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1. SUMMARY 

ATS-6 so la r  cel l  flight experiment  data through 2 yea r s  of synchronous 
orbit  operation a r e  presented. 
of the 13 different types of so l a r  ce l l /cover  configurations, including new 
cover processes  and mater ia l s ,  and the COMSAT violet cell. These perfor-  
mances a r e  a l so  compared 1 )  to  the performances of the LES-6 solar ce l l  
experiment,  the ATS-6 main  so la r  a r r a y s ,  and the Hughes Aircraf t  Company 
so lar  a r r a y s ,  and 2) to  laborator  spec t rum electron i r radiat ions.  It was 
found that the cel ls  of the ATS- 1G' experiment generally performed as expected 
through 6 to 9 months i n  orbit ,  but that a t  2 years  they were m o r e  severe ly  
degraded than expected. 

Comparisons a r e  made of the performances 

Included in this repor t  a r e  the resul ts  of the tempera ture  coefficient 
t e s t  conducted with the correlat ion cells. 
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2. INTRODUCTION 

The so lar  ce l l  flight experiment  (SCFE) consis ts  of a s m a l l  so l a r  
panel and two identical signal processing units. 
tains 65 so l a r  cells on the rigid subs t ra te  and 16 so la r  ce l l s  (one ce l l  being 
inactive) on the flexible substrate.  
surface of the environmental measurements  experiment (EME), which is a 
package of eight scientific experiments including the SCFE (F igure  2). The 
E M E  package is located on a s t ruc ture  atop the base of the 9.1 m e t e r  para-  
bolic reflector of the ATS-6 spacecraf t  (F igure  3). The SCFE package 
incorpDrates 80 individual 2 x 2 c m  so lar  cel ls ,  with r e a l  t ime  t e l eme t ry  
providing 12 V- I  data points for  each individual so l a r  ce l l  and five tempera-  
tu re  data points for  sampling solar cel l  temperature .  * The experiment 
requires  24 seconds fo r  complete data  sampling and t ransmiss ion  and is 
operated a t  programmed intervals  throughrmt the ATS-6 miss ion  life. Data 
a r e  retrieved f rom the SCFE for  approxixr.ately 3 minutes,  result ing in each 
cel l  being sampled s ix  to eight t imes  each time ?he experiment  is turned on. 

The panel (F igure  1) con- 

The panel is mounted to the external  

The three-axis  stabilized ATS-6 spacecraf t  was successfully launched 

On 2 June 1974 a t  C;:10:14 CMT, the f i r s t  mean-  
Since then, data 

into synchronous orbi t  on 30 May 1974. 
into a near-perfect  orbit. 
ingful data were received f rom the so l a r  cel l  experiment. 
were  received f rom the experiment once a day for the f i r s t  3 months and 
once a week thereaf ter ,  The so la r  ce l l  experiment is activated when the 
s’:n is normal  to the axis  ver t ical  t o  the w e s t  face of the spacecraft .  The 
E M E  package is rotated 13O about the spacecraf t  Z-axis in o r d e r  to align 
the package with the normal  direction of the magnetic field l ines at final 
eas t  longitude. Therefore,  when the so la r  panel is activated, sun angles 
f rom + 3 8 O  to -12O a r e  encountered. 

Injection occurred  at 19:30:49 GMT 

The pr imary  ATS-6 SCFE objectives a r e  to isolate and identify the 
so la r  cell  degradation mechanism( s )  resulting f r o m  particulate radiation and 
to  obtain specific desigii data applicable to extended synchronous sppcecraf t  
missions,  Specific objectives of this experiment a re :  

1 )  Compare ground base s imulator  cell  measurements  with the 
in- space cur ren t  voltage charac te r i s t ics  

.I, .P 

Because of combined fai lures  of SPU2 and the thermis tors ,  so la r  ce l l  open 
circui t  voltages were used to determine in-flight operating tempera tures  
( s e e  Section 4). 
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Study cover  glass  assembly  t ransmit tance losses caused by 
ultraviolet ( U V )  and particulate radiation 

Corre la te  space radiation effects as a function of cover  
gla s s t hic kne s s 

Study the effect of both base resis t ivi ty  ( 2  and 10 ohm-cm) and 
cel l  thickness (0.020 and 0.030 c m )  on cel l  perforinance in  a 
synchronous environment 

Compare the performance of COMSAT's violet ce l l  to conven- 
tional cel ls  

Study the effects of radiation of the back sur face  of cel ls  with 
minimal  shielding 

Study the effect of space environment on t k  so la r  ce l l  for  
advanced shielding mateyials:  fluorindted ethylene propylene 
( F E P )  and 7940 and 7070 integral  covers  

FIGURE 3. ATS-6 SPACECRAFT 
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3. FLIGHT HARDWARE DESCRIPTION 

SOLAR CELL CONFIGURATION 

A major  objective established lor the ATS-6 SCFE was to fly those 

The so la r  ce l l  sample selection fo r  the flight panel is summar ized  i n  
cell  types that would provide the most  meaningful data  to spacecraf t  design- 
e r s .  
Table 1. 
a l l  of the flight cells  were  manufactured by Heliotek (Spectrolab);  except for  
a five-cell  sample of violet cel ls  made by COMSAT Laborator ies .  A single 
lot of Dow Sylgard 182 adhesive was used to bond the so la r  cell covers ,  
except a s  indicated in Table 1. 
f rom Corning 7940 fused s i l ica  and had 0.41 p m  UV cutoff filters, except 
a s  shown. 
Physics to have integral  covers  applied. 
10 and 1 3  were supplied to  NASA Lewis Research  Center  for FEP 
application. 

