
POWER-SUPPLY SYSTEMS AND TEST SOLAR CELLS 

By John L. Patterson 
Langley Research Center 

SECTION I - INTRODUCTION 

Conversion of solar  energy with photovoltaic solar  ce l l s  w a s  decided t o  be 
the most prac t ica l  means of meeting the low-level power requirements through- 
out t he  desired 1-year l i fe t ime of the  s a t e l l i t e .  
necessary t o  supply a l l  power required during the o rb i t a l  dark periods, as well 
as t o  supply a large par t  of the  power required during interrogations i n  
sunlight. 

Rechargeable ba t te r ies  were 

Two separate solar  power supplies were installed,  one f o r  each telemeter. 
Each supply w a s  required t o  furnish 10 milliamperes of standby current and 
110 milliamperes during interrogations a t  12 vol t s  nominal. The power supplies 
were designed f o r  1-minute interrogations during each orbit; o rb i t a l  periods 
were approximately 100 minutes and o rb i t a l  dark times varied from 0 t o  35 per- 
cent of each o rb i t a l  period. 
ized at  200 r p m  at launch, but w a s  expected t o  tumble at  approximately 20 rpm 
a f t e r  several weeks. 

I n  addition, the s a t e l l i t e  w a s  t o  be spin s tab i l -  

I n  addition t o  the  solar  ce l l s  used f o r  power, f i ve  groups of solar  ce l l s  
were mounted on the forward she l l  t o  obtain data on the re la t ive  effectiveness 
of protective covers f o r  t he  cel ls .  

SECTION I1 - POWER-SUPPLY SOLAR CELLS 

General.- The mounting arrangement of the  so la r  ce l l s  on the  forward she l l  
i s  shown i n  figures V-1  and IV-33. Since the  payload w a s  not separated from 
the  f i n a l  rocket motor, and because of the  l imited diameter of the heat shield, 
it w a s  not prac t ica l  t o  have ce l l s  facing aft .  
plies,  one t r a y  w a s  located on the  forward end of the forward she l l  and four 
were equally spaced around the  cylindrical  surfacs. 
having ce l l s  on f ive  sides of a cube f o r  each power supply. 
a r e  solar-cel l  t e s t  groups and are  not connected t o  the  power supplies; these 
a re  described l a t e r .  

For each of the  two power sup- 

This w a s  equivalent t o  
The smaller t rays  

Figure V-2 i s  a photograph of a typ ica l  solar-cel l  tray, and f igure V-3 
i s  a drawing of a t r a y  mounted on the  aluminum heat-transfer band. A ra ther  
st iff  t r a y  with f lex ib le  mounting brackets w a s  considered necessary because the  
forward she l l  (especially i n  i t s  early design) could possibly experience high- 
amplitude vibrational deflections during the  launch operations. 
cells ,  i n  eight 5-cell  "shingles," were cemented t o  the 1/8-inch-thick 

Forty so la r  
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magnesium alloy base of the  tray.  The 
magnesium alloy w a s  chemically treated 
t o  provide for the  e lec t r ica l  insulation 
of the  ce l l s  and t o  improve the cement 
bond. 

For thermal-balance requirements, 
the external metal surfaces were coated 
with an aluminum oxide coating. For 
good heat t ransfer  between the trays and 
the aluminum band, the surfaces i n  con- 
t ac t  were l e f t  bare, and those closely 
spaced were coated with f l a t  black paint. 
Since the  transmission of the fused 
quartz windows is  low f o r  infrared radia- 
tion, most of the excess energy absorbed 
by the solar ce l l s  had t o  be conducted 
out through the base t o  be radiated by 
other external surf aces. Hence, coatings 
or glass covers designed t o  improve the 
emissivity of the  ce l l s  were not used, 
and l o w  absorptivity w a s  specified f o r  
the other exposed surfaces under the 
windows. 

Cements.- A number of materials were 
investigated t o  find one suitable for 
cementing the solar  ce l l s  t o  the trays 
and f o r  coating the exposed surfaces 
between and around the cel ls .  The cement 
had t o  provide good thermal conduction, 
and had t o  be f lexible  enough t o  isolate  
the f r ag i l e  ce l l s  from mechanically and 
thermally induced stresses.  The l a t t e r  

L-61-2146 
Figure V-1.- Nose shell of Explorer XI11 

showing solar-cell trays. 

w a s  c r i t i c a l  since the thermal coefficient of expansion of s i l icon is  
2.5 x lom6 in./in./OC compared with a x I O m 6  in./in./OC for the magnesium alloy, 
and the preliminary estimate of the expected solar-cell-temperature range was 
from -650 C t o  +l350 C. 
t e s t s  were made t o  determine relat ive f lex ib i l i ty ,  immunity t o  a vacuum, and 
resistance to ul t raviolet  and ionized-particle radiation. 

The cement also had t o  withstand the space environment; 

Silicone rubber cements were among those investigated. The one selected 
i s  a white, room-temperature-cured sil icone rubber tha t  remains f lexible  down 
t o  approximately -TO0 C. 
application when the surfaces were primed as recommended. It w a s  found t o  have 
a solar absorptivity of 0.32, and i ts  properties were unaffected when subjected 
t o  ultraviolet  radiation at elevated temperatures. I ts  thermal conductivity of 
7.44 x 10-4 gm cal-cm/cm2/sec/oC compares favorably with other cements. 
trouble w a s  experienced with entrapped gas, and i ts  r a t e  of weight loss i n  a 
high vacuum w a s  found to be relatively low.  

Its adhesive properties were excellent fo r  t h i s  

No 

This cement w a s  subjected t o  
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-SILICON SOLAR CELLS ( ( 8  GROUPS OF 5 CELLS) 

ies t ing,  and negligible damage was found. 

