/l) di
_ SRext(x21) f;LEAMO (1) da
SRext(x22) 1 Eami.56(A) dA

o 1366.1 W/m?
1000.4 W/m?2

(6.5)

where a = x3;/x)2, and x, is a result of applying the first mean value theorem for integra-
tion as we do not know the external (relative) spectral response for the cell. Measuring spectral
response of multijuntion cells is a nontrivial task which requires additional equipment, such as
monochromators or narrow band filters and precise irradiance measurements [52]. However,
if we make the bold assumption that the ratio is close to unity, we can approximate the short

circuit current at AMO irradiation conditions as

I;.(AMO) = 1.36615.(AM1.5G) (6.6)

meaning that a measured short circuit current of 380 mA at AM1.5G conditions corresponds
to an estimated value of 519 mA in AMO conditions, which is not that far off the solar cell data
sheet value of 525 mA. Note that this is not the same as doing measurements under AMO0 STC,
due to the different solar radiation spectra attributed to atmospheric effects. It can best be il-
lustrated by comparing the spectra graphically, which can be seen in 6.20. Although the total
spectral irradiance is the same magnitude, the irradiance within the bandgaps of the multijunc-
tion solar cell is not, and the solar cell will be operating at different efficiencies. It can, however,
be considered as a guidance towards what can be expected in terms of short circuit current dur-
ing AMO operation. Provided that the linearity shown in Figure 6.19 extends, one would expect
to produce an irradiance of 1367 W/ m? at an armature current in excess of 26 A, which is outside

the operational range of the light source.
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Figure 6.20: Comparison between AMO STC spectrum and AM1.5G scaled spectrum.

6.4 Irradiation at Non-Normal Angle of Incidence

6.4.1 FirstIteration

Prior to the measurements done in this session, a whole set of measurements done at refined
temperature control and spatial uniformity compensation were discarded due to fluctuations
in the transient phase of the I-V curve. It is believed to be the result of poor connection between
the solar cell terminal and probe(s). The probes were switched out for a suitable cable with ends
soldered to proper connectors, which eliminated the problem.

Given the fact that the short circuit current scales linearly with the irradiance of the solar cell,
one would expect the output to be cosine related with respect to the angle of incidence similar

to to as stated in Equation 3.17;

Isc(0) = Imaxcos(0) (6.7)

where Inax = Isc(0 = 0). However we also know that surfaces do not transmit light from all

angles indiscriminately, and Snell’s law

sinf; no

= 6.8
sinf; mny (6:8)

combined with the Fresnel equations describing the reflectance for s-polarized and p-polarized
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light

ny cos; — ny cos Oy |

Rs: 1 i 2 t (6.9)
ni cosbB; + ny cos b
ny cos@; — ny cos; |?

Ry=|—— 12— (6.10)
n; cosB; + ny cosb;

becomes

2
nycosBi—np\/1— (% sin0;)?2

R, = (6.11)
nycosO;i+nsy/1— (% sin@;)?

niy/1- (% sinf;)? — n, cosb;
Ry = (6.12)
niy/1 - (%5 sin6)? + np cosb;

where 0; and 0, are the angles of incidence and transmittance, and n; and n, are the refrac-
tive indices of the first and second medium which the light travels through, respectively. Under
the assumption that the irradiation from the end of the solar simulator optical train contains
equal parts of s-polarized and p-polarized light, i.e. is unpolarized, like true unfiltered sunlight,

the reflection coefficient becomes

p=tt (6.13)
2
The dependency of reflectance as a function of angle of incidence can be seen depicted in
Figure 6.21, which illustrates the s-polarized and p-polarized components of unpolarized light
going from an air-like medium with refractive index n; = 1 into a medium of refractive index
ny = 1.5. Similarly, reflectance of unpolarized light for different values of n, can be seen in 6.22.
For measuring the solar cell output at different angles of incidence with the light from the
solar simulator, the optimal scenario would allow for the use of something which can create pre-
cisely adjustable angles. Whether by meticulous adjustment by hand, or by automated means

like closed-loop servos or an appropriate stepper motor, it should still be able to keep the DUT

temperature close to the temperature reference set in the temperature controller. This is diffi-
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Fresnel Reflections of Polarized Incident Light
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Figure 6.21: Polarized Fresnel reflectivity as a function of angle of incidence 8, for refractive
indices n; =1 and n, = 1.5.