All cel ls  chosen for the flight experiment  a re  2 x 2 c m  in size; 

Similarly,  all cover  g lasses  were formed 

Solar cells for  configurations 6 and 7 were  supplied to  ION 
Solar cells for  configurations 

Each of the 16 ccnfigurations l is ted in Table 1 contains five identical 
Figure 4 is the front view of the SCFE and shows the indi- cell  assemblies .  

vidual so la r  ce l l  locations. (See also Table 3.)  Configurations 1 through 

I 

f iNW' 1 2 n r  

y-' - -/ -  - - - 
RlQlD SUBSTRATE FLEXIBLE SUBSTRAfC I 

SPU - 
SPU 

FIGURE 4. FRONT VIEW OF THE ATS6 SCFE SOLAR PANEL 
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TABLE 1. A T S 8 S O L A R  CELL FLIGHT EXPERIMENT 
CONFIGURATIONS 

Configu- 
ration 

1 
2 
3 
4 

5 

6 
7 
8 
9 

10 

11 
12 

16 

Resis- 
tivity, 

ohm-cm 

Cover 

Remarks 

10 I 0.030 I 0.0076 
10 0.030 0.015 
10 
10 
10 

10 
10 
2 
2 

10 

10 
1 

10 

10 
2 
2 

0.030 
0.030 
0.030 

0.030 
0.030 
0.030 
0.020 
0.030 

0.020 
0.025 

0.030 

0.020 
0.020 
0.030 

0.030 
0.076 
0.0076 

0.0038 
0.0076 
0.01 5 
0.015 
0.01 5 

0.01 5 
0.01 5 

0.0 13 

0.015 
0.015 
9.015 

Plain 7940 fused 
silica cover; no filter 
or coatings on cover 
7940 integral cover 
7070 integral cover 

Cover without UV 
filter; cover adhe 
sive of 0.005 cm i E P  

COMSAT violet cell; 
cerium doped micro- 
sheet cover without 
UV fi lter 
FEP cover without 
added adhesive 

Location 

Rigid 
Rigid 
Rigid 
Rigid 
Rigid 

Rigid 
Rigid 
Rigid 
Rigid 
Rigid 

Rigid 
Rigid 

Rigid 

F lex ible 
Flexible 
Flexible 

13 a re  installed on the rigid portion of the panel; configurations 14 through 
16 a r e  installed on the flexible portion. 
selected cel ls  a re  boron-ddped n/p,  10 ohm-cm resist ivity,  0.030 cm 
thick, and have solder-coated s i lver- t i tanium ( A g T i )  contacts. The fused 
s i l ica  covers  are  bonded to the cel ls  to  v e r y  tight tolerances.  
nates the presence  of any gaps between the contact b a r s  and cover  g lass  
edges, thus precluding low energy proton damage because of a n  exposed c e l l  
active a rea .  
to prevent low energy proton damage through a r e a s  of thin so lder  coverage. 

In the major i ty  of ca ses ,  the 

This e l imi-  

Ohmic contacts a r e  coated with RADAC, a radiation coating, 

SOLAR P A N E L  

The SCFE so lar  panel, 2 5  x 1 3  cm,  ccntains 80 active solar cells. 
‘The so la r  panel is moc,nted on the west face of the E M E  package so that the 
backside of the rigid portion of the so l a r  panel faces  the E M E  package and 
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the flexible portion extends beyond the EME pdckage as shown in Figure  2. 
The p ro txd ing  f lexi l ie  panel allows radiation to  impinge on the rear cf the 
cells mounted on the flexible panel. 

The rigid substrate  is a 0.64 c m  (0 .25  inch) thick alumiwim honey- 
comb with G. 325 c m  (0.010 inch) thick aluminum face sheets. 
paint i s  applied to the aluminum face sheet  to  insuiate the s o l a r  ce l l s  irom 
the aluminum. 
u s i n g  an RTV silicone rubber adhesive. 
a r c  f ramed within aluminized teflon, a mirror - l ike  material that a ids  in  
reducing the panel temperature.  

An insulating 

The so lar  cel ls  are individually mounted to the subs t ra te  
The ce l l s  on the rigid subs t ra te  

A 6.9 x 21 cm hole was cut in the rigid subs t ra te  to allow f o r  attach- 
The flexible subs t ra te  is a composite ment of the flexible substrate  section. 

laminate oi 0.025 m m  thick f iberglass  cloth and 0.025 mrn thick Kapton. 
This  0.050 m m  composite laminate is s t re tched a c r o s s  the hole and 'mnded 
to a 0.15  cm thick fiberglass doubler. Each ce l l  of this section is symmet -  
rically mounted over holes cut out in the doubler so that  approximately 80 
percent of the ce l l  back sur face  is covered with only the 0.05 m m  flexible 
substrate  material .  
rigid panel to  obtain comparative data on the radiation effect on the  back 
surface of the cell ;  however, for reasons to  be defined later, this  compara-  
t i \  e data is presently unavailable. 

All  cel l  types on the flexible panel are duplicated on the 

.4 group of 20 cel ls  is individually wired to one of four panel connec- 

Separate lead wires  are p;ovided for  voltage and cu r ren t  sensing. 
to rs ,  each of which is connected to  one of two signal processing units 
(SPUs).  
The ground return from each cel l  is connected to  a common ground. 

SIG.'<.4L PROCESSING UNIT 

The S P U  is located inside the E M E  package interfaces  between the 
solar  panels and the ATS encoder. Each SPU measures  the I-Vcharacter is-  
t ics o i  40 so lar  cel ls  using 12 precisely known loads and provides tempera-  
ture information. 
80 cells may be analyzed. 
nected to one of the 1 2  load r e s i s to r s  by relays (F igure  5). 
relays a r e  energized within each SPU a t  any one time. 
cell  charac te r i s t ics ,  one cel l  se lec t  re lay is energized while the unit is 
:-cquenced through the 1n.d select  relays.  
Durir.8 that t ime, each S P U  output is sampled and te lemetered once. 
encoder then outputs a pulse that is used to  increment  the load relays. 
process  is repeated foi- each of the 40 so lar  cells. 