I 
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Figure V-3.- Drawing of power solar-cel l  tray. 

i n  conjunction with solar-cel l  

Windows.- Fused quartz windows 1/16 inch thick ( f i g .  V-3) were used t o  
help protect the so la r  ce l l s  from possible damage by ionized pa r t i c l e  radia- 
t ion  and micrometeorites. 
the windows from the s t resses  of launch vibrations and temperature Changes. 
The gaskets suffered only minor surface hardening when subjected t o  u l t rav io le t  
i r rad ia t ion  at  elevated temperatures. 

A molded s i l icone rubber gasket w a s  used t o  cushion 

The fused quartz was found t o  transmit 93 percent of normally incident 
l i gh t  i n  the  spectral  range of the solar  ce l l s .  
exter ior  surface with f ine  alumina t o  approximate the possible e f fec ts  of 
micrometeorite erosion was found t o  reduce the 93-percent transmission t o  
89 percent. 
not be appreciably darkened by pa r t i c l e  radiation i n  the expected orb i t .  
a r t i f i c i a l  electron b e l t  did not ex i s t  at  t h i s  time.) 

Thoroughly sandblasting the 

Proton i r rad ia t ion  t e s t s  ( r e f .  V-1)  showed tha t  the quartz should 
(The 

Solar-Cell Characteristics.- The nongridded s i l icon  so lar  ce l l s  used f o r  
the power supplies were 1 by 2 centimeters i n  size, and were the P on N 
junction type. 
glass  covers. 
This efficiency rating w a s  based on the  maximum power output at 27O C when 
illuminated by the  sun under standardized conditions on the surface of the earth 
(one air m a s s  o r  The actual  efficiency i n  space at  270 c w a s  estimated 
to be 0.83 of the  nominal value because a large par t  of the  increased solar  
energy available above the  atmosphere (140 mw/cm2) falls outside of the spectral  
range of the  so la r  c e l l s  ( refs .  V-2 and V-3).  

They were supplied i n  f ive-cel l  shingles without coatings or 
The nominal efficiency of t he  ce l l s  varied from 8 t o  9 percent. 

m = 1) .' 
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Tungsten filament lamps, with t h e i r  voltages adjusted t o  give filament 
temperatures of 2,900 k 1000 K were used with a 1-inch-thick water f i l t e r  when 
determining the  output of the solar  ce l l s .  
with a "standard" solar  c e l l  which w a s  calibrated under standardized conditions 
i n  sunlight (m = l), and i n  l i g h t  from tungsten lamps when using the same type 
of f i l t e r  and range of filament temperatures. 

The l i g h t  intensi ty  w a s  monitored 

The curves of current output plotted against voltage at  various tempera- 
tures  f o r  a ty-pical solar-cell. t r a y  of 40 series-connected ce l l s  i s  shown i n  
figure V-4. The points of m a x i m u m  power output are indicated. 
the  l i g h t  in tens i ty  w a s  adjusted t o  be equivalent t o  one solar  constant 
(140 x 0.83 = 116 mw/cm2 as measured with a calibrated standard solar  ce l l ) .  
It w i l l  be noted tha t  the ce l l s  are essent ia l ly  constant current generators up 
t o  a voltage tha t  i s  dependent on temperature. The operating voltage i s  fixed 
by the  load, and i n  t h i s  power supply, i s  primarily fixed by the ba t te r ies .  A 
typ ica l  value of 14.8 volts  (0.37 vol t /ce l l )  i s  indicated i n  figure V-4. The 
ef fec t  of temperature on output, when charging ba t t e r i e s  at  a nearly constant 
voltage, i s  fur ther  i l l u s t r a t ed  i n  figure V-5 where the  data of figure V-4 are 
plotted as current and power output, a t  14.8 volts,  as a function of temperature. 
Since l i t e r a t u r e  on solar  ce l l s  often gives the  change i n  maximum power with 
temperature, the measured values of t h i s  parameter are shorn 

I n  these t e s t s  
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Figure V-5.- Variation of output current and power with 
temperature of a typ ica l  power solar-cell t ray.  

Effect of Vehicle A t t i -  
tude.- The effect  of the vehi- 
cle a t t i tude  on the  output of 
the solar  ce l l s  with respect 
t o  the sun w a s  important 
because the  vehicle had no 
ce l l s  facing a f t ,  and w a s  
expected t o  remain spin sta- 
b i l ized  only a short time. 
Also, the  information w a s  
required t o  avoid an i n i t i a l  
spin-stabilized a t t i t ude  with 
insuff ic ient  solar-cell  i l l u m i -  
nation. The output of a solar  
c e l l  i s  approximately propor- 
t i ona l  t o  the projected i l l u -  
minated area and hence t o  the 
cos,ine of the angle of t he  
incident l i gh t .  Measured 
values of the percent reduction 
of output current a re  plot ted 
against incidence angle i n  f ig-  
ure V-6 with a cosine curve 
shown f o r  comparison. Currents 
were measured under simulated 
bat tery charging conditions 
using a f ive-cel l  shingle. A 
quartz window was mounted over 
the ce l l s  during the  t e s t ,  but 

t he  effects  of the  tray-edge shadows were not simulated. 
ure V-6 i s  a curve obtained i n  a similar manner with the sandblasted window 
(mentioned previously) mounted over the ce l l s .  This curve i l l u s t r a t e s  the pos- 
s ib l e  effects  of micrometeorite erosion, but the data were not used i n  the fo l -  
lowing computations. 

Also shown i n  f ig-  

Figure V-7 gives the predicted combined percentage of output of the solar  
ce l l s  of one power supply plotted against sun incidence angle computed from the  
experimentally determined values of figure V-6. 
t ha t  the vehicle w a s  i n  a pure tumbling mode (no r o l l ) ,  and tha t  the rays of 
the sun, the vehicle r o l l  axis, and the normal t o  the three t rays  involved were 
i n  the same plane (see sketch i n  f ig .  V-7). 
put referred t o  one t r ay  illuminated at  noma1 in'cidence, and hence i s  the per- 
centage t o  be applied t o  the output values given i n  figures V-4 and V-5. 
computation merely required the graphical or  numerical summation of the  instan- 
taneous output of each illuminated t ray.  
computed from the idea l  cosine curve. 
rec t i f ied  sinusoidal wave i s  
tumbling, of the  three t rays  i s  3/31 
illuminated at normal incidence. 
from the  area under the  curve of figure V-7 obtained from measured values. It 
can be shown tha t  t h i s  should be very close t o  the minimum output averaged over 
any complete cycle of tumbling. 

