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I. INTRODUCTION

The response of solar cells to non-normal
illumination has been measured. The accurate
measurement of this response in the usual solar
cell laboratory is quite often complicated by light
source difficulties. A solar simulator usually
produces a divergent light beam so that rotating
a solar cell or a panel of solar cells places a
portion of the sam_ie into a more intense beam
and another portic a into a less intense beam. If
the sun is used as a source, one must take care to
block sky radiation from the cells and to contin-
ually follow the sun as it moves across the sky.

A heliostat in :he JPL Celestarium was
available for performing pre-flight calibrations
on the experimental solar panels to be flown on
Applications Technclogy Satellite E (ATS-L.). The
heliostat produced an accurately parallel
vertical beam inside a dark room with non-
reflecting walls and ceiling. This source
proved to be ideal for the required calibration
runs, eliminating both light source deficiencies
enumerated above. The results of this testing
and a comparison with a simple theory are pre-
sented in this paper.
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II. EXPERIMENTAL APPARATUS

Various types of solar cells were mounted on
solar panels encompassing coverglasses ranging
in thickness from 0.30 mm (12 mils) to 1. 52 mm
(60 mils). The cells were mounted on two differ-
ent solar panels, 65 cells on a rigid aluminum
honeycomb panel and 15 cells on a flexible Kapton
panel. There were 13 types of >olar cell/
coverglass configurations. Each configuration
was represented by a sample size of 5 cells. Data
for 3 of the solar cell/coverglass configurations
are reported here: 10 0-cm 0.30-mm (12 mil)
cells with 0.51-mm (20 mil) coverglasses,
10 Q-cm 0.30-mm (12 mil) cells with 0. 15-mm
(6 mil) coverglasses, and 2 Q-cm n . ZO-mm (8 mil)
cells with 0. 15-mm (6 mil) coverglasses. These
cells were all mounted on the aluminum honey-
comb panel. The 2 f2-cm cells were solderless
cells of Heliotek manufacture. The other types
were solder-dipped cells manufactured by
Centralab. Coverglass material was 7940 fused
silica with ultraviolet filters and antireflection
coatings. The coverglasses were mounted tc the
cells with RTV-602 silicone adhesive. Duriog the
Celestarium measurements, solar cell param-

eters measured were short-circuit current Isc,
open-circuit voltage Voc , and during one run the
entire I-V curve was recorded for each cell at
each of the following angles of incidence: 0, 30,
45, 60, and 75 deg. Some information was gained
regarding the equilibrium temperatures of the
cells at these various angles of incidence by mon-
itoring the output of thermistors mounted behind
the cells. The intensity of the normally incident
sunlight varied as the day progressed, and was
monitored by JPL Balloon Flight Standard Solar
Cell BFS 511. During the measurements reported
here, the solar intensity at the test panels ranged
from 68 to 74 m\V/cm Z . The values for short-
circuit current, maximum power Pmax' and cur-
rent at maximum power are corrected for temper-
ature variations and compared with the cosine
function and with a function representing solar
energy transmitted through the coverglass. Tne
values for open-circuit voltage are compared with
values predicted from equations derived from
the experimental data of other workers giving
Voc as a function of cell temperature and solar
intensity.



III. EXPERIMENTAL PROCEDURE

M

The heliostat in the Celestarium facility was
used to produce the parallel bundle of solar radi-
ation. The heliostat consisted of a mirror which
automatically tracked the sun and cast the reflected
bundle of light onto a second fixed mirror. The
second mirror was mounted in the ceiling of the
Celestarium and, in turn, reflected the light
bundle vertically downward onto the test area.
Tracking accuracy was such that the bundle was
vertical to within t6 sec of arc after initial warm-
up of the tracking electronics. The light bundle is
approximately 24 in. in diameter.

