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INTRODUCTION 

High c o n c e n t r a t i o n  r a t i o  p h o t o v o l t a i c  systems f o r  space a p p l i c a t i o n s  
have g e n e r a l l y  been considered i m p r a c t i c a l  because o f  pe rce i ved  d i f f i c u l -  
t i e s  i n  c o n t r o l l i n g  s o l a r  c e l l  temperatures t o  reasonably  low values. A 
m i n i a t u r i z e d  c o n c e n t r a t o r  system i s  now under development* which surmounts 
t h i s  o b j e c t i o n  by p r o v i d i n g  acceptable s o l a r  c e l l  temperatures u s i n g  p u r e l y  
pass i ve  c e l l  c o o l i n g  methods. An a r r a y  o f  i d e n t i c a l  m i n i a t u r i z e d ,  r i g i d  
Cassegra in ian o p t i c a l  systems having a low f-number w i t h  r e s u l t i n g  s h o r t  
d imensions a long  t h e i r  o p t i c a l  axes a re  r i g i d l y  mounted i n t o  a frame t o  
form a r e l a t i v e l y  t h i n  c o n c e n t r a t o r  s o l a r  a r r a y  panel. A number of  such 
panels ,  app rox ima te l y  1.5 c e n t i m e t e r s  t h i c k ,  a re  w i r e d  as an a r r a y  and a re  
fo lded  a g a i n s t  one another  f o r  launch i n  a stowed c o n f i g u r a t i o n .  Deploy- 
ment on o r b i t  i s  S i m i l a r  t o  t h e  deployment o f  conven t iona l  p l a n a r  honeycomb 
panel a r r a y s  o r  f l e x i b l e  b l a n k e t  a r rays .  

The m i n i a t u r i z e d  concept was conceived and s t u d i e d  i n  t h e  1978-80 t i m e  
frame. Favorable r e s u l t s  l e d  t o  t h e  p resen t  f e a s i b i l i t y  demonstrat ion 
program which w i l l  span t h e  p e r i o d  between 1980 and 1982. Progress i n  t h e  
f e a s i b i l i t y  demonstrat ion phase made t o  da te  i s  r e p o r t e d  i n  t h i s  paper. I t  
i s  expected t h a t  t h e  m i n i a t u r i z e d  Cassegra in ian c o n c e n t r a t o r  concept w i l l  
be developed f u r t h e r  i n  t h e  f u t u r e  w i t h  space f l i g h t  demonstrat ion as a 
ma jo r  t a r g e t .  

CONCENTRATOR SYSTEM D E S C R I P T I O N  

A t y p i c a l  s o l a r  panel o f  t h e  m i n i a t u r i z e d  Cassegra in ian c o n c e n t r a t o r  
s o l a r  a r r a y  concept i s  i l l u s t r a t e d  i n  F i g u r e  1. Groups o f  sha l l ow  concen- 
t r a t o r  elements a re  h e l d  r i g i d l y  w i t h i n  t h e  g r i d d e d  frame s t r u c t u r e .  The 
d e t a i l e d  des ign o f  a s i n g l e  element i s  d e p i c t e d  i n  F i g u r e  2. The r e f l e c -  
t o r s  a re  made from r e l a t i v e l y  t h i c k  e l e c t r o f o r m e d  n i c k e l  i n  t h i s  f e a s i -  
b i l i t y  demonstrat ion phase. ( I n  a l a t e r  program phase, lower  weight  and 
lower  cos t  f a b r i c a t i o n  approaches w i l l  be examined.) The s o l a r  c e l l  r a d i a -  
t o r  f i n  i s  shown as a f l a t  square p l a t e  i n  F i g u r e  l ,  and as a c i r c u l a r  cup 
i n  F i g u r e  2. T h i s  design change was made t o  accommodate assembly f o r  
1 arge-scal  e p r o d u c t i o n  b u t  i s  n o t  cons ide red  f i n a l  ; 1 ow-cost h i  gh-vol  ume 
p r o d u c t i o n  requi rements w i l l  s t r o n g l y  i n f l u e n c e  t h e  f i n a l  element c o n f i g u -  
r a t i o n .  A m a t e r i a l s  and processes data base i s  p r e s e n t l y  be ing  e s t a b l i s h e d  
t h a t  w i l l  a s s i s t  i n  t h i s  de te rm ina t ion .  