I n  t h i s  case, it w a s  assumed 

The ordinate i s  the re la t ive  out- 

The 

The re la t ive  output i s  a l so  shown as 

l/n, the  idea l  average output, over one cycle of 
Since the average value of a half-wave 

times, o r  95.5 percent of t ha t  of one t r ay  
This compares with a value of 87 percent found 



1 i I i . - I  :---- Lovered w i t h  c l e a r  fused quartz 

If t h e  vehicle i s  assumed t o  be spin 
s tab i l ized  with the  sun vector normal t o  

0 20 

t h e  vehicle axis, four t rays  are i l l u -  
minated i n  sequence, and t h e  idea l  aver- 
age output i s  4/71 t i m e s  (127 percent) 
t h a t  of one t ray .  By using measured 
values, t he  corresponding average w a s  
found t o  be 116 percent of one t ray .  
%he more general case where t h e  vehicle 

t h e  axis, t h e  computation i s  more 
involved. When t h e  sun is  forward of 
t h e  vehicle equator, a m a x i m u m  of three 
t r ays  can be illuminated at  one time. 
When t h e  vehicle i s  i n  a pure spinning 
mode, t h e  t r a y  on the  forward end has a 
constant i dea l  f rac t iona l  output of 
cos (6. From spherical  trigonometry, t he  
cosine of t he  angle between the  sun vec- 
t o r  and t h e  normal t o  a reference t r ay  
on the  cyl indrical  surface i s  
s i n  (6 cos 0 ,  where (6 i s  the  angle 
between the  sun vector and the  vehicle 

ured from the  normal of t h e  reference 
t ray .  
The cosine of t he  corresponding incident 
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Figure V-6.- Variation of solar-cel l  output ax is ,  and 8 i s  the  angle i n  r o l l  meas- 
current with angle of incident l ight .  

(Refer t o  the  sketch i n  f i g .  V-8.) 

angle of t h e  illuminated t r a y  adjacent t o  t he  reference t r a y  i s  
s i n  (6 cos(g0 - e )  
put of t he  three  illuminated t rays  is:  

o r  s i n  (6 s i n  0 .  Hence, t he  combined f rac t iona l  idea l  out- 

cos $ + s i n  (6 cos 0 + s i n  (6 s i n  e 

The average of t h i s  expression over a period of roll is:  

4 cos $ + - s i n  (6 
K 

When the angle (6 
forward end i s  not illuminated, and t h e  first term i n  each of these expressions 
becomes zero. The idea l  average output while spinning, computed from t h e  
second expression f o r  values of (6 
curve of f igure  V-8. 
based on the  experimental results of f igure V-6 (with c lear  quartz). 
computed, at  each 10' increment of $, by subst i tut ing measured values f o r  each 
of t h e  terms i n  the  first of t h e  above expressions t o  ge t  var ia t ion i n  t h e  com- 
bined output over 90' of roll. The averages were then obtained with the  trape- 
zoidal rule. 

( f ig .  V-8) i s  grea te r  than goo, t he  solar-cel l  t r a y  on the  

from Oo t o  180°, i s  shown as the  dotted 
The so l id  curve gives the  corresponding predicted values 

These were 

When all t h e  components of a power supply were available, a completed for- 
@ while illuminated by ward s h e l l  w a s  rotated by a motor t o  various angles of 
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Figure V-7.- Output of solar ce l l s  i n  tumbling mode giving l eas t  average output. 
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vehicle axis and sun vector. 



the  sun on a clear  day. 
supply circuit ,  the  combined solar-cel l  current w a s  plotted against angle of 
rotation on an X-Y p lo t t e r .  
It w a s  plotted a t  
passed over the ce l l s .  The average values obtained from the  areas under these 
curves a re  presented as the circled data points i n  figure V-8. 
not pract ical  t o  eliminate a l l  reflected sunlight, par t icular ly  when 
close t o  900, some of the values a re  too high. All of the  circled data points 
should be below the  predicted curve because shadows from the  t ray  edge and the 
antennas were not considered i n  the prediction. Antenna shadows appeared on 
the t rays  between $ of 1050 and l35O, and t h e i r  effect  on the average output 
i s  noticeable but not excessive. This e f fec t  i s  due, i n  part, t o  the f a c t  t ha t  
at the time antenna shadows f a l l  on a tray, another t r a y  i s  illuminated and i s  
therefore f r ee  of shadows. Figure V-8 indicates t ha t  while the vehicle i s  spin 
stabil ized, an output almost equal t o  o r  greater  than tha t  of one t r a y  normally 
illuminated i s  predicted f o r  6 from 0' t o  120'. This range approximately 

With the f ive  t rays  properly connected i n  the power- 

Figure V-9 i s  an example of the curves obtained. 
$ = U O 0 ,  and the ragged dips occurred as the antenna shadows 

Since it was 
$ w a s  

determines 
at orb it a1 

the iimits on the angle between the  vehicle axis and the sun vector 
injection. 

p 
I 

\ I  \ I  
L 

I 

I .I 

/ 
80 120 160 200 240 280 3 320 

Angle of roll, 8,.degrees 

Figure V-9.- Output of solar cells with vehicle spin s tabi l ized at fl = U O 0 .  
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The output of the solar  ce l l s  a f t e r  tumbling begins i s  d l f f i c u l t  t o  pre- 
After a l l  r o l l  motions have ceased, the average output during tumbling d ic t .  