The experiment c a r r i e s  two SP'Js so that the total  of 
In operation, one of the 40 so la r  ce l l s  is con- 

Thus, only two 
In o rde r  to measu re  

Each load is connected for  30 ms .  
The 

The 

Cell current  i s  determined from the voltage developed a c r o s s  an 
accurately krown load r e s i s to r  (F igure  6 ) .  Cell  voltage is measured dif- 
ferentially a c i o s s  a cell  ( F i g - x e  7). The voltage measurement  l ines are 
separate  f rom the cel l  cur ren t  l ines so that line drops a r e  eliminated from 
the readings. Both SPUs derive their  power f rom a single experimenter  
payload regulator. The SCFE experiment is turned on and off by ? ground 
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CELL 3s C E L L 1  CELLO 

CELL 39 

I 
FIGURE 5. SOLAR CELURELAY CONFIGURATION 

6 

L O A 0  
RESISTORS 

LOAD SELECT 
RELAYS 

CELL 
SELECT 
RELAYS 

- - 
+ R~~~~ 

- 

(CURRENT 
'RELAY CHANNEL) 
(CONTACT) 
RESISTANCE) MULTIPLEXER 

FIGURE 6. SPU CURRENT SECTION 

TO ENCODER 
(VOLTAGE 
CHANNEL) 

FIGURE 7. SPU VOLTAGE SECTION 
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command that controls the payload regulator. A m o r e  complete descr ip-  
tion of the experiment operation may be found in the F ina l  Report of Con- 
t r ac t  NAS 3-11677 (Reference 1) .  

CALIBRATION OF SOLAR CELLS 

Electr ical  measurements  using the Spectrolab X25L so la r  s imulator  
\vere made on each solar cel l  before and after applying a cover  glass.  
cel l  assembl ies  i o r  each colltiguration were placed into th ree  groups (for 
qualiiication panel, flight panel, and cor re la t ion  samples)  such that each 
group represented the total  configuration population. 
cel ls  \\ 'ere f i r s t  e lectr ical ly  measured  using COMSAT's X25L solar simulator.  
Tile cel ls  sent  to Ifughes Aircraf t  Company were  chosen by  COMSAT and 
were closely matched to  each other. After the installation of the cel ls  in 
the so l a r  panel and after each qualification test of the so l a r  panel, the so l a r  
cel ls  \vere e lectr ical ly  measured  on the Hughes pulsed xenon solar s imulator  
(Reference 2). 
setting of 0.071 2 volt \vas used as the ce l l  s tandard fo r  the flight panel under 
pulsed senon testing. 

Solar 

The COMSAT violet 

A secondary balloon flight s tandard (Hughes A1A) at a 

SOFTWARE UPGRADE 

Early resul ts  of the flight experiment  (References 3, 4)  indicated 
that the shor t  c i r c d t  cur ren ts  of the cells in  space were  higher by 1 to  8 
percent than measurements  made  with ground-based solar s imulators .  
curve factor in space w a s  a l so  observed to  be much sof ter  at the higher in- 
orbit  temperature  than predicted. These phenomena resulted in conducting 
tn.0 ground t e s t s  - an angle of incidence t e s t  and tempera ture  coefficient 
tes t  - on the ATS-6 correlat ion cells. As merltioned above, these  ce l l s  a r e  
f rom thth original so la r  ce l l  and coverglass  purchase for the flight coniigu- 
ration and represent ,  as closely as possible, the cells in orbit. 

The 

The sun angle of the experiment  var ies  f rom t38" to -12". The 
cosine function was previously employed (References 3, 4)  to c o r r e c t  the 
ce l l ' s  cur ren t  to s u n  no rma l  intensity and give reasonably accura te  resu l t s  
for  ang1t.s less than 2 5 " .  
cel ls  nas  pcrformed to determine the correct ions to  the ce l l s '  pa rame te r s  
at the higher sun angles (Reference 5). The resu l t s  of this t e s t  were  input 
to tk.c computer soft\r,are. 
normalized I s -  a s  a function of cover glass  thickness at a 40" angle. 
normalized v h u e  of Is, i s  compared to  the value of the cosine of 40". 
improvement in  t!ie cel l  performance (over  that obtained using the cosine 
function) as  a iunction of increased cover glass thickness is observed. 
sIio\vn in F igure  8, the output of the cel ls  covered with 0. 076 c m  (30  mil) 
covers  (configuration #-I) is  approximately 4 percent  higher than that obtained 
using the cosine function; thus, an e r r o r  t o  cu r ren t  of 4 percent is iiitroduced 
into the resul ts  of the data reduction when using the cosine function. 
a l so  s h o w s  that the cel ls  with no antireflecting coatings (configurations 6 and 
7 )  have lower I 

An angle of incidence tes t  on the correlat ion 

Figure 8 summar izes  the t e s t  resu l t s  fo r  the 
The 

An 

As 

E'igure 8 

values than the cosine function would predict. 
s c 
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COVERGLASS THICKNESS. MILS 

FIGURE 8. NORMALIZED I, AT 40° ANGLE AS A FUNCTION OF 
COVER GLASS THICKNESS 

TEMPERATURE COEFFICIENT RESULTS 

A "temperature coefficient" t e s t  was performed on 58 correlat ion 
cel ls  to determine the tempera ture  profile of the ce l l s  at the higher in-space 
temperatures .  
the tempera ture  profiles of these cells. F igure  9 displays the resu l t s  of the 
tempera ture  profile as a function of e lectron fluence level. F igu ie  9a shows 
the tempera ture  profile as a function of e lectron fluence level  for the 
10 ohm-cm, 0.030 c m  ( 1 2  mil) thick so la r  cells. 
the tempera ture  profile f o r  configurations 1 through 7, 10, and 13.  As the  
figure shows, the voltage pa rame te r s  are l inear  as a function of radiation 
level. 
the preirradiat ion value of Is=. 
is 0.854, which is considerably different than the value used in the old 
ATS-6 computer program. 
cur ren t  and power values at 25°C were  grea te r  than the ground based values 
as  reported in References 3 and 4. 