Comparison of Refraction Indices for Fresnel Reflection of Unpolarized Incident Light
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Figure 6.22: Unpolarized Fresnel reflectivity as a function of angle of incidence 6, for n; =1 and
different values of n,.
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Figure 6.23: Photo of the mounting angles used for measuring at non-normal angles inside the
solar simulator.

cultin our case because of the solar simulators design to irradiate a short distance away from the
collimator lens, normal to the relatively small work plane which contains the temperature con-
trol loop that applies cooling of the DUT by mechanical contact with the work plane. Rotating
the entire work plane at anything but miniscule angles is not an option, due to its awkward size
and position under the simulator. It was deemed that mechanical contact should be kept with
the work plane, as design of exterior temperature sensing and cooling seemed a bit excessive.
Thus a range of different angles for mounting the solar cell on the work plane was created at
the mechanical workshop at the Insitute of Engineering Cybernetics, and can be seen in Figure
6.23. They are crafted from aluminum sheets of thickness 1mm, with dimensions measuring
about 100 x 140 mm, and is precisely bent in the middle in increments of 10°, from 10° to 80°
respectively, such that it leaves an two areas of about 100 x 70 mm; one for resting flat on the
work plane to keep thermal contact and one for mounting the solar cell board. Aluminum was
chosen in the absence of copper, due to its good thermal conductivity and immediate avail-
ability. An additional wegde was created to increase the angles available for sampling, by the
possiblity of adding 6° to every mounting angle. With careful mounting, it is assumed that the
cumulative angular errors resulting from (1) solar cell onto of circuit board, (2) circuit board
onto aluminum angle, (3) aluminum angle onto wedge, and (4) wedge and mounting angle onto
work plane should be within +1°, depending on the direction that the solar cell is mounted due
to some slightly protruding terminal pins on the backside of the circuit board. The solar cell
during measurement can be seen in Fig 6.24

A few full I-V measurement sets were taken for all the mounting angles, and the average

result per angle can be seen in Fig 6.25. This figure also illustrates that the thermal transfer of the



CHAPTER 6. EXPERIMENT 91

Figure 6.24: Photos of the mounted solar cell during measurement.

aluminum mounting angles is less than ideal, by warping the I-V curves along the voltage axis
such that some of the curves overlap in the transient phase near the "knee" of the curve, and
display a lower open circuit voltage than expected. This can be explained by the temperature
gradient found in Table 6.7 or Appendix B. By inspection of the V; values, it is apparent that
the temperature of the DUT during most of the measurements was about 5°C higher than that
recorded in the work plane. This can be attributed to the fact that due to the angle with the work
plane, the solar cell is a good bit closer to the illumination source/condenser lens, as well as
the obvious limited heat transfer from the raised limb of the mounting angle to that which is in
contact with the work plane.

With higher mounting angles, it also became a challenge to keep good contact with the back-
side connector of the solar cell, as the cell is kept in place only by the Ag contact with minimal
solder. A small piece of transparent tape had to be put over one of the corners of the cell to keep
it secured in place and ensure contact. Especially at the measurement at 86° angle, where some
samples dropped due to connectivity problems, as is visible in the figure even after averages
have been taken. Additionally, the stiffness and size of the cable connected to the cell’s 3-pin
connector made it challenging to position perfectly on the work plane.

The results in relation to short circuit current can be seen in Figure 6.26, and summarized in
Tables 6.8 and 6.9, which shows the comparison between measured values and expected values

from a purely cosine relation, and a reflectivity compensated cosine relation, respectively. The
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Figure 6.25: I-V measurements at different angles of incidence 6.

solar cell reflectivity was modeled after typical values of 0.10 mm CMX/CMG coverglass [125],
with an estimated refractive index of 1.52, with no further transmission loss related to the angle
of incidence after the initial reflection.