could vary from the minimum of 87 percent as i l l u s t r a t ed  by figure V-7 t o  a 
maxim of about 136 percent. This m a x i m  would occur when the  sun vector i s  
normal t o  the vehicle r o l l  axis and midway between two trays.  I n  general, the  
average output during tumbling ( i n  each period of o rb i t a l  sunlight)  should 
approach the long-term average computed f o r  random orientation t o  the sun, 
par t icular ly  when there i s  s t i l l  some r o l l  coupled with the tumbling motions. 
If a single solar  c e l l  or single t r a y  of solar  ce l l s  is  randomly oriented t o  
the sun, it can be shown (appendix A )  t ha t  i t s  long-term idea l  average output 
w i l l  be one-fourth of i t s  output at  normal incidence. 
each power supply were expected t o  have a combined idea l  average percentage out- 
put of 125 during random tumbling. 
the incremental sol id  angles involved (appendix B), the  sol id  curve of f ig-  
ure V-8 w a s  numerically integrated t o  obtain a value of lo5 percent with respect 
t o  one t r ay  at  normal incidence f o r  the  output during random tumbling based on 
measured values. This w a s  rounded off t o  100 percent f o r  estimation? purposes. 

Hence, the f ive  t rays  i n  

By using weighting factors  proportional t o  

The output of the power solar-cel l  t rays  due t o  reflected l i g h t  from the 
The additional output i s  dif-  earth w a s  omitted i n  the preceding discussion. 

f i c u l t  t o  predict, and i n  general, it w i l l  be small because when ba t t e r i e s  a re  
being charged, the output of a t r a y  drops rapidly at low l igh t  in tens i t ies .  

Qualifying Tests.- Before the shingles were cemented t o  the trays, they 
were all given a ser ies  of t e s t s  t o  eliminate defective uni t s  and t o  determine 
t h e i r  e l ec t r i ca l  characterist ics.  To check f o r  defective in t e rce l l  bonds, the 
shingles were mechanically loaded i n  bending with a 25O-gram weight while 
resting on supports 4.4 centimeters apart. 
values of short-circuit  current, open-circuit voltage, output current at  1.85 
vol t s  (0.37 vol t /ce l l ) ,  and output voltage a t  36 ma were obtained. The accept- 
able ce l l s  were matched t o  provide the most e f f ic ien t  operation when connected 
i n  ser ies  on a t ray.  Emphasis was placed on current a t  1.85 volts, and on the 
general shape of the current-voltage curve. 
each supply were also selected t o  have approximately the same character is t ics .  

I n  the  routine e l ec t r i ca l  t es t s ,  

The ce l l s  f o r  the various t rays  of 

The acceptable ce l l s  with the lowest output were cemented t o  t rays  f o r  the 
prototype vehicle. 
i n  chapter V I 1  both individually and while mounted on the forward shel l .  
sequent t rays  were only given vacuum and temperature cycling t e s t s  before 
ins ta l la t ion .  Environmental t es t ing  a f t e r  ins ta l la t ion  w a s  considered more 
r e a l i s t i c  - part icular ly  vibration and impact t e s t s  because of the very large 
amplifications experienced. In i t i a l ly ,  and a f t e r  each t e s t ,  the  t rays  were 
illuminated t o  obtain the  four parameters l i s t e d  i n  connection with the shingle 
t e s t s .  
plotted against voltage f o r  each t ray.  

These were subjected t o  the environmental t e s t s  described 
Sub- 

Finally, data were taken t o  obtain the curve of room-temperature current 

Proton Irradiat ion Tests.- The quartz windows were expected t o  give some 
shielding from the  electrons and low-energy protons i n  space, but there was 
concern about the effects  of high-energy protons, especially since the  i n i t i a l  
estimate of apogee w a s  1,275 miles. 
at  t h i s  t i m e . )  
Center t o  subject electronic components t o  proton irradiation, various types of 

(The a r t i f i c i a l  electron b e l t  did not ex i s t  
Hence, when a program w a s  i n i t i a t ed  at  the  NASA Langley Research 
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so lar  ce l l s  were included. A number of t e s t s  were made on ce l l s  ordered f o r  
Explorer XIII. 
with proton energies of 22 and 240 MeV. Later unreported t e s t s  were made at  
40 and 440 Mev as well as additional t e s t s  at 22 and 240 Mev. The damage r a t e  
varied with proton energy, and w a s  not the  same f o r  supposedly ident ical  cells ,  
but the curve i n  f igure V-10 i s  thought t o  be a typ ica l  plot  of the degradation 
of the output current against integrated proton f lux.  
dicted orbit, 500 protons/cm2/sec be assumed for the  f lux  of re la t ively high- 
energy protons, the curve of figure V-10 shows t h a t  the  solar  ce l l s  w i l l  be 
degraded 9 percent i n  1 year. 

Reference 1 gives the  resu l t s  from the preliminary t e s t s  made 

If f o r  the  f ina l ly  pre- 

SECTION I11 - BATTERIES 

General.- The bat tery ce l l s  used were the  sealed, nickel-cadmium, "button"- 
type ce l l s .  Their capacity rating w a s  700 milliampere-hours (mah) and i n  each 
power supply, 10 ce l l s  were connected i n  ser ies  t o  make a nominal 12-volt bat- 
tery.  A bat tery before potting i s  shown i n  f igure V-11. The blocking diodes, 
described l a t e r ,  were a l so  ins ta l led  i n  the  5.5-inch-diameter, 1-inch-thick 
secondary bat tery module. To  a id  i n  sealing the cells,  and t o  prevent working 
of the  cases under in te rna l  pressure, the ce l l s  were potted i n  an unfi l led epoxy 
resin.  