* 
T h i s  work was performed under c o n t r a c t  NAS8-34131 f o r  NASA MSFC 
(L .  Crabtree,  MSFC Technical  Manager). 
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The n i c k e l  r e f l e c t o r s  a re  codted as shown i n  F i g u r e  3. The s i l i c o n  
monoxide ( S i O )  l a y e r  serves b o t h  t o  p r o t e c t  t h e  r e f l e c t o r  a g a i n s t  t e r r e s -  
t r i a l  and space environments and t o  p r o v i d e  a h igh -emi t tance  thermal 
c o n t r o l  sur face.  

The o p e r a t i n g  temperature o f  t h e  c o n c e n t r a t o r  c e l l  i s  c o n t r o l  1 ed 
pass i ve l y .  Reference 1 desc r ibes  t h e  approach i n  d e t a i l ;  however, i n  b r i e f  
summary i t  s imp ly  c o n s i s t s  o f  r a d i a t i n g  heat i n t o  space f rom bo th  t h e  f r o n t  
and back s ides  of t h e  c o n c e n t r a t o r  s o l a r  panel e x a c t l y  as occurs f o r  con- 
v e n t j o n a l  p l a n a r  ar rays.  Each c o n c e n t r a t o r  element has a r a d i a t o r  f i n ,  
rough ly  t h e  s i z e  o f  t h e  ent rance aper tu re ,  a t tached  t o  t h e  c o n c e n t r a t o r  
c e l l  w i t h  a l ow  thermal r e s i s t a n c e  bond. The r a d i a t o r  f i n  t h i c k n e s s  i s  
m in im ized  f o r  t h e  d e s i r e d  c e l l  o p e r a t i n g  temperature and t h e  p a r t i c u l a r  
a p e r t u r e  s i ze .  The f i n  i s  r a d i a t i v e l y  coupled t o  t h e  p r imary  p a r a b o l i c  
r e f l e c t o r  t o  o b t a i n  f r o n t - s i d e  heat r e j e c t i o n  and t o  reduce thermal g r a d i -  
e n t s  across t h e  panel t h i ckness .  As Reference 1 demonstrates,  o n l y  smal l  
d iameter  r a d i a t o r s ,  i.e., m i n i a t u r i z e d  elements, w i l l  r e s u l t  i n  low spe- 
c i f i c  mass c o n c e n t r a t o r  systems. 

The c o n c e n t r a t o r  element o p t i c a l  design, i l l u s t r a t e d  i n  F i g u r e  4, 
r e s u l t s  i n  t h e  o p t i c a l  l osses  shown i n  Table 1. Under p e r f e c t  s u n - p o i n t i n g  
c o n d i t i o n s ,  t h e  i n c i d e n t  sun1 i g h t  i s  r e f l e c t e d  o n l y  t w i c e  w i t h o u t  s t r i k i n g  
t h e  t e r t i a r y  r e f l e c t o r ,  a l s o  known as t h e  l i g h t  ca tche r  cone. The l i g h t  
c a t c h e r  cone improves t h e  o f f - p o i n t a b i l i t y  o f  t he  c o n c e n t r a t o r  element. 
Under c o n d i t i o n s  o f  p e r f e c t  a1 ignment and sun -po in t i ng ,  t h e  demonstrat ion 
module c o n c e n t r a t o r  elements have a t h e o r e t i c a l  geometr ica l  c o n c e n t r a t i o n  
r a t i o  o f  163 and a nominal e f f e c t i v e  c o n c e n t r a t i o n  r a t i o  o f  88. 

EXAMINATION OF CRITICAL I S S U E S  

I n  t h i s  s e c t i o n  t h e  most c r i t i c a l  i ssues  a f f e c t i n g  implementat ion o f  
t h e  concept a re  examined i n  f o u r  areas:  o p t i c a l  design, thermal design, 
s o l a r  c e l l  design, and assembly. 

O p t i c a l  Des i gn 

The i n i t i a l  problem o f  o p t i c a l  des ign was t h e  des ign and procurement 
o f  a s h o r t - f o c a l  l e n g t h  (12.8 m i l l i m e t e r s )  nonimaging Cassegra in ian system 
w i t h  a low f-number (0.25) and a h i g h  c o n c e n t r a t i o n  r a t i o  (163). F i g u r e s  5 
and 6 and t h e  performance data desc r ibed  below show t h a t  t h e  i n i t i a l  des ign 
was successfu l .  