The uniformity of the light bundle was mea-
sured by means of two solar cells. One cell.
Balloon Standard BFS 511, was maintained at a
fixed position, and a second Balloon Standard cell,
BFS 510, was moved about the bundle as a probe.
An intensity map of the bundle was constructed
from this data. During subsequent measurements,
the solar cells were positioned in the light beam,
using the intensity map as a guide so that the
intensity variation over the surface of the panel
was no more than tl. 5%.

The panels were mounted on a dividing head
capable of rotation about two axes. Special fix-
tures were constructed for mounting the panels on
the dividing head which allowed the panels to be
accurately adjusted perpendicular to the beam at
the zero reference marks. The aluminum panel
was rotated about only one axis for the

measurements reported here. However, it was
established that the axis of rotation made no dif-
ference in cell short-circuit current output (a
function which varies linearly with light intensity)
for rotation about either the dividing head axis or
for a compound angle rotation.

Current-voltage (I-V) curves are taken of
each cell using a variable resistive load and an
X-Y plotter. I-V curves representative of each
of the three cell/coverglass configurations re-
ported here are shown in Figs. 1 through 3.
These figures show I-V curves resulting from
each of the five noted angles of incidence. The
curves for each cell were taken in sequence,
starting at 0 deg and proceeding through 75 deg.
Noted on each curve are values of short-circuit
current, maximum power point, and voltage and
current at maximum power. Open-circuit voltage
was read out separately on a digital voltmeter and
is not shown on the curves.

Solar cell temperature and panel temperature
were not controlled during these measurements,
but were spot checked for a limited number of
cells. Typical temperature variation with angle
of incidence under our -!xperimental conditions
is shown in Table 1. Sufficient time was allowed
at each angle for the panel and cells to attain
thermal equilibrium. As these data show, there
is approximately a 10 °C drop in temperature in
going from 0 to 75 deg incidence.

s
lr



IV. DATA ANALYSIS

Data was taken from the I-V curves and pro-
cessed with the aid of a computer. Statistical
parameters have been calculated for Isc, Voc,
current at maximum power, Imp , voltage at max-
imum power, Vmp, and Pmax for both absolute
values and values normalized to the normal inci-
dence data. Results of these calculations are

presented in the Appendix (Table A-1).

The behavior of the solar cell parameters with
angle of incidence was compared with the para-
metric data of Sandstrom (Ref. 1) and Yasui
(Ref. 2) who measured the performance of several
different types of solar cells under varying con-
ditions of solar intensity and cell temperature.

Solar intensity incident on the solar cell
surface decreases as the cosine of the angle of
incidence. However, at large angles of incidence,
a significant amount of solar energy is lost due to
reflection from the front surface of the cover-
glass. Reflectance p, defined as the ratio of
reflected intensity to incident intensity, can be
calculated as a function of angle of incidence with
the aid of the Fresnel formulas. The reflectance,
neglecting the effect of the anti-reflective coating
on the coverglass and considering only one re-
flective surface, is expressed as follows:

	

P (0) = 1/2r tan 2 (2 + sin
_	

- ©) 1 	 (1}
Lt: n (0 + 6^)	 sin (6 + 0 )

where 0 and 0' are the angles of incidence and
refraction, respectively (Refs. 3 and 4). From
Snell's law

0' = arc sin ( sin 0 )	 (2)
n

where n is the index of refraction of the reflecting
surface. For fused silica n = 1. 46. As 0 goes to
zero, Eq. (1) has the limit

1i—	 ^0 P(0) =0	
1

(n + 1)2

Energy transmitted through the coverglass can be
described in terms of energy transmitted at 0 = 0
by

t	 t(6)	 I - P(5)	 cos g	 (3)To- ` t6 =	 - 1 - p 0 =

and Fig. 4 depicts the functions p(0) and t/t0 cal-
culated for n = 1. 46. For comparison, cos 0 is
also -hown. Some values of cos 0 and t/t0 are
also given in Table 2. It can be seen that t/t0 and
cos 0 are essentially the same at small angles
and diverge appruximately 5o at 60 deg.