A number of considerations influenced the  selection of these ce l l s  f o r  t h i s  
.application. A c e l l  with a welded case closure and glass-to-metal seals  around 
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Figure V-10.- Degradation of sol&-cell output-current with integrated proton flux in a 240 Mev 
proton beam. 
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t h e  e l ec t r i ca l  leads w a s  desired but w a s  
considered too large.  Instead, it w a s  
decided t o  use the  button c e l l s  having 
p l a s t i c  seals, t o  pot them i n  epoxy, and 
t o  i n s t a l l  them i n  the pressurized 
telemeter canisters.  I n  addition, it 
w a s  found tha t  i n  the small c e l l  s ize  
desired, the  f l a t  plates  i n  the  button 
ce l l s  were l e s s  l i a b l e  t o  short as the 
separator material deteriorated than 
c e l l s  employing the wrapped-plate con- 
struction. For long cyclic l i f e ,  it i s  
generally recommended tha t  the discharge 
per cycle be l e s s  than 10 percent of 
capacity. I n  t h i s  power supply, the 
maximum discharge per orb i t  is  l e s s  than 
2 percent of capacity even when inter-  
rogations are  made i n  darkness. How- 
ever, it w a s  decided that the  1 1 5 - m a  
load during interrogations would 
adversely affect  the l i f e  of a c e l l  with 
a capacity of much l e s s  than 500 m a h .  
I n  addition, as explained la te r ,  a 
smaller c e l l  would be more d i f f i c u l t  t o  
protect from overcharging. 

L-60-7065 
Figure V-U.-  Secondary nickel-cadmium 

battery module before potting. 

Battery Cell Characteristics.- Figure V-12 gives two voltage-time curves 
of a typical  10-cell bat tery used on Explorer XI11 taken at  room temperature 
while being discharged at 100 ma.  This w a s  the discharge current at  which the 
nominal capacity of 500 m a h  w a s  rated. When obtaining the sol id  curve, dis- 
charge w a s  s tar ted immediately after overcharging at 30 m a .  For the dotted 
curve, the  bat tery w a s  i n i t i a l l y  being overcharged but was discharged at  10 m a  
f o r  35 minutes ( m a x i m u m  expected o rb i t a l  darkness) before s t a r t  of the 100-ma 
discharge. These voltages vary with temperature and discharge r a t e  and, as 
i l lus t ra ted ,  are  considerably influenced by pr ior  operating conditions. The 
upper curve of figure V-13 gives the discharge voltage plotted against the tem- 
perature of a typical  bat tery when interrogations i n  o rb i t a l  sunlight were 
simulated. The readings were taken near the end of the  1-minute interrogation, 
and the  bat tery w a s  sugplying about 75 m a  ( the solar  ce l l s  supplied the r e s t  of 
the load). The lower curve gives the  voltages obtained with conditions the  
same except interrogations i n  darkness were simulated. The battery w a s  sup- 
plying the  en t i re  110-ma load, and before interrogation, had been supplying the  
10-ma standby load. 
(simulated orbi ts)  t o  allow time f o r  the  cyclic voltages t o  s e t t l e  down. 

I n  each case, readings were taken a f t e r  10 or  more cycles 

For long l i fe ,  the  charging voltage of sealed nickel-cadmium ce l l s  should 
be limited t o  prevent i r revers ible  formation of hydrogen gas. 
value i s  thought t o  be from 1.43 t o  1.50 vol t s  per cel l ,  and t o  allow f o r  c e l l  
differences, a value of 14.2 vol t s  w a s  used f o r  the  10-cell ba t te r ies .  
curves of f igure V-14 r e l a t e  charging voltage, charging current, and tempera- 
t u re  at  two t y p i c d  charging conditions. 

The m a x i m u m  safe 

The 

The data f o r  t he  sol id  curves w e r e  
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Figure V-14.- Relations between charging voltage, current, and temperature of a typical  battery a t  
two simulated orb i ta l  conditions. 

taken a f t e r  overcharging f o r  30 minutes a t  each current t o  simulate conditions 
during the l a t t e r  par t  of the o rb i t a l  sunl i t  periods. For the dotted curves, 
the  bat tery w a s  i n i t i a l l y  f u l l y  charged, then discharged at  10 m a  f o r  35 min- 
utes, before charging at  the indicated current f o r  2 minutes. This simulated 
conditions near the beginning of the o rb i t a l  sunl i t  periods. Since high bat tery 
temperatures are associated with 100-percent sun, only the  overcharging curve 
i s  shown f o r  49O C. 
charging rate, par t icular ly  when overcharging, must be sharply l imited t o  pre- 
vent excessively high voltages. A t  high temperatures, the voltages are  inher- 
ently low, but overcharging currents m u s t  s t i l l  be limited t o  prevent excessive 
in te rna l  temperatures and pressures. 
charging current at voltages below the allowed maximum.  

It w i l l  be noted tha t  at  low bat tery temperatures the 

It w a s  decided tha t  40 m a  w a s  a safe over- 

Another character is t ic  of these ce l l s  t ha t  should be mentioned is  the pos- 
s i b i l i t y  of reversed polar i ty  when they are  discharged below about 0.9 volt .  
When a number of ce l l s  i n  se r ies  a re  nearly discharged the  lowest capacity c e l l  
may reverse while the t o t a l  voltage i s  s t i l l  reasonably high. The discharge 
current of the  other ce l l s  w i l l  then attempt t o  charge it i n  the reverse direc- 
t ion.  This resu l t s  i n  rapid gas formation, and i f  a reversal  occurs while bat- 
t e r y  discharge currents are high, a c e l l  may actually explode. To prevent c e l l  
reversals, a bat tery should be made from matched ce l l s  thoroughly tes ted t o  
eliminate defective cells,  should not be f i l l y  discharged at high rates,  and 
above a l l ,  should not be shorted. 
telemetry, these precautions were not s t r i c t l y  observed, and the damaged bat tery 
described i n  chapter VI1 w a s  the resu l t .  