It can be seen that the short circuit current follows the curve reasonably well, more so the
pure cosine relation than when taking reflectivity into account, in fact. There are however some
error sources that needs to be pointed out.

(1) According to the temperature gradient for the solar cell, the mentioned increased mea-
surement temperature generally accounts for a few mA extra in the short circuit current mea-
surements, depending on how much excess temperature the DUT experienced at the time of
measurement. (2) In addition, as the mounting angles becomes bigger, the projected area of the
solar cell into the work plane also becomes correspondingly smaller. This is a problem because
of the spatial uniformity of the light distribution, which is not perfect. Close to the center axii
of the work plane where the solar cell is centered, the irradiation is higher, meaning that the
average intensity of the light falling normal to the projected area of the cell is increasing with
the measurement angles. (3) Yet another problem is the error source of the reflective copper
work plane, which also becomes ever more present at increasing angles. This could, however,
be remedied by fitting the work plane with a less reflective material, but in doing so one would
also interfer with the temperature control of the work plane unless the material have similar

thermal conduction properties. It can indeed be questioned whether or not one should have
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Figure 6.26: Short circuit current I measured at different angles of incidence 6. Error bars of 1°
represents initial uncertainty associated with solar cell mounting on angle.

forfeited the temperature control altogether in favor of a more flexible environment.
Allin all, it should be assumed that the measured values are biased towards a too high value,

with the magnitude of error generally increasing with an increasing measurement angle.

6.4.2 Second Iteration

With some lessons learned in hand, another set of measurements were performed under slightly

different conditions;

* The copper surface which is responsible for keeping a flat, temperature controlled work
plane was assumed to contribute increasing disturbance to the measurements at increas-
ing angles. This surface was replaced with a low reflectivity surface created from a matte
black cardboard piece dressed in matte black fabric, and the comparison between the two

can be seen in Figure 6.27.

» Temperature control was forfeited due to the practically eliminated thermal coupling be-
tween the temperature sensor and the DUT from the replacement work plane surface. In
order to keep track of the conditions, off-hand temperature measurements of the DUT
were done prior to, and after every I-V measurement. Measuring the device temperature

under testing is of limited use with the available equipment, as the temperature probe
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Table 6.8: Comparison between measured and expected pure cosine I values for different an-
gles of incidence 0.

Expected Iy Measured I Isc error Calculated @ 0 error

0 [deg] [mA] (mA] (mA] [deg] [deg]
0 - 381.9 - - -

6 379.8 379.2 -0.6 6.82 0.82
10 376.1 377.6 1.6 8.56 -1.44
16 367.1 368.2 1.1 15.37 -0.63
20 358.9 361.6 2.7 18.76 -1.24
26 343.2 346.1 2.9 24.99 -1.01
30 330.7 336.5 5.8 28.22 -1.78
36 309.0 313.3 4.3 34.88 -1.12
40 292.6 298.6 6.1 38.56 -1.44
46 265.3 266.1 0.8 45.83 -0.17
50 245.5 249.9 4.4 49.13 -0.87
56 213.6 214.8 1.2 55.78 -0.22
60 191.0 194.0 3.1 59.47 -0.53
66 155.3 152.2 -3.1 66.51 0.51
70 130.6 124.5 -6.1 70.97 0.97
76 92.4 83.4 -9.0 77.39 1.39
80 66.3 58.7 -7.6 81.16 1.16
86 26.6 32.6 5.9 85.11 -0.89

can not be installed directly on the cell surface. Measurements were done on the backside
connector, and one should be aware that there is a temperature gradient between the cell

and the probe [126].

Instead of creating entire I-V curves which takes considerable time, measurements were
kept very short by only sampling around zero volts, to retrieve the short circuit current
values. By only taking 21 samples (AV =0.01, V € +0.1 V) in order to create a reason-
able window for taking averages, the measurements are kept short, and the temperature
increase is limited by reducing exposure to the solar simulator illumination. Items left on
the thermally unregulated work plane would quickly develop temperatures in excess of 40

°C.