Since Isc , Pmax,and Imp are expected to
depend linearly on the transmitted energy and not
very strongly on cell temperature (Ref. 1), these
experimental values are normalized to 0 - 0, and
compared with cos 6 and relative transmitted
intensity t/t0. Results of this comparison are
shown in Table 3. A l , o shown are the percentage
deviations of the experimental values from cos 0
and t/ tf,. As a general rule, the prediction given
by t/t 0 is always better than cos 6 at 0 = 75 deg,
always better at 0 = 60 deg when predicting Pmax,
and better about half the time when predicting Isc
or Imp at 0 = 60 deg. However, just using cos B
to predict these parameters at angles up to
0 = 45 deg is nearly always better.

The results are even better when the cell
temperature change is accounted for. Sandstrom
gives data (Ref. 1) directly applicable to the
2 a-cm 8-mil cells. Empirical fits to the
Sandstrom data gave the following formulas, which
predict Isc and Pmax as a function of both solar
intensity and cell temperature:

Isc = (0. 870 + 0. 000582 T) I 	 (4)

P	 = (0.440 - 0. 00172 T) I	 (5)max

where I is illumination intensity in mW/cm 2 and T
is temperature in degroes Celsius. These relation-
ships can be applied in the temperature range
-.'.0 < T < 60°

2
C and over intensities from 5 to

250 mW/cm. They should not be regarded as
highly accurate functions, but do represent -n
average behavior over the temperature and inten-
sity range indicated. Temperature corrections
using Eqs. (4) and (5) were made to the 2 Q-cm Isc
and Pmax data of Table 3 and the Appendix. The
magnitude of the corrections, and comparison of
corrected data to cos 0 and t/t0 is given in Table 4.
The corrections to Isc make no appreciable dif-
ference, but the corrections to Pmax data are
substantial and the t/t0 function is seen to agree
with the corrected data to better than 21% over all
angles of incidence, which is approaching the mea-
surement uncertainties.

Similar corrections may be made to the
10 0-cm cell data using the approximate relation-
ships

I 	 (1.004 + 0.000977 T) I 	 (6)

Pmax = (0.465 - 0. 002090 T) I	 (7)

obtained from the parametric studies of Yasui
(Ref. 2) on 10 0-cm, 2 X 2 cm Centralab cells
0.46 mm (18 mils) thick, and may not apply as
well to cells 0. 30 mm (12 mils) thick. Again the
corrections to short-circuit current are m•gligible.
but do tend to improve the agreement with the t/t0
prediction. The corrections to maximum power
are again sizeable, but th,. disparity with values
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of t/t 0 becomes greater. Figures 5, 6 and 7 show
the normalized ISe , Imp, and Pma data plotted
with the t/t 0 curve for all three ceh /coverglass
configurations. Data in these figures are uncor-
rected for temperature variations.

The values for Vo4 do not change with tilt
angle as fast as the values for current and power,
because Voc depends logarithrnically on illumi-
nation intensity. Voc does depend rather strongly
on temperature. Data from Refs. 1 and 2 were
used to formulate Voc in terrns of illumination and
temperature. Two methods 4 predicting the Voc
performance were used. The first applied an
intensity correction at constant temperature using

V
oc 

= A + B log I	 (8)

followed by application of a correction factor for
temperature, usually called p, in the following
equation:

Voc = Voc
0 

+ p(T - T 0 )	 (9)

P is found to be quit' constant over illumination
intensities between 25 and 140 mW/cm 2 . The
coefficients A and B in Eq. (8) were found to have
an approximately linear temperature dependence,
so they were fit to the equations

A	 A l + A2 	 (10)

and

B = B 1 +B 2 T	 (!1)

which give Eq. (8) the form

V oc = (A 1 + A, T)

205 T5 F 40°C
+ (B 1 + B 2 T) log I1_ 2	 (12)

l 25 In 250 mW /cm

Method II consisted of direct application of
Eq. (12).