I n  the  early phases of tes t ing  the prototype 



Qualifying Tests.- Since t h i s  button-type bat tery c e l l  w a s  not designed 
f o r  space applications, and since the  ce l l s  received had not been tes ted by the 
manufacturer, considerable a t tent ion was given t o  t e s t s  designed t o  detect  sub- 
standard ce l l s .  This tes t ing  had t o  be l imited so as not t o  a f fec t  the c e l l  
l i fe t ime appreciably. 
sample cel ls ,  it was decided t o  make the following t e s t s  on a l l  ce l l s  before 
they were assembled as bat ter ies :  

After making a number of inquiries and thoroughly tes t ing  

1. Exercising cycle: Start ing with the  ce l l s  completely discharged as 
received, charge a t  40 ma f o r  16 hours, and then a t  30 ma f o r  4 hours; 
discharge a t  100 ma f o r  4 hours. 

2. Temperature cycles: 
a t  room temperature, lower c e l l  temperature t o  -10' C and charge a t  
10 m a  for 1 hour, then discharge at 100 m a  f o r  1 hour, return ce l l s  
t o  room temperature and again recharge t o  85 percent of capacity. 
4 9 O  C, charge a t  30 ma f o r  1 hour, then discharge a t  100 ma f o r  1 hour. 
A t  room temperature, discharge at  100 m a  f o r  2 hours. 

After recharging the c e l l  t o  85 percent of capacity 

A t  

3 .  Electrolyte leakage: After cleaning each c e l l  with alcohol, charge at 
50 m a  f o r  2 hours, and then at  40 m a  f o r  5 hours. Discharge a t  100 m a  
down t o  1.1 vol t s  per ce l l .  Use saturated solution of phenolphthalein 
t o  look f o r  evidence of a lkal ini ty .  

4. Internal  e l ec t r i ca l  leakage: Charge t o  10 percent of capacity and 
leave f o r  1 week. 

5 .  Total capacity cycle: Charge a t  40 m a  f o r  16 hours, and then at  30 m a  
f o r  4 hours; discharge a t  100 m a  down t o  1.1 volts  per cell ;  -3.ndi- 
vidually discharge a t  30 m a  o r  l e s s  down t o  1.0 vol t .  

During these tests, 12 ce l l s  were connected i n  ser ies  while i n  a simple t e s t  
t ray  ( f ig .  V-15) .  
behavior w a s  noted. 

Voltage readings were taken periodically, and any abnormal 

I n  the first order of 120 ce l l s  only 15 percent were found t o  be acceptable. 
Some of the re jec ts  had defective seals, but the majority of them gradually 
developed excessive in te rna l  resistance, and some became unstable. Internal  
examination revealed corrosion of the  area where the combination loading spring 
and e l ec t r i ca l  lead contacted the case. 

The supplier then furnished redesigned ce l l s  with th in  s ta inless-s teel  
tabs spotwelded t o  each outer p la te  and t o  the  appropriate half of the  case. 
About 200 of these improved ce l l s  were tes ted  and no defects were found i n  
approximately 75 percent of them. 

After the ce l l s  were potted i n  battery modules, they were given another 
complete charge and discharge cycle. 
spacecraft were subjected t o  the environmental t e s t s  described i n  chapter VII, 
both individually and while mounted i n  the  telemetry assembly. 
t e r i e s  were environmentally tes ted as part  of the  telemetry assembly. 
t e s t s  included simulation of o rb i t a l  cyclic conditions f o r  several days. 

The bat tery modules f o r  the prototype 

Subsequent bat- 
These 



During the  several months between battery 
ins ta l la t ion  and vehicle launch, they 
were l e f t  unchanged whenever possible, 
and while charged but not i n  use they 
were t r i c k l e  charged. Approximately 
1 week before launching, the  ba t te r ies  
were conditioned by a complete discharge 
and recharge cycle. 

SECTION IV - COMPLETE 

POWER-SUPPLY SYSTEM 

Description.- Figure v-16 shows a 
simplified schematic diagram of each of 
the two power supplies. 
marked with a cross were available f o r  
external measurement of current and volt- 
age during ground tes t ing.  
f i ve  solar-cel l  t rays  w a s  connected 
through a blocking diode t o  the  nominally 
12-volt buss. 
diodes were used t o  prevent the bat tery 
discharging through the solar  ce l l s  when 
they were not illuminated. Over the  cur- 
rent and temperature ranges of i n t e re s t  
the forward voltage drop of these diodes 
varied from 0.68 t o  0.78 volt, with 
0.75 vol t  being a typical  value. The 
reverse leakage current per diode w a s  

The points 

Each of the 

The type 1N538 blocking 

Solar- 
cel l  
trays 

Blocking 
diodes 
1N538 

1 

Ni-Cd 
battery 

To charging c i r c u i t  dc-L-z-l 

To external power 
L 2 

< 

1M6.BZ 
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Figure V-15.- Nickel-cadmium cell test tray. 
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Figure v-16.- Simplified schematic of power supply. 
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less than 0.2 pa, even at  ma.ximum expected temperature. 
i s  shown i n  f igure V - l l .  

The diode ins ta l la t ion  

The zener diodes were used t o  protect the ba t t e r i e s  from excessive charging 
voltages and currents. 
ages be w e l l  matched over the  expected temperature range t o  insure adequate bat- 
t e r y  charging as w e l l  as protection, and t o  minimize bat tery drain by the zeners 
during o rb i t a l  darkness. Unfortunately, t he  e f fec t  of temperature on the  bat- 
t e ry  charging voltages ( f ig .  V-14) w a s  opposite t o  tha t  on the  voltage of high- 
voltage type of zeners, and the  temperature coefficient of zeners increased with 
nominal voltage rating. 
series,  one having a nominal zener voltage of 6.8 vol ts  and the other 7.5 volts, 
giving a t o t a l  nominal value of 14-3 vol t s -  

It w a s  necessary t h a t  zener voltages and bat tery volt- 

It w a s  decided t o  use two 1 - w a t t ,  1-percent zeners i n  

As indicated i n  figures I V - 3  and 
IV-4, the  zeners are  ins ta l led  on top of the telemetry assembly, where they 
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Figure V-17.- Relations between voltage, current, and temperature 
f o r  a typical  pa i r  of zener diodes i n  ser ies .  

would be -a t  about the same 
temperature as the  bat- 
t e r i e s .  Figure V-17 gives 
the  relations 'between meas- 
ured voltage, current, and 
temperature f o r  a typical  
pa i r  of zener diodes i n  
ser ies .  