Rather than keeping every aluminum mounting angle exposed to the solar simulator out-
put for the entirety of measurements done with the angle, measurements were done in
the sense of round-robin scheduling to allow the materials to return to a state near room

temperature between utilizations.
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Table 6.9: Comparison between measured and expected reflectivity compensated cosine Iy val-
ues for different angles of incidence 6.

Expected Iy Measured I Isc error Calculated @ 0 error

0 [deg] [mA] (mA] (mA] [deg] [deg]
0 - 381.9 - - -

6 379.8 379.2 -0.6 6.82 0.82
10 376.1 377.6 1.6 8.55 -1.45
16 367.1 368.2 1.2 15.35 -0.65
20 358.8 361.6 2.8 18.37 -1.63
26 343.0 346.1 3.2 24.91 -1.09
30 330.2 336.5 6.3 28.06 -1.94
36 307.9 313.3 5.4 34.63 -1.37
40 290.8 298.6 7.8 38.22 -1.78
46 262.2 266.1 3.9 45.22 -0.78
50 241.1 249.9 8.8 48.36 -1.64
56 206.4 214.8 8.4 54.61 -1.39
60 181.4 194.0 12.6 58.01 -1.99
66 141.4 152.2 10.8 64.42 -1.58
70 113.4 124.5 11.1 68.42 -1.58
76 70.6 83.4 12.8 74.2 -1.8
80 43.2 58.7 15.5 77.71 -2.29
86 9.8 32.6 22.8 81.68 -4.32

As can be seen from Figure 6.28 and the results summarized in Table 6.10, the measurements
for high-angle incidence matches much more closely to that expected by a Fresnel reflection-
compensated cosine response. The general measurement curve is otherwise largely unchanged,
with results consistenly slightly higher than expected yet with smaller deviance than previously
recorded. The temperature prior to, and after these short measurements were consistenly slightly
higher than STC, at generally 26-27 °C before solar simulator exposure, and about 32 °C after
measurements when keeping the exposure duration short and approximately the same for all
measurements. It is assumed that the average temperature over the course of three short con-
secutive at every angle should render the temperature difference between each measurement
negligible and about 30 °C. Without in situ temperature measurements, any temperature gradi-
ent correction between the measurements will have an element of guessing.

Comparisons of the deviances between measured Is. and 6 can be seen in Figures 6.29 and
6.30, which show the error expressed in short circuit current and calculated angle of incidence,

respectively. It can be noted that the general form of the curve for the first measurement session
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Figure 6.27: Photos showing the replacement work plane surface with lower reflectivity.
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Figure 6.28: Short circuit current I, measured at different angles of incidence 0, after high-angle
disturbances have been reduced. Error bars of 1° represents initial uncertainty associated with
solar cell mounting on angle.
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Table 6.10: Comparison between measured and expected reflectivity compensated cosine I
values for different angles of incidence 6, after high-angle disturbances have been reduced.

Expected Iy Measured I Isc error Calculated @ 0 error

0 [deg] [mA] (mA] (mA] [deg] [deg]
0 - 374.2 - - -

6 372.2 372.3 0.1 5.87 -0.13
10 368.6 368.9 0.4 9.68 -0.32
16 359.7 360.9 1.2 15.33 -0.67
20 351.6 353.4 1.8 19.18 -0.82
26 336.1 338.6 2.5 25.12 -0.88
30 323.6 327.7 4.1 28.74 -1.26
36 301.7 307.0 5.4 34.62 -1.38
40 285.0 289.4 4.4 38.98 -1.02
46 256.9 260.4 3.4 45.31 -0.69
50 236.2 244.6 8.4 48.42 -1.58
56 202.3 207.6 5.3 55.10 -0.90
60 177.8 185.7 7.9 58.73 -1.27
66 138.6 142.8 4.3 65.36 -0.64
70 111.1 114.7 3.6 69.48 -0.52
76 69.2 69.3 0.1 75.99 -0.01
80 423 47.8 5.5 79.15 -0.85
86 9.6 12.4 2.8 85.35 -0.65

corresponds to the expected effect of the error sources mentioned, with a generally increasing
error with increasing angle of incidence.