This tes t  a l so  included the effect of e lectron i r rad ia t ion  on 

This figure represents  

The cu r ren t  parameters are for the most  par t  nonlinear, except 
At  100°C the cu r ren t  curve  factor  ( Imp/Isc)  

This is probably the main reason  why the in-space 

Figrtre 9b displays the tempera ture  profile for the 10 ohm-cm, 
0. 020 c m  (8  mil) thick solar cells. Figure 9b represents  the tempera ture  
profile for  configurations 11 and 14. 
tempera ture  appears  to be g rea t e r  than for  the 0.030 c m  thick ce l l s ;  21. 5 
versus  16.8 pA/crnZoC. 
thick cells,  but this may be mainly due to  the small sample s i ze  ( 2  to  3 cel ls)  
contributing to the uncertainty. 

The slope for  I,, as a function of 

Imp does not behave as nicely a s  for the 0.030 c m  

Figure 9c shows the tempera ture  profiles for  the 2 ohm-cm, 0.030 c m  
(12 mil) thick so la r  cel ls  (configurations 8 and 16). 
of Is, for  the 2 ohm-cm cel l  appears  to  increase  m o r e  rapidly than for  the 
10 ohm-cm. 
as a function of radiation level, 
2 ohm-cni ce l l s  is reasonably flat over  the tempera ture  range tested.  

The tempera ture  profile 

Also, the tempera ture  profile for Is, appears  t o  remain  l inear  
The tempera ture  profile of I for  the mP This 
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is quite different than the 10 ohm-cm cel ls  where the slope of I m p  is nega- 
t ive  as a function of increasing temperature .  
file is not as s t eep  fo r  the 2 ohm-cm as for  the 10 ohm-cm so la r  cells.  
This resu l t s  in  slightly l e s s  voltgige loss  a t  higher tempera tures  f o r  the 
2 ohm-cm than for the 10 ohm-cm solar  cells.  

The voltage tempera ture  pro-  

Figure 9d shows the tempera ture  profile fo r  the 2 ohm-cm, 0.020 c m  
thick so la r  cells (configurations 9 and 15). The tempera ture  profiles for  
the 2 ohm-cm, 0.020 c m  thick cel ls  are quite similar to the 2 ohm-cm, 
0.030 cm thick cel ls ;  the absolute cu r ren t  values of the thicker cel ls  are 
higher. 

F igure  9e displays the tempera ture  profile f o r  the violet so l a r  cel ls  

The cu r ren t  tempera ture  pro-  
The cur ren t  capability of the 

As a function of 

of COMSAT Laboratories.  
high efficiency so lar  ce l l  (configuration 12). 
file is the s teepes t  of a l l  the ce l l  types tested. 
ce l l  a t  25OC and at 100°C is the  highest of all ce l l s  tested. 
radiation level, the slope of cu r ren t  became even s teeper ,  going f r o m  
25O pA/cmZoC at preirradiat ion to  49. 3 pA/cmZOC at 1 x 1014 e /cm2.  
Another interest ing fea ture  of this ce l l ' s  cu r ren t  tempera ture  profile is 
that Imp has  a positive slope for  increasing tempera ture  after being irra- 
diated. No other cel l  type tes ted demonstrated this  phenomenon. Although 
the absolute voltage capability of the violet ce l l s  was  higher than the 2 ohm-cm 
cel ls ,  the tempera ture  profile (slope) was about the same. 

This so l a r  ce l l  is a 1 ohm-cm, 0.025 c m  (10 mil) 

In an attempt to condense the resu l t s ,  the c lass ica l  t empera ture  

Tempera ture  coefficients are defined as the 
The voltage 

coefiicients were calculated and are  displayed in  Table 2 for  each configu- 
ration and radiation level.  
slope of the cel l  pa rame te r s  as a function of temperature .  
t empera ture  coefficient r ep resen t s  the en t i re  tempera ture  range because 
the profiles a r e  very near ly  l inear  over  the tempera tures  tested. 
rent temperature  profiles,  for  the most  part ,  a r e  nonlinear functions of 
temperature .  Therefore,  the cur ren t  tempera ture  coefficients are only 
es t imates  of the slope between 2 5 O  and 100OC. 
cu r ren t  coefficients should only be used to  indicate t rends and not t o  be 
used as prediction tools. 
the ce l l  pa rame te r s  (F igure  9)  a s  a function of the tempera ture  should be 
used. 

The c u r -  

The author feels  that  these  

F o r  prediction purposes,  the actual  change to 

Ref i r ence  6 documents the t e s t  procedure and the detailed resu l t s  
of the tempera ture  coefficient tes ts .  
using the resu l t s  of this test. 
and Voc for each configuration were implemented as a function of fluence 
level, 
the change of the cel l  pa rame te r s  due to tempera ture  as a function of e lec-  
t ron fluence level. 

The software program was  upgraded 
The tempera ture  profiles for  Isc, Imp, Vmp, 

A two-dimensional interpolation technique was employed to determine 
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4. IN-ORBIT OPERATION 

When data are acquired f rom the experiment,  the tempera ture  of the 

The so la r  panel sun angle is obtained 
rigid so la r  panel ranges between 56" and 91°C (F igure  10). 
panel appears  to be running w a r m e r . )  
f r o m  data furnished by the s o l a r  aspec t  s enso r  of the EME package and 
va r i e s  between t38" and -12°C. The s u n  angle uncertainty is l o ,  a value 
that resu l t s  in a negligible e r r o r  a t  sun-normal  conditions and 1.3 percent  
e r r o r  a t  the high sun angles. Some of the sca t t e r  observed in the data can 
be attr ibuted to  the uncertainty in the sun angle. 