System Operation.- 
Figure V-18 i l l u s t r a t e s  
the graphical method used 
t o  help t o  predict the 
power-supply buss voltages 
and the division of cur- 
rents during various 
charging conditions i n  
orbit ,  par t icular ly  
when considering vari- 
ous zener diode c i r -  
cui ts .  The solar-cell- 
output currents shown are  
those given by the appro- 
pr ia te  temperature curve 
of f igure V-4 multiplied 
by the applicable a t t i t ude  
fac tor  from f igure V-8. 
The other curves were 
obtained by adding a 
standby load current of 
10  m a  t o  the sum of the  
battery- charging currents 
from figure V-14 and the 
zener currents from f ig-  
ure V-17, at the same volt- 
ages and temperatures. 
The operating points of 
i n t e re s t  are obviously 
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Figure v-18.- Graphical determination of power-supply voltages and currents f o r  several extreme 
standby conditions i n  sunlight. 

t h e  intersect ions of t he  appropriate solar-cell-output curves and t o t a l  load 
curves. 
and zener currents can be obtained from f igures  V-14 and V-17, respectively. 
Several extreme conditions are i l lus t ra ted ,  and t h e  predicted battery currents 
are l i s t e d  i n  f igure v-18. I n  each case, t h e  maximum permitted charging volt-  
ages and currents were not exceeded. However, when the  temperatures (and the  
percent t i m e  i n  sunlight) are near m a x i m u m ,  t he  zener diodes give very l i t t l e  
protection against excessive overcharging currents. This lack of protection 
required t h a t  a launch time be selected t h a t  would give e i ther  moderate telem- 
e t r y  temperatures while spin s tab i l ized  or a s tab i l ized  a t t i t ude  prohibit ing 
maximum solar-cell  output. I n  reference t o  the  discussion of so la r  cel ls ,  it 
w a s  unlikely t h a t  sustained overcharging above 40 m a  would occur while t he  
ba t t e r i e s  a re  a t  elevated temperatures after t h e  onset of tumbling. 

These intersect ions determine the  buss voltage, and then the  ba t te ry  

It i s  during the  coldest orbits,  when t i m e  i n  darkness i s  m a x i m u m  and 
telemeter temperatures are low, tha t  recharging of t he  ba t te r ies  i s  slowest. 
Fortunately, in te rna l  ba t te ry  leakage i s  lowest at  t h i s  t i m e  and recharging i s  
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qui te  e f f i c i en t .  T e s t s  were made t o  simulate o r b i t a l  conditions f o r  several  
days t o  see i f  t he  ba t t e r i e s  were bing adequately protected and recharged a t  
various extreme conditions. 
fourteenth cycle at coldest simulated o r b i t a l  conditions, of bat tery voltage 
and current, and zener current, with t h e  simulated solar-cell-output current 
kept at 40 m a ,  
f o r  a well-charged bat tery.  The i n i t i a l  ba t te ry  charging current w a s  higher 
than inferred by f igure v-18 because interrogations were made a t  the  end of t he  
simulated dark periods. I n  the  cycle tests, when 25-percent degradation of 
solar-cell-output current ( f i g .  v-18) w a s  simulated, recharging of t h e  ba t t e r i e s  
w a s  s t i l l  adequate a t  intermediate and elevated temperatures, but w a s  marginal 
under coldest o r b i t a l  conditions. 

Figure V-19 shows the  recorded history, during the  

Various points on the  curves agree with those previously found 

SECTION V - SOLAR-CELL TEST GROUPS 

I n  addition t o  the  previously described so la r  c e l l s  used i n  t h e  power- 
supply system, f i v e  groups of s o l a r  c e l l s  - each consisting of a 5-cel l  shingle - 
were mounted on the  forward s h e l l  t o  obtain da ta  on t h e  r e l a t ive  effectiveness 
of protective covers f o r  t h e  c e l l s  and t o  give an indication of t he  a t t i t ude  of 
t he  vehicle. Three of these shingles can be seen mounted on the  forward s h e l l  
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Figure V-19.- History of battery voltage, battery current, 
and zener current during sirmilation of coldest orbit .  

i n  f igure V - 1  (on upper end of 
t he  spacecraft i n  t he  photo- 
graph). One of these w a s  pro- 
tec ted  with a 1/16-inch-thick 
quartz window; one had 6 - m i i -  
th ick  glass  s l i des  cemented t o  
the  cells;  t he  other had bare 
ce l l s .  The la t te r  two shingles 
were cemented t o  t h e  same t ray .  
Since the  three shingles had 
the  same orientation t o  the sun, 
and since t h e i r  output voltages 
were telemetered on consecutive 
frequency channels, t h e i r  rela- 
t i v e  degradation i n  t h e  space 
environment could be d i r ec t ly  
determined. Thermistors were 
used t o  monitor t he  temperature 
of each of t he  two mounting 
t rays .  

The other two tes t  groups 
w e r e  mounted 180° apart on the  
cyl indrical  side of t he  forward 
she l l .  The one v i s ib l e  i n  f ig-  
ure V - 1  had the 6 - m i 1  glass 
s l ides  cemented t o  i t s  ce l l s .  
The other w a s  ident ica l  except 
t h a t  i t s  cells were bare. The 



telemetered output voltage of these two shingles, together with the data  from 
those on the forward end, w a s  used t o  estimate the  orientation of the  vehicle 
t o  the sun. With t h i s  information, the  absolute value of the  degradation of 
each of the f ive  t e s t  shingles could be estimated. 