It is also worth mentioning that replacement of the reflective copper surface work plane
reduced the overall work plane intensity in the form of about 5 mA worth of photogenerated
current at normal incidence, believed to be credited by the reflections from the work plane to
the collimating lens and back down again. This has no influence on the validity of the angular
dependency however, as the conditions were kept constant throughout the entire session.

At this point, the immediate possibilities of improving the current testing conditions seem
to be exhausted without initiating steps toward providing alternate means of DUT temperature

control and stepless angular positioning.
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Short Circuit Current Error, Compared to Reflectivity Compensated Cosine Response
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Figure 6.29: Deviance between expected and measured short circuit current values during first
and second session of measurements, when compared to a reflectivity compensated cosine re-
sponse.
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Figure 6.30: Deviance between known and calculated angle of incidence values during first
and second session of measurements, when compared to a reflectivity compensated cosine re-
sponse.



Chapter 7

Summary and Recommendations for

Further Work

7.1 Summary and Conclusions

The relevant energy theory behind intensity and spectral irradiance from the sun have been dis-
cussed with regard to how it changes due to factors like Earth-Sun distance, solid angle of the
sun disk and circumsolar region, angle of incidence and atmospheric mass. This translates to
how the experienced conditions for solar cells vary, how and why solar simulation is done the
way it is with such stringent requirements, as well as what can be expected in terms of differ-
ence between controlled, fixed conditions and operation in environments where we are not free

to modify the variables as easily.

The depth and breadth of the underlying physics of the solar cell is however a challenging
topic to cover and could never be done proper justice, as stacks of books and research papers are
needed to properly cover the ever expanding field of photovoltaics. The most essential theory of
solar cell structure and performance have however been reviewed, with emphasis on the theory
needed to understand the design principles, characteristics and behavior of the high-efficiency

multijunction solar cells available for the NUTS project.

The most commonly encountered components of a solar simulator have been discussed to
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Table 7.1: Summarized I-V parameters measured at AM1.5G STC (from Table 6.4)
Isc [Al Voc [V] Imp [Al Vinp [VI Pmax [W]
Average 0.3753 2.5745 0.3567 1.8728 0.6681

the point where the information provided should allow for a well-informed evaluation and se-
lection of design for most applications, and be of guidance if one were to wish to attempt to
create a device able to simulate aspects of the solar irradiation. It should be pointed out that a
directed light source is by definition not the same as a solar simulator due to the strict classifi-
cations and requirements as discussed. However depending on the application, a less refined
contraption than a full-blown solar simulator at STC might provide adequate, yet likely less de-
tailed, results. The solar simulation test setup at the optical calibration lab was also properly
documented, to give insight to the quality of the environment that the measurements were car-

ried out in.

By being fortunate enough to gain access to the optical calibration lab at the Department of
Physics means that the NUTS project have been able to perform solar cell measurements under
standardized testing conditions. I-V characteristics was developed for the solar cell by probe
measurements as well as by circuit board connectors, and the influence of concepts like tem-
perature dependency was experienced in practice. The experiments that were performed also
underlines the importance of ensuring proper knowledge about simulator behavior, e.g. with
regards to xenon lamp intensity control by armature current and spatial uniformity in the work

plane.

The initial I-V characteristic measurements were performed with solar simulator armature
current such that the reference cell showed irradiance of precisely 1 sun (1000 W/m?) in the
middle of the work plane, and a set of 5 measurements with curve fitting in the Ppx region
yielded the average results seen in Table 7.1.