(The flexible 

The cu r ren t  channel of SPU 2 failed s o m e  t ime  before the flight 
experiment was activated, causing loss  of data f r o m  half of the s o l a r  ce l l s  
and f rom three  thermis tors .  Since the s o l a r  ce l l s  f rom each  configuration 
were  divided between each SPU, only s ta t i s t ics  were  affected - the sample 
s i ze  of each configuration was reduced f rom five ce l l s  t o  two o r  th ree  cells. 
One the rmis to r  connected to  SPU 1 a l so  failed, leaving only one thermis tor  
on the flexible panel determining temperature .  Upon reviewing the data 
f rom this t he rmis to r  on the flexible panel, it has  been determined that the 
readings a r e  e r roneous  and cannot be used. To c o r r e c t  this deficiency, the 
open c i rcu i t  voltage of four ce l l s  on configurations 3 and 4 is being used t o  
determine the tempera ture  of the ce l l s  on the rigid panel. 
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5. IN-ORBIT RESULTS 

All data through 2 yea r s  of operations, including the previously 
published resul ts  (References 3, 4), were  run through the upgraded vers ion 
of the Hughes so l a r  a r r ay  prediction program (Reference 7). 
of all photovoltaic charac te r i s t ics  presented here in  are reduced to s tandard 
conditions of no rma l  incidence, 25°C and AM0 intensity. Table 3 shows 
the average so la r  cel l  charac te r i s t ics  fo r  the first 5 days, 50 days, and 
765 days in orbit  compared to  the prelaunch pulsed xenon solar s imuiator  
ce l l  values. 
cuit  cu r ren t  of all configurations on the rigid panel is higher ( 5  to  10 mA) 
for  the space data than for  the cur ren t  under the so l a r  s imulators .  
s e t  in the cur ren t  in space is not a function of any ce l l  type; therefore ,  the 
higher cur ren t  observed for the cel ls  in  space is most likely a n  electronic  
offset of the S P U s  and not higher performance of the cells.  The open c i r -  
cuit voltages of the ce l l s  on the rigid panel were on the average reasonably 
close to  the ground based measurements ,  -10 to t 4  m V .  
is well within the ability to  determine the so l a r  panel temperature.  
maximum power was grea te r  (up to 6 percent)  for the in-space data,  which, 
in turn,  reflects the cur ren t  offsets and voltage uncertainty. 

The resu l t s  

The beginning of life comparison indicates that  the sho r t  c i r -  

The off- 

This difference 
The 

The Voc of the ce l l s  in configurations 14, 15, and 16 indicates that 
the flexible panel is running considerably w a r m e r  than the rigid panel. 
the thermis tor  behaving anomalously, the exact tempera ture  of the ce l l s  on 
: t  . rlexible panel is very  difficult to determine. 
- . , -  t empera ture  is that the EME package tempera ture  louvers a r e  immedi-  
ately behind the flexible panel. 
by these louvers is dependent on the requirements  of the EME package. 
With additional information, the tempera ture  of the flexible panel might 
possibly be determined and the  data f rom the cel ls  reduced. 
however, only the data from the cel ls  oi the rigid panel will be reported.  

With 

One difficulty in calculating 

Exactly what quantities of heat a r e  re leased  

In this report ,  

Comparing the photovoltaic charac te r i s t ics  of the cel ls  on the rigid 
panel for the f i r s t  5 days in orbi t  shows that the violet cel ls  have the highest 
output of all configurations, about 26 percent higher than the conventional 
2 ohm-cm cells.  The cel ls  with covers  but without antireflection coating 
(configurations 5, 6, and 7 )  a r e  down in I,, about 3 to  9 percent  (with 
0.0038 c m  (1  - 1 / 2  mil )  7940 integral  cover  the lowest)  compared to  configu- 
rations 1 and 2. 
capability over  the 10 cjhm-cm cel ls  for both cel l  thicknesses.  

The 2 ohm-cm ce l l s  exhibit a grea te r  maximum power 
The open 
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TA@'.E 3. PHOTOVOLTAIC COMPARISONS AT 25OC AND AM0 INTENSITY 
(Ground Measurements Versus Space Data) 
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c i rcu i t  voltages of a l l  ce l l s  followed the t rends as predicted by the i r  bare  
res is t ivi t ies  and cel l  fabrication processes .  

Table 3 displays the cel l  charac te r i s t ics  in space af ter  50 days in 
orbit  (-400 sun hours considering cosine effects). 
ground tes t  performed at Hughes Aircraf t  Company (Reference 8)  indicate 
that damage f rom UV r a y s  is near ly  saturated after 400 t o  500 sun hours. 
Only minimum damage to the cel ls  f r o m  the particulate environment is 
expected in this shor t  period; therefore ,  losses  to I,, should indicate dam- 
age f rom U?' effects.  
standard LTTv. f i l t e rs  bonded with adhesive degraded in Isc by 1.6 *O. 7 percent.  

Results f r o m  irradiat ion 

As summar ized  in Table 4, the configurations with the 

Configuration 5, covers  with no UV filter bonded with adhesive, 
degraded slightly more ,  3 . 3  *O. 1 percent. 
(Reference 8) indicated degradation to  adhesive without UV filter protection 
wou1.d be much g rea t e r  than observed on configuratioi. 5. 
in tcrest ing resul t  is that FEP used as ei ther  an adhesive o r  a cover  degraded 
to a degree almost  identical  to that of the s tandard adhesive/UV f i l ter  con- 
figuration, 1.8 *O. 1 percent.  The Is, of the violet ce l l s  degraded slightly 
more  than the cel ls  with the s tandard covers  and UV filter (2.3 io. 9 percent) ,  
but this difference is not s ta t is t ical ly  significant. 
degradation to I,, due to  UV effects (excluding integral  covers )  is about 
2 percent  for a l l  configurations except unfiltered bonded coverglass ,  which 
is approximately 3 percent.  
1 percent. 

Results f r o m  UV ground tests 

Another very  

The data indicate that 

The effect to  integral  covered cel ls  is about 

F igure  11 displays the normalized cel l  degradations through 2 yea r s  
in orbit  f o r  each cell. 
Each point in Figure 11 is an average of 5 days of data. 
performance of each cel l  is available f rom the author upon request.  
performance of Isc, Imp, Vm,, Voc,  and Pmux a r e  plotted through 2 yea r s  
of operation. The degradation profiles of configurations 1 to 4 are  those of 
the 10 ohm-cm, 0.030 cm thick cel ls  where coverglass  thickness was varied 
(0.0076 to 0.076 c m  thick). 
well-behaved, but I,, and Pmp of some cel ls  for  a given configuration 
diverge in their  r a t e s  of degradation. 