Each of the f ive  shingles of t e s t  ce l l s  consisted of f ive  of the solar  
ce l l s  described previously - ungridded, P on N type, with nominal e f f i -  
ciencies of 8 t o  9 percent. 
output voltage near the m a x i m u m  power point of the  ce l l s  and large enough t o  
drive the voltage-controlled osc i l la tors .  The calibration of a ty-picd t e s t  
shingle against l i gh t  intensity,  at 32O C, is  given i n  figure V-20. Corrections 
were made f o r  the spectral  output of the a r t i f i c i a l  l i gh t s  used, and the values 
of l i g h t  in tens i ty  shown are equivalent t o  those i n  space. Figure V-20 a lso 
gives the calibration of the  same shingle against temperature, at  a l i gh t  inten- 
s i t y  of 112 mw/cm2 ( m  = 0). The calibrations against angle of incident sun- 
l i g h t  varied s l igh t ly  with the  type of c e l l  covering, i f  any, but i n  general 
resembled the  sol id  curve of f igure V-6. The t e s t  ce l l s  were given the  same 
environmental t e s t s  as mentioned above f o r  the power t rays .  

Each c e l l  was loaded with 39.2 ohms, which gave an 
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Figure V-20.- Calibration curves of output voltage against l igh t  intensi ty  and temperature for a 
typica l  t e s t  group of solar cel ls .  
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SECTTON V I  - FUGHT RESULTS 

The bat tery voltages received by telemetry from Explorer XI11 were quite 
close t o  those predicted by the pref l ight  t e s t s  previously described. Although 
the  outputs of the  power-supply solar  ce l l s  were not monitored i n  f l igh t ,  the  
normal bat tery voltages indicated tha t  both of the  power-supply systems survived 
the  launch operations and performed as expected during the l i f e  of the space- 
craf't. No deterioration of the  t e s t  ce l l s  on Explorer XI11 w a s  detected. Since 
interrogations after the f i f teen th  orbi t  were made i n  darkness, the useful 
exposure time w a s  only about 1 day. 

The telemetered output of the  t e s t  ce l l s  indicated tha t  the spacecraft w a s  
spin s tabi l ized with i t s  axis approximately 90' from the  sun during the inter-  
rogated sunl i t  o rb i t s .  Since the telemetry-framing r a t e  w a s  about 
3.8 frames/sec compared with the r o l l  rate of about 3 . 2  rps  (obtained from sig- 
nal strength records), a number of frames had t o  be examined t o  get even an 
approximate a t t i tude .  Figure V - 2 1  gives the readings obtained from one group 
of t e s t  c e l l s  on the s ide of the vehicle during the  fourteenth orbi t .  All the 
readings a re  plot ted re la t ive  t o  the calibrated output obtained f o r  the curve 
of so la r  constant against time during a s ingle  cycle of ro l l .  
the  several telemeter frames during a 14-second period were superimposed t o  give 
a composite his tory of one r o l l  cycle. 
against angle of incident sunlight obtained with the  axis of rotation 90' from 

Data points from 
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0 .02 .04 .06 .08 . 1 0  .12 . 1 4  .16 .18 .20 .22 . 2 4  .26 .28 .30 .32 

Effective time, seconds 

Figure V-21.- Output of t e s t  Cells on side Of vehicle during a portion of the fourteenth orbit. 



t he  sun direction, roughly f i t t e d  the higher amplitude readings. 
amplitude readings approximated the  output estimated f o r  the solar ce l l s  when 
rotated away from the sun and illuminated by the  ear th 's  albedo. 

The lower 

SECTION V I 1  - APPENDIX A 

Ideal  Long-Term Average Output of a Solar Cell 

Randomly Oriented t o  the Sun 

Assume that:  

I = Output of solar  c e l l  illuminated at  normal incidence 

I cos j4 = Output a t  a l i gh t  incident angle of j6 

I n  spherical coordinates (see 
f i g  ~ - 2 2 (  a)  ) , 

dA 
r 2  r* 

( r  d$)(r s i n  fl de) dj3 = - = ~ - -  -. 

solar cell 

= s i n  @ dj6 df3 

where j3 is  the sol id  angle i n  ste- 
radians associated with an area A on 
the  reference sphere of radius r. The 
output of the solar  c e l l  averaged over 
the 25r steradians above the  X-Y plane (a) Exact integration i n  ideal case. 
i s  

1 25( s," L5(I2 I COS $ dj3 

= 2 S," L*'~ cos $ s i n  6 de 
25( 

1 = - I  
2 

X 

Since the solar  c e l l  has no output when Y 

illuminated from below, i t s  long-term 
aver-e output when randomly oriented t o  
the  sun i s  1/4 I. 

(b) Approximate "erical integration. 

Figure V-22.- Spherical a x i s  systems empluyed i n  analysis 
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SECTION V I 1 1  - APPENDIX B 

Weighting Factors 

To obtain the average output during random tumbling by numerically inte- 
grating the curves of f igure V-8 (obtained by averaging the output over a spin 
cycle at  various angles of 
t i o n a l t o  the  incremental sol id  angle involved. With reference t o  f ig-  
ure V-22(b) and the symbol definit ions i n  appendix A, the  incremental sol id  
angle i s  

$), each value must be weighted by a fac tor  propor- 

If w1, w2, . . ., wn i s  a given se t  of weighting factors,  the  weighted mean 
of a given.set of output values 11, 12, . . ., I n  i s  

WII1 + w212 + . . . + W n I n  

w 1 + w 2 + .  . . + w n  

It w i l l  be noted tha t  the constant terms i n  the  weighting factors  w i l l  cancel, 
and by using equal values of 
by s i n  j6. 
Letting 
tumbling i s  

A@, the  weighting factors  of in te res t  are  given 
The curves of figure V-8 were evaluated a t  each loo increment of 8. 

A$ = 20°, the expression f o r  the long-term average output during random 

s i n  loo + s i n  30° + . . . + s i n  1700 
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