Upon proceeding with further measurements, probes were switched for cables with appro-
priate connectors soldered to the ends, work plane temperature control was further stabilized

and armature current was increased by 0.1-0.2 A to compensate for a hotspot in the center of the
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work plane which resulted in the overall illumination of the solar cell being slightly too low. The
resulting short circuit current at normal incidence showed an increase of about 8 mA, or 1.8%.
Measurements were then taken of the solar cell mounted at 18 different discrete aluminum
angles ranging from 0° to 86°, in two separate sessions. The first session yielded results which
were acceptable, but showed signs of disturbances which seemed possible to reduce. The sec-
ond measurement session was performed after processing the data from the first session and
a slight tweaking of the work plane environment and measurement settings; in few words: less
disturbing specular reflectance, shorter sampling intervals, and general lack of active tempera-
ture control. The resulting short circuit current measurement values can be seen in 6.10, com-
pared with an estimated cover glass reflectivity compensated cosine relation. As can be seen in
Figure 6.30, the incidence angles calculated from the measured short circuit currents showed a

deviance generally smaller than 1°, which is promising results.

7.2 Discussion

We were lucky enough to be able to perform measurements with qualified hardware at standard
testing conditions, albeit air mass 1.5 at 1 sun intensity, or 1000 W/m?, when the optimal cir-
cumstances would allow us to perform tests at AMO conditions. As can be expected due to the
difference in standard testing conditions, the values measured at the optical calibration lab are
not directly comparable with the data sheet provided by the solar cell manufacturer. The values
seem to scale reasonably though, when we consider that the open circuit voltage of the cell does
not change much with intensity conditions (logarithmically), and the fact that the short circuit
current is linearly related to the irradiation of the solar cell lets us estimate the short circuit cur-
rent at AMO conditions to be 509-520 mA, depending on which measurement is used. The data
sheet states a short circuit current of 525 mA, which is not that far off, and might actually be
in the correct range if the data sheet is indeed values measured without coverglass, as the cells

were at some point sent to Astrium for mounting and coating.

The measurements done in the lab, are exactly what they seem - lab results. The expected

scaling of the short circuit current with angle of incidence follows the curve nicely, but these
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expected values are based upon a known, normal incidence irradiation result. In order to avoid
a bias to the curve when measuring a source, the maximum value needs to be known firmly be-
forehand. In practice this means that for AMO conditions, the cell needs to be AMO characterized
- which the NUTS solar cells are, in form of the data characteristics provided by the manufac-
turer, Azurspace. Alternatively, the spectral response of the cell need to be carefully measured,
such that the cell’s behavior can be appropriately scaled. Nevertheless, as mentioned in the sec-
tion about the energy of sunlight, even the irradiation conditions just outside the atmosphere
are not constant, and are expected to vary roughly 7% from the Earth orbit alone. Depending on
the method chosen to generate a sun vector, this will have a form of impact; if geometrical re-
lations are used to cancel out maximum current value dependency by assuming identical cells,
this impact will be smaller than if every cell is evaluated individually. The discussion regarding
this borderlines with the ambition of this thesis, and interested readers should refer to the au-

thor’s previous project work [1, 2] instead.

The temperature fluctuations during the first batch of I-V measurements are, even though
not ideal, not very detrimental to the variable of interest, the short circuit current. A temper-
ature change of 3°C is responsible for only a change of 1 mA in the current. This is also the
reason why active temperature control was discarded throughout measurements of irradiance
at non-normal incidence with the aluminum mounting angles. Part of the reasoning behind
making one-piece angles was to keep good thermal contact, but as the voltage values in the first
[-V measurements at non-normal incidence reveal, the effect on temperature of the DUT by
the temperature control loop was rather limited. At high mounting angles, the cumulative error
sources from high temperature, higher light intensity along the center axis of the work plane
spread over a smaller projected solar cell area, and the reflective copper work plane surface - all
of which contribute to an increased short circuit current - are believed to initially have biased

the first set of angled measurements higher than they should be.

Finally, literature references state that steady-state solar simulation I-V acquisition usually
does not take as long as what was experienced in the lab. The long sampling duration of the

measurements can possibly be attributed to the author being an inexperienced operator show-
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ing too much respect for the equipment to step outside his training, the software design for
acquiring the measurements, or both. It should however be pointed out that it is desireable to
keep the exposure time limited, with work plane temperature, stability of the simulator output

and light source lamp life in mind.