The elements o f  t h e  demonstrat ion module a re  arranged o r t h o g o n a l l y  f o r  
assembly and t e s t  convenience only ,  r a t h e r  than i n  a c l o s e l y  packed 
hexagonal p a t t e r n .  F i g u r e  5 shows t h e  s imple " s p i d e r "  arrangement t h a t  
5,upports t h e  secondary hyperbol  i c  r e f l e c t o r .  The wide s p i d e r  l e g s  produce 
a l a r g e  blockage l o s s  c o n t r i b u t i o n .  No a t tempt  was made t o  reduce t h i s  
l o s s  by s u b s t i t u t i n g  a more complex suppor t  s t r u c t u r e  s i n c e  i t  was d e s i r e d  
f o r  t h e  purpose o f  i n i t i a l  demonstrat ion t o  use o f f - t h e - s h e l f  commercial 
e l e c t r o f o r m i n g  techniques w i t h o u t  r e q u i r i n g  complex mandrel t o o l i n g .  
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Current  work i s  d i r e c t e d  toward i d e n t i f y i n g  p r a c t i c a l  methods o f  
reducing the  o p t i c a l  design losses t o  a t t a i n  t h e  goals  shown i n  Table 1. 
The l a r g e s t  of t h e  p o t e n t i a l  ga ins w i l l  r e s u l t  f rom an improvement i n  t h e  
r e f l e c t i v e  c o a t i n g  as i n d i c a t e d  by F i g u r e  7. By i n t e g r a t i n g  t h e  produc t  o f  
a s p e c t r a l  r e f l e c t a n c e  curve from t h i s  f i g u r e ,  t h e  AM0 s o l a r  spectrum, and 
t h e  s o l a r  c e l l  s p e c t r a l  response ( S i  o r  GaAs), t h e  energy rece ived by t h e  
s o l a r  c e l l  a f t e r  a double r e f l e c t a n c e  can be determined and, t h e r e f o r e ,  t h e  
comparat ive improvement obta ined w i t h  candidate c o a t i n g s  o t h e r  than a lumi -  
num. A s i l v e r  c o a t i n g  i s  t h e  obvious bes t  choice.  However, s i l v e r  coa t -  
ings ,  even w i t h  p r o t e c t i v e  S i 0  overcoat ings,  a r e  known t o  f r e q u e n t l y  
e x h i b i t  problems i n  long- term t e r r e s t r i  a1 s to rage environments , usual l y  due 
t o  hard- to -avo id  p i n  ho les i n  t h e  S i 0  coat ing.  
w i l l  be r e q u i r e d  t o  make t h i s  c o a t i n g  system s t a b l e  and economical ly  
v i  ab1 e. 

Thus some development work 

A1 ignment s e n s i t i v i t y  t e s t s  have shown t h a t  t h e  t h r e e  r e f l e c t o r s  and 
t h e  s o l a r  c e l l  may be randomly m i s a l i g n e d  w i t h  respec t  t o  t h e  e lement 's  
t h e o r e t i c a l  o p t i c a l  a x i s  by as much as severa l  t e n t h s  o f  a m i l l i m e t e r  wi th 
no l o s s  i n  element performance a t  normal inc idence o f  s u n l i g h t  ( t h e  Sun's 
ray p a r a l l e l  t o  t h e  e lement 's  t h e o r e t i c a l  o p t i c a l  a x i s ) .  S i m i l a r l y ,  misa- 
l ignment  e r r o r s  between r e f l e c t o r s  and t h e  c e l l  i n  t h e  d i r e c t i o n  o f  t h e  
o p t i c a l  a x i s  up t o  severa l  t e n t h s  of  a m i l l i m e t e r  a re  inconsequent ia l  a t  
normal i ncidence. 