Prof i les  for  configurations 1 through !3 are shown. 
The absolute c e l l  

The 

As appears ,  the degradation profile of Voc is  

Each c e l l ' s  degradation profile is 

TABLE 4. PERCENTAGE Isc DEGRADATION AFTER 50 DAYS 
IN ORBIT. ULTRAVIOLET EFFECTS 

~ ~~ 

Identiiication 

Standard U V  filter (configurations 1, 2, 
3 ,4,8,9,  and 11) 

~~ ~~ ~~ 

Average Percentage 
I,, Loss 

1.6 f 0.7 

Integral covers (configurations 6 and 7) 0.8 t 1.1 
FEP adhesive and covers (configurations 
10and 13) 

1.8 f 0.1 

Violet cell (configuration 12) 
No UV filter (configuration 5)  

2.32 0.9 
3.3 f 0.1 
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consistent within itself. 
configuration. 
tage degradation a s  a function of cover  thickness. The exact  degradation 
profile of ATS-6 experiment ce l l s  as a function of cover  thickness cannot be 
deduced because differences in degradation profiles of the individual cells 
overshadow the effect of cover  thickness variation. 

Table 5 shows the ave ragp  percentage loss  for  each 
As is indicated, there  is a slight t rend in the average  percen-  

Displayed with the profiles of configurations 2 and 3 are the resu l t s  
of laboratory spec t rum electron i r radiat ions on the ATS-F ground t e s t  ce l l s  
(References 1, 9) with covers  of the same thickness. 
was an attempt to produce a fluence-energy spec t rum closely approximating 
the model spec t rum for synchronous altitude (Reference 10). 
mounted on a cylindrical  aluminum drum which was rotated during the irra- 
diation, effectively producing a fluence field of cyl indrical  symmetry.  To 
compare with the degradation in space,  2 percent  additional degradation was 
4 d e d  to  the laboratory resu l t s  to  account f o r  UV effects. The Voc degrada-  
tions in space  of the cel ls  with 0.01 5 and 0.030 c m  thick covers  ag ree  within 
1 percent of the laboratory i r radiat ions.  
dations did not agree  \vel1 at  a l l  with the laboratory results. 
w e r e  m o r e  severe a t  2 y e a r s  in space. 
fo r  I and P 
300 %ys in orb i t  for 0.01 5 and 0.030 c m  thick covers ,  respectively. 

The e lec t ron  spec t rum 

The ce l l s  w e r e  

However, the Isc and PmP degra-  
Degradations 

The spec t rum i r rad ia t ion  profiles 
followed the space degradation for approximately 150 and 

mP 

The ce l l s  of configuration 2 are quite s imi l a r  to  cel ls  A3 and A4 of 
the LES-6 SCFE (Reference 11). 
a r e  indicated in the profile fo r  configuration 2. 

The 2-year  degradations of ce l l s  A3 and A4 
The Isc degradations are 

TABLE 5. SOLAR CELL DEGRADATION AFTER 2 YEARS 
IN ORBIT 

Configu- 
ration 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 

~ 

Average Permntage LOSS 

'sc 

14.7 f 2.0 
15.3 f 3.9 
12.7 f 1.7 
14.2 f 1.3 
17.2 f 0.4 
13.0 2 2.2 
12.8 2 2.8 
16.1 f 1.0 
15.0 t 1.5 
16.8 2 1.3 
14.0 f 3.2 
19.4 f 2.0 
18.6 t 2.4 

"oc 

1.8 +_ 0.5 
2.0 0.9 
1.1 i0.4 
1.3 f 0.6 
2.4 f 3.5 
2.2 f 0.5 
1.4 2 0.4 
2.6 f 0.8 
1.9 f 0.3 
1.8 i 0.3 
1.1 20.7 
4.2 2 0.1 
15.7 2 1.4 

16.3 f 2.6 
17.4 f 4.3 
14.1 f 1.6 
15.3 f 2.2 
20.0 f 1.9 
15.6 2 2.3 
13.7 f 3.5 
18.0f 1.4 
17.1 5 1.7 
17.6 f 0.2 
14.7 f 3.5 
24.4 f 2.2 
43.2 t 3.5 
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less than those of the ATS-6 cel ls  but very  c lose  to the spec t rum irradiat ion 
results.  
i r radiat ion resul tg  and very  close to  the degradation of the ATS-6 cells.  
Cell A4 of the LES-6 has no MgF antireflection (AR) coating 01 the cover;  
however, the Is, cur ren t s  of this ce l l  and ce l l  A3 t r ack  within 1 percent,  so 
the MgF coating cannot make  the difference. It is interest ing to note that 
the two ce l l s  of LES-6 a l so  display the same differences in degradation pro- 
file for both I,, and Pmp as seen  with ATS-6. 

Also displayed for configuration 3 is the maximum power degradation 
profile as indicated f r o m  Hughes Aircraf t  Company solar a r r a y s  in synchron- 
ous orbit. The flight performance of the TACSAT, Intelsat IV, Intelsat  IVA, 
Anik ,  and WESTAR solar a r r a y s  was determined for orbi ta l  durations over  
5 years (Reference 12). 
m o r e  degradation a t  2 years in orbi t  than has  been observed on o ther  Hughes 
so la r  arrays.  It appears  that degradations of ATS-6 experiment  ce l l s  agree  
only through approximately 300 days i n  orb;t. 

The Pm degradations are both more seve re  than the spec t rum 

Again, the cel ls  of the ATS-6 experiment  display 

de 
2, 

The Is, and Pmp cel l  pa rame te r s  of configuration 4 display a cyclic 
gradation profile, considerably m o r e  pronounced than in  configurations 1, 
and 3. Configuration 4 has  the 0.076 c m  thick cover  glass.  The effect 

shown in the figure could be due to  additional angle of incidence effects caused 
by an unpredictable contribution of intensit ies f rom the sur face  of the panel, 
which is aluminized teflon. 