7.3 Recommendations for Further Work

Any algorithm chosen to produce the sun vector by utilizing measurements from the behavior
of individual solar cells needs to be adjusted for temperature, as temperature in low Earth orbit
will vary considerably depending on factors like which side is facing the Sun, day/night side of
the orbit and material properties of the satellite.

Earth albedo effect compensation also needs to be further investigated, the concept is dis-
cussed partly in the author’s previous work [1].

The physical configuration of the acquisition of the signal from the solar cells needs to be
determined. The current from the solar cells is very much dependent on resistive load, a concept
which directly collides with the notion of e.g. peak power tracking. Besides scaling the signal
with respect to load, a switching circuit for relieving the cells of any load is an option, but also
carries risk in form of malfunction which can leave the cell in a state where it does not generate

power for the satellite.



Appendix A

List of Symbols, Acronyms and

Nomenclature

ADCS Attitude determination and control

AM Air mass

ARR Andgya Rocket Range

ASTM American Society for Testing and Materials
BOL Beginning-of-life

COTS Commercial-off-the-shelf (components)

CPV Concentrating photovoltaic

CSpP Concentrating solar photovoltaic/power

CSR Circumsolar ratio

DAQ Data aquisition

DC Direct current

DOF Degrees of freedom

DNI Direct normal irradiance

DSSC Dye-sensitized solar cells

DUT Device under test

EKF Extended Kalman filter

EOL End-of-life

EQUEST Extended quaternion estimator

FF Fill factor

FSM First/front surface mirror

HID High intensity discharge (gas lamp)

IEC International Engineering Consortium

IR Infrared (electromagnetic radiation/spectrum)
JIS Japanese Industrial Standards

MH Metal halide

MJ Multijunction

MPP Maximum power point

NAROM Norwegian Centre for Space-related Education
NASDA National Space Development Agency of Japan
NEMA National Electrical Manufacturers Associasion
NIR Near-infrared (electromagnetic radiation/spectrum)
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NTNU Norwegian University of Science and Technology
NUTS NTNU Test Satellite
PID Proportional-integral-derivative (controller)
PSC Photoelectrochemical solar cell
PV Photovoltaic
QUEST Quaternion estimator
RDB Reduced data base
SC SuperCool (temperature controller)
SG Semiconductor grade (silicon)
Si Silicon
SMARTS Simple Model for the Atmospheric Radiative Transfer of Sunshine
SRC Standard reporting conditions
STC Standard testing conditions
TFSC Thin film solar cell
TSI Total solar irradiance
uv Ultraviolet (electromagnetic radiation/spectrum)
VIS Visible (electromagnetic radiation/spectrum)
Xe Xenon
A Area
n Efficiency
E Irradiance
Iph Photogenerated current
Ip Diode current
Iy, Load current, output from cell
Imp Current at maximum power point
Ig Saturation current
Isn Shunt current
Isc Short circuit current
A Wavelength
\ Frequency
n Idealizing factor
Pin Power incident on solar cell
Pmax Maximum power
Rcu Characteristic resistance
RL Load resistance
Rg Series resistance
Rsh Shunt resistance
Sun incidence angle
T Temperature of solar cell
\Y Cell voltage
Vinp Voltage at maximum power point
Voc Open circuit voltage
c Speed of light (in vacuum), ¢ = 2.9979 x 108 m-s’!
e Earth orbit eccentricity, e = 0.01671123
h Planck’s constant, k = 6.62606957 x 10734 J-s
kg Boltzmann’s constant, kg = 1.3806488 x 10723 J.K!
q Elementary electric charge, g= 1.602176565 x 10719 C
Tsun Sun radius, rgyn = 6.963 x 10° m
o Stefan-Boltzmann'’s constant, o = 5.670373 x 108 W-m2-K**

Tsun Sun surface temperature, Tgyy = 5778 K
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Azurspace 3G30C Solar Cell Data Table
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APPENDIX B. AZURSPACE 3G30C SOLAR CELL DATA TABLE

Table B.1: Azurspace 3G30C solar cell data sheet. [127]

107

Design and mechanical data

Base material

GalnP/GaAs/Ge on Ge substrate

AR-coating TiOx/Al, O3

Dimensions 40x 80 mm + 0.1 mm

Cell area 30.18 cm?