Method I, using F.qs. (8) and (9) was found to
give better agreement with JPL experimental data
when Eq. (8) was used with values of A and B
appropriate to 40°C. Table 5 lists the values
found for A, B, A l , A 2 , B 1 , B 2 , and p for both
the 2 and 10 Q-cm cells. A summary of the Voc
calculations using both methods I and II is given in
Table 6. Note that both methods of data correction
involve the absolute calculation of Vo c . No ratio-
ing is done. As expected, the method I calculation
is usually better, because method II involves fit-
ting functions to data which, in turn, was derived
from previous fits to experimental data. The
calculations for the 2 0-cm cell are best. possibly
because parametric data were available for the
same cell thickness used in the experiment. Ten
0-cm parametric data used was always for
0.46 mrr ;18 mil) cells while the JPL experimental
cells were 0. 30 mm (12 mils) thick.
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V. CONCLUSION

It is found that silicon solar cell output can
be predicted as the angle of incidence of solar
illumination is varied within the limited illumina-
tion and temperature levels used here. The
methods used in this paper are found to predict
Voc to accuracies better than 4%, Isc to better
than 6%, and Pmax to better than 4% at all tilt
angles up to and including 75 deg. At tilt angles
smaller than 60 deg, prediction accuracy for

Pmax increases to 2%. Cell temperature infor-
mation used i n the work reported here was of
unknown accuracy and may have been the major
contributor to the discrepancy with prediction.
No significant difference in off-axis solar cell
performance between cells covered by 0. 15-mm
(6 mil) coverglasses and cells covered by 0. 51•
mm (20 mil) coverglasses was observed in these
measurements.

1

r
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Table 1. Thermister temperature as a	 Table 2. Applicable values of cos 0 and t/tO
function of angle of incidence

Solar cells \o.	 70 - 74
Thermistor RT-15
Solar intensity = 65 mW/cm2

Pacific Angle of Ten perature,daylight incidence, oC
:ime deg

12:10 0 41.7

12:13 10 41.7
12:17 20 41.1
12:20 30 40.6
12:26 40 38.9
12:31 50 36.1
12:38 60 34.4
12:43 70 32.2

0, deg cos 0 t/tO

0 1.00000 1.0000
30 0.86603 0.86474
45 0.70711 0.69998
60 0.50000 0.47540

75 0.25882 0.20246

Table 3. Average values of normalized short-circuit current, current at maximum power
and maximum power witn percentage deviations from cos 0 and calculated

transmitted energy

I % % I % % P % %Angle of
incidence 0

sc Deviation Deviation nip Deviation Deviation max Deviation Deviation
Isc O from cos from t/t0 1mp0 from cos from t/t O maxO from cos from t/t0

10 Q- cm, 0.30-min cells, 0. 51-mm coverglasses

0 1.0()	 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00
30 0.878	 +1.36 +1.51 0.886 +2.31 +2.46 0.886 +2.25 +2.40
45 0.7321	 +3.45 +4.51 0.717 +1.38 +2.41 0.710 +0.41 +1.43
60 0.497	 -0.62 +4. 52 0.494 -1.13 +3.99 0.485 -3.00 +2.02
75 0.222	 -14.33 +9.52 0.215 -16.82 +6.34 0.201 -22.26 -0.62

10 :2-cm, 0.30-mm cells, 0. 15-mm coverglasses

0 1.00 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00
30 0.871 +0.56 10. 71 0.859 -0.81 -0.66 0.866 -0.01 +0.14
45 0. 713 1	 +0.80 +1.82 0.704 -0.45 +0.56 0.704 -0.46 +0.55
60 0.490 -2.06 +3.01 0.481 -3.70 +1.28 0.472 -5.62 -0.74
75 0.213 -17.67 +5.25 0.203 -21.67 +0.14 0.191 -26.39 -5.90