The configuration 5 profile displays the normalized ce l l  pa rame te r s  
for  the cel ls  protected with a 0.0076 c m  ( 3  mil) thick 7940 coverglass  with 
no UV f i l ter  o r  AR coating. 
part ,  having a 0.0076 c m  thick cover  with UV f i l ter  and AR coating. 
degradation profiles of configuraticn 5 cel ls  behave very  much alike. They 
do not exhibit the s a m e  dispers ion in the data  as has  been seen  in the pro-  
files for  configurations 1 to 4. However, as in the c a s e  of configuration 4, 
the cyclic nature of the profile is pronounced. . I s  shown in the configura- 
tion 5 profile, Isc degrades m o r e  rapidly during the f i r s t  100 days in orbit  
than it does in configuration 1. 
Unprotected adhesive. This s ame  degradation profile is indicated in Pmax. 
After 2 years in orbit, the average Is, degradations of configurations 1 and 
5 a r e  1 4 .  -: and 17. 2 percent,  respectively. 
3 percent is most  likely du.: to additional degradation of the adhesive,  
would be interesting to  see whether degradation of the unprotected adhesive 
continues. 

Cells of configuration 1 a r e  these  ce l l s '  counter- 
The 

This is due to the UV degradation to the 

This difference of approximately 
It 

Prof i les  fo r  configurations 6 and 7, the integral  covered cel ls ,  show 
normalized ce l l  parameters .  Again, t he re  is considerable dispers ion in the 
individual ce l l  degradation profiles. The averaged degradation a f te r  2 years  
in orbit  (Table  5 )  of I,, f o r  configurations 6 and 7 a r e  13.0 and 12.8 percent,  
respectively. 
configuration 1, cells with the bonded 0,0076 cm thick 7940 coverglass.  The 
difference is most  likely owing to the additional degradation to  the cover  
adhesive. No  low energy proton type damage was observed on ei ther  integral  

This is approximately 2 percent less than the degradation of 
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cover;  therefore ,  as l i t t le a s  0.0038 c m  (1 - 1 /2 mils) covering will protect  
the ce l l  f rom the low energy proton environment. 
with the resul ts  of the LES-6 experiment  (Reference 11). 

This r e su l t  is consistent 

Prof i les  fo r  configurations 8 and 9 display the normalized ce l l  
pa rame te r s  for the 2 ohm-cm so la r  cells. 
per forms higher than the 10 ohm-cm ce l l  at beginning of life but degrades 
f a s t e r  under the same particulate environment. 
maximum power for the 2 ohm-cm, 0.030 and 0.020 c m  thick cel ls  was 
61.0 and 58.3 m W ,  respectively,  and, for  the 10 ohm-cm, 0.030 and 
0.020 c m  thick cel ls ,  59.6 and 56.2 m W ,  respectively. After 2 yea r s  in 
synchronous orbit, the average ce l l  maximum power for the 2 ohm-cm, 
0.030 and 0.020 c m  thick cel ls  was 50.0 and 48.6 m W ,  respectively,  and 
for  the 10 ohm-cm, 0.030 and 0.020 c m  thick cel ls ,  49.2 and 48.0 m W ,  
respectively. 
a f t e r  2 yea r s  in synchronous orbit. 
2 ohm-cm cel ls  compared to the 10 ohm-cm ce l l  is slightly higher. 
average percentage degradations to the cell parameters is shown in Table 5. 
Also sho\vn in the configuration 8 profile is the 2 year power degradation for 
the ATS-6 main s o l a r  arrays.  The ATS-6 main  a r ray  consis ts  of 2 x 4 cm,  
0.034 cm (14 mil) thick, 2 ohm-cm so la r  cel ls  with 6 mil, 021 1 microshee t  
covers .  
so la r  a r r a y  degraded about 22 percent  (Reference 13). 
the cell/cover pa rame te r s  might account for some  additional degradation: 
1)  the cells were slightly thicker;  2 )  the covers  were  0211 microsheet.  
Both conditions would cause slightly greater degradation to the ATS-6 main  
a r ray  than to  the experiment cells. 
2 percent additional degradation and microshee t  about 2 percent additional 
degradation. Taking these differences into account, the amounts of degra-  
dation to the ATS-6 main so la r  a r r a y s  and to  the ATS-6 solar ce l l  experi-  
ment configuration 8 appear  to  be very close. These degradation results, 
however, a r e  not consistent \vith degradation observed for  the Hughes Air- 
craft Company so la r  a r r a y s  in synchronous orbit. 

In theory, the 2 ohm-cm ce l l  

The initial average ce l l  

The 2 ohm-cm cel ls  s t i l l  have a slight advantage in  power 

The 
The average r a t e  of degradation of the 

The south so l a r  a r ray  degraded about 20 percent  and the north 
Two differences in 

Cel l  thickness could account for  1 to 

One of the most  interesting resu l t s  of the ATS-6 experiment is 
sho\vn in the profile for configuration 10, the so l a r  ce l l  coverglass  configu- 
ration with F E P  a s  an adhesive. The 7940 coverglass  had an antireflecting 
coating but no UV fi l ter .  
a lmost  identical to those of configuration 2, i t s  counterpart .  
no m o r e  than the observed ear ly  2 percent  loss  in Is, due to  UV effects,  
even though the F E P  is improtected f rom the UV environment. 
bination of using FEP  as  a cover adhesive and a cover  without an UV re jec-  
tion f i l ter  could prove be a vel-y promising cos t  savings feature  for  solar 
a r r a y  designs. 

The degradation rates of this configuration are  
There  appears  

This com- 

The cell  degradation profiles for  configuration 11 a r e  those of the 
0.020 cm thick 10 ohm-cm cell. 
counterpart. 
this thinner ce l l  is less  than the 0.030 c m  cell ,  56.2 and 59.6 mW, respec-  
tivcly. 

Configuration 2 is the config*:ration's 
A s  indicated in Table 3 ,  the maximum power capability of 

The ra te  of degradation for the 0.020 c m  cell  is slightly l e s s  than 
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that  of the 0.030 c m  cell, 14. 7 and 17.4 percent,  respectively. Again, the 
cel ls  of configuration 11 display the s a m e  amount of individual ce l l  d i sper -  
sion i n  the i r  degradation profiles as seen  before. 