Average weight < 86 mg/cm?

Thickness 150 + 20 pm

Contact metallization thickness (Ag/Au) 4-10 pym

Grid design Grid system with 3 contact pads

Integrated protection diode

Viorward (605 mA) < 2.5V

Treverse(2.8 V) < 100 uA @ T = 25 °C

Electrical data

BOL 5El14 1E15 3El5

Average open circuit voltage Vo (mV) 2669 094 092 0.89

Average short circuit current g (mA) 525 099 096 0.87

Voltage at maximum power  Vy,p  (mV) 2379 093 091 0.88

Current at maximum power Iy (mA) 505 098 0.95 0.86

Average efficiency Mpare (%) 29.1 091 0.87 0.76

Acceptance values

Voltage Vop 2300 mV

Minimum average current @ V, Lop avg 510 mA

Minimum individual current @ Vo, Iop min 475 mA
Standard: CASOLBA 2005 (05-20MV1, etc); Cell Type: 3G-28%;

Spectrum: AMO WRC (1367 W/mz); T=28°C
Temperature gradients

BOL 5E14 1E15

Open circuit voltage dVoc/dT  (mV/°C) -6.0 -6.2 -6.3

Short circuit current dIg./dT (mA/°C) 0.32 0.31 0.39

Voltage at maximum power  dVpp/dT  (mV/°C) -6.1 -6.3 -6.4

Current at maximum power  dl,,/dT  (mA/°C) 0.28 0.20 0.29

Threshold values

Absorptivity
Pull test
Development status

< 0.91 (with CMX 100 AR)

> 1.6 N at 45° welding test (with 12.5 um Ag stripes)

Qualified




Appendix C

Optical Calibration Lab: IV Measurement

Procedure

Preparation

e Turn on the solar simulator cooling fan power, switch on the back, right side of the solar

simulator.

e Turn on the solar simulator lamp, switch on the left side of simulator to ON position. Wait

for about 15 minutes for lamp to be stable.
e Turn on the computer.
e Turn on the source meter.

e Turn on the power of the temperature controller.

Lamp Calibration

 Place the calibration reference cell onto the work plane under the lamp, and connect the

wires to a voltmeter.
e Open the lamp shutter on the left side of the simulator.

* Measure the reference cell voltage, it should read 87.3 mV which corresponds to a light

intensity of 100 mW/ cm?, or 1 Sun.
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* If the measured voltage is not close to 87.3 mV, use the dial on the left side of the simulator

to tune the lamp current accordingly.

Measurement

e Make sure that the probe cables are connected to the meter.

* Place the device on the copper plate and carefully move the two probes to the cell (p-side

to +, n-side to -).

* Open the program for temperature controller; "Shortcut to IC_Interface.exe".

- Load the file "PVlab.sc", which gives 25 °C setpoint.

— Click on the "Connect Rs232" button and then on the "send" button to initiate the

temperature control.

— Open the lamp shutter on the left side of the simulator, and wait for the temperature

to stabilize at 25 °C.

Open the program for the measurement: "Solarlab.exe".

You can do a quick I, and V,,, measurement by clicking "quick measurement".

Set the starting V, end V, increasement and dwell-time for the I-V measurement.

When the temperature is stable at 25 °C, you can start the measurement.

The data will be saved as .lvm files which can be opened in Excel.

After measurement

Turn off the lamp power, and wait at least 15 minutes before turning off the fan.

Close the programs of measurement and temperature controller.

Turn off the computer.

Turn off the source meter.
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* Turn off the power of the temperature controller.

e Fill in the log sheet.

Warnings
e Never turn off the fan before turning off the lamp power and waiting for 15 minutes.

* Be careful with the tips of the probes when placing the probes on the samples, so as to not

damage the tips of the probes.
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