2 12-cm, 0.20-mm cells, 0. 15-mm coverglasses

0 1.00 0. CI O 0.00 1.00 0.00 0.00 1.00 0.00 0.00
30 0.872 +0.72 +0.87 0.873 +0.82 +0.97 0.868 +0.17 +0.32
45 0.709 +0.30 +1.32 0.705 -0. 36 +0.6b 0.690 -2.44 -1.45
60 0.487 -2.69 +2.34 0.480 -4.06 +0.90 0.464 -7.24 -2.44
75 0.217 -16.21 +7.12 0.211 -18.48 +4.22 0.192 -25.94 -5.32
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Table 4. Temperature corrections applied to I sc and Pmax data for 2 12-cm 0.20-mm cells

i

Angle of I	 / I sc0sr Temperature Correction o Deviation1 °, 'o Deviation
incidence 0, deg correction values from cos from t/to

0 1.000 1.000 1.000 0.00 0.00
30 0.872 0.999 0.871 +0.57 +0.72
45 0.709 0.997 0.707 0.00 41.00
60 0.487 0. 995 0.485 -3.00 +2. 02
75 0.217 0.Q93 0.215 -16.93 +6.19

Angle of Pmax Temperature Correction % Deviation % Deviation
incidence 0, deg P correction valueb from cos from t ton» 0

0 1.000 1.000 1.000 0.00 0.00
30 0.868 1.005 0.872 +0.69 +0.84
45 0.690 i.019 0.703 -0.58 +0.43
60 0.464 1.037 0.481 -3.80 +1.18
75 0.192 1.051 0.202 -21.95 +0.00

also/Isco X temperature correction =	 correction value.

bPmax/Pmaxo X temperature correction = correction value.

Table 5. Temperature and intensity correction coefficients

Cell type A(40°r:) B(40°C) Al A2 BI B2 R, mV;'°C

2 12-cm, 0.20 mm 388.8205 72.72053 494 -2.6 63.85 +0.23121 -2. 33

10 f2-cm, 0.46 mm 394.0302 58.35 513 -2.97212 42.4 0. 38329 -2. 36

Values given are valid for 	 -20°C 5 T'_ +40°C
25	 5 I 5 250 m W !cm2



Table 6. Comparison of measured and calculated values

Angle of Cell Measured Method I % Deviation Method II `% Deviation
incidence 6, deg temperature Voc Voc from measured VOc from measured

10 Q-cm,	 0. 30-mm cell, 0.51-mm coverglass (Cells 25 to 29)

0 42 513. 3 498.4 -2.91 497. 5 - 3. 08

30 41 511.3 497.1 -2.79 496.1 -2.97

45 38 507.4 498.8 -1.70 497.7 -1.91

60 34 501.5 498.4 -0.61 497.7 -0.76

75 31 478.4 183.7 +1.15 484.7 +1.32

10 Q-cm, 0. 30-m.n cell, 0. 15-mm coverglass (Cells 40 to 44)

0	 42	 515. 7	 497. 3	 -3. 56	 496. 5	 -3. 73

30	 41	 512.9	 496.0	 -3.29	 495.1	 -3.48

45	 38	 508.8	 497.7	 -2.18	 496.7	 -2.38

60	 34	 500.1	 497.4	 -0.54	 496.7	 -0.68

75	 31	 476.4	 482.9	 +1.36	 483.7	 +1.54

2 Q- cm,	 0.20-mm cell,	 0. 15-mm coverglass (Cells 65 to 611)

0 42 527.2 517.4 -1.86 519.6 -1.44

30 41 523.0 515.2 -1.50 517."2 -1.12

45 38 518.3 515.5 -0.56 517.1 +0.31

60 34 508.4 512.6 +0.82 513.8 +0.25

75 31 488.0 492.7 +0.96 I	 494.4 11.30

10
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