The COMSAT violet ce l l  degradation profiles a r e  displayed in the 
figure for  configuration 12.  
ning of life performance of all ce l l  types, 82.5 *l. 1 m W ,  but the highest  
r a t e  of degradation to  all ce l l  parameters ,  excluding the FEP covered ce l l s  
(configuration 13). The average percentage degradation to  Isc, Voc, and 
Pmp after 2 yea r s  in orbi t  was 19.4, 4 . 2 ,  and 2 4 . 4  percent,  respectively. 
F r o m  the published l i t e ra ture  (Reference 14), the maximum power degrada-  
tion to the violet cel l  is predicted to  be 5 percent,  much l e s s  degradation 
than observed. Nevertheless,  the violet cel ls ,  after 2 years in  orbit ,  a r e  
s t i l l  outperforming all other  cel ls  with a maximum power capability of 
6 2 . 4  *l. 0 m W .  

The violet ce l l  not only had the  highest begin- 

Configuration 13 uses  FEP as a cover mater ia l .  These FEP-covered 
cel ls  behaved very similarly to  the i r  counterpart ,  configuration 2, up to the 
first ecl ipse season. The ecl ipse seasons  are indicated in the configuration 

m P  13 profile. As shown i n  this figure, the r a t e  of degradation of Voc and P 
changes during the first ecl ipse season, indicating that the additional degra-  
dations to  these cel ls  is related to thermal  s t r e s s e s  of the so la r  ecl ipses .  
F igure  12 displays the individual cell  uncorrected current-voltage characte-  
r i s t i c s  for  cells 18 and 34 of configuration 13. Considerable softening of 
the I-V curve is indicated a f te r  1 and 2 years.  It appears  shunting is occur r -  
ing which would indicate low enerpy proton damage. Also, there  appears  
that the series res i s tance  has  increased  a s  indicated by the l a r g e  degrada- 
tions to  the voltage parameter .  
are: 1) degradation of the FEP cover ,  e. g . ,  f rom cracks ,  pinholes, o r  
delaminations at the edges of the ce l l  - this condition c o d d  resul t  in low 
energy proton damage; 2) a the rma l  mismatch  between the silicon, ohmic 
contact, interconnect, and FEP mate r i a l s  - this condition might resu l t  in 
the interconnect pulling away f rom the silicon, causing junction damage o r  
an increase  in  s e r i e s  resistance.  It should be noted that these FEP-covered 
cel ls  represent  1972  technology. 

Possible  causes  of the additional degradation 

Because of the high in te res t  expressed  in the advanced ce l l /cover  
parameters ,  the maximum power output through 2 years  in synchronous 
orbi t  of s ix  cel ls  represent ing configurations 2, 5, 7, 8, 12 ,  and 1 3  has 
been displayed in  Figure 13. 
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6. CONCLUSIONS 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

The so lar  ce l l  data  indicated Isc higher by 5 to  10 m A  in space compared 
to  measurements  made  with the pulsed xenon solar simulator.  
higher I,, performance i n  space is suspected to be due to  an  electronic 
offset  r a the r  than to  any uncertainty in  solar simulation. 

The 

The maximum power capability of the COMSAT violet ce l l  was 35  per-  
cent gre?’.er than that of the 2 ohm-cm ce l l  at beginning of life and still 
2 5  percent  higher a f te r  2 y e a r s  in orbit ,  even though degradation was 
m o r e  rapid. 

F o r  the conventional ce l l s  at beginning of life, the 2 ohm-cm, 0.030 c m  
thick ce l l  performed 3.0 percent  higher than the 10 ohm-cm ce l l  of the 
same thickness;  4.6 percent  g rea t e r  than the 2 ohm-cm, 0.020 c m  thick 
cel l ;  and 8. 3 percent  g rea t e r  than the 10 ohm-cm, 0.020 c m  thick cell. 

After 50 days in orbit  (-400 sun hours) ,  it appears  that for conventionally 
covered cel ls  the UV i r radiat ion degrades cu r ren t  by approximately 
2 percent. 
even without the presence  of an  UV filter. 
the protection of the UV filter appears  to be about 3 percent after 50 days 
in  orbit  and an  additional 3 percent  a f te r  2 yea r s  in orbit. 

F E P  used a s  an adhesive appears  t o  be affected similarly 
Adhesive degradation without 

The FEP-covered  cel ls  (configuration 1 3 )  performed as well as their  
counterpar ts  until the f i r s t  ecl ipse season,  where the rate of degrada- 
tion increased. 
enced in 2 years  of synchronous operation. 

Forty-  th ree  percent  power degradation has  been experi-  

F E P  as a cover  adhesive with no UV protection per forms as well as its 
c o u t  erpar t .  

After 2 years  in orbi t ,  the  COMSAT violet ce l l  has the highest per for -  
mance (62 m W ) .  This configuration also experienced the grea tes t  ra te  
of degradation (configuration 13, FEP-covered  cell ,  excluded). The 
2 ohm-cm conventional ce l l s  still exhibit a slight maximum power 
advantage over  the 10 ohm-cm cells.  

The cur ren t  and power degradations af ter  2 yea r s  in orb i t  a r e  g rea t e r  
than expected compared with laboratory electron spec t rum irradiat ion 
and Hughes experience with so la r  a r r a y s  in orbit ,  
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9. Degradation of cel ls  with integral  covers  was among the loweet of a l l  
configurations. 
tection in  synchronous orbit  i s  questionable, at leas t  during so la r  
minimum. 

Hence, the need for thicker  covers  for  radiation pro-  

10. In spite of the variation of cover thicknesses on the experiment,  it was 
not possible to  deduce a relationship between degradation and cover  
thickness,  Increased protection with thick covers  was not real ized 
beyond the sca t te r  of the data. 
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7. N E W  TECHNOLOGY 

This report does not contain items of new technology developed by 
Hughes Aircraft Company under this contract. 
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