O f f - p o i n t i n g  t e s t s  i n  n a t u r a l  s u n l i g h t  demonstrated t h e  e f f e c t i v e n e s s  
o f  the  l i g h t  ca tcher  cone ( F i g u r e  8). The o f f - p o i n t i n g  performance was 
good, b u t  somewhat l e s s  than p r e d i c t e d  a n a l j t i c a l l y  ( f o r  a 90 percent  
r e f l e c t i v e  cone s u r f a c e )  and from exper ience w i t h  a l ignment  s e n s i t i v i t y  
measurements made w i t h  a l a s e r  i n  t h e  l a b o r a t o r y .  Several areas have been 
i d e n t i f i e d  f o r  p o t e n t i a l  improvements d u r i n g  t h e  d e t a i l e d  des ign phase. 

Therma Des i gn 

For low e a r t h  o r b i t  a p p l i c a t i o n s  i n  which t h e  E a r t h ' s  albedo and IR 
emissions are  s i g n i f i c a n t  , h i g h l y  r e f  e c t i v e  h igh-emi t tance c o a t i n g s  are 
r e q u i r e d  f o r  good thermal c o n t r o l .  F r t h i s  reason, bo th  t h e  s p i d e r  and 
t h e  aluminum r a d i a t o r  f i n  sur faces were p a i n t e d  w i t h  w h i t e  thermal c o n t r o l  
p a i n t .  Thermal balance and thermal g r a d i e n t  t e s t s  i n  vacuum are  p r e s e n t l y  
under way t o  conf i rm t h e  p r e d i c t e d  s i l i c o n  c e l l  temperature o f  80" t o  1 0 0 ° C  
and c e l l - t o - f i n  temperature g r a d i e n t s  of l e s s  than 5°C. A n a t u r a l  s u n l i g h t  
t e s t  a t  Table Mountain, C a l i f o r n i a  a t  8000 f e e t  a l t i t u d e  and approx imate ly  
0.87 AM0 sun e q u i v a l e n t  i n t e n s i t y  have y i e l d e d  a c e l l  temperature o f  36°C 
w i t h  a s t i l l  a i r  ambient temperature o f  19°C. This  c e l l  temperature com- 
pares favorably  t o  s i m i l a r  f l a t  p l a t e  a r r a y  temperatures ob ta ined under 
s i m i l a r  t e s t  c o n d i t i o n s .  

Solar  C e l l  Design 

The concent ra to r  s o l a r  c e l l  phys ica l  design, shown i n  F i g u r e  9, repre-  
sents  a compromise i n  c o n t a c t  pad design between heat s i n k i n g  and power 
losses i n  t h e  n o n i l l u m i n a t e d  c e l l  j u n c t i o n  area. A l a r g e r  c e l l  ( w i t h  
a c t i v e  area cons tan t )  improves heat s i n k i n g ,  however, i t  a l s o  increases 
power losses i n  t h e  n o n i l l u m i n a t e d  c e l l  j u n c t i o n  area. Concentrator  c e l l  
des igns should account f o r  t h i s  l o s s  mechanism and be coord ina ted  w i t h  t h e  
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a p p l i c a t i o n  so t h a t  i t  i s  minimized. Ce l l  dimensions are no t  otherwise 
c r i t i c a l  except t h a t  t h e i r  to lerances must be compat ib le w i t h  assembly 
t o o l i n g  requirements. 

An important issue i n  op t im iz ing  the  s o l a r  c e l l  e f f i c i e n c y  i s  t h a t  t he  
concentrated 1 i g h t  i s  t y p i c a l l y  nonuniform, e s p e c i a l l y  under s l i g h t  o f f -  
p o i n t i n g  cond i t ions  (see Reference 2). 
i n t o  consi d e r a t i  on. 

Gr id  l i n e  design should take  t h i s  

A des i rab le  t r a d e o f f  y e t  t o  be conducted i s  between c e l l  designs w i t h  
tex tu red  and pol  i shed c e l l  a c t i v e  areas. While t e x t u r i n g  w i  11 improve t h e  
absorpt ion o f  l i g h t  by the  c e l l ,  e s p e c i a l l y  the  l i g h t  t h a t  impinges on the  
c e l l  a t  angles o f  incidence between 0 and 30 degrees, it w i l l  a lso  r a i s e  
the  c e l l ' s  thermal absorptance and hence i t s  operat ing temperature. 
Reference 2 discusses tex tu red  concentrator  c e l l s  i n  greater  d e t a i l .  

Present ly,  the  concentrator  demonstration module conta ins s i l i c o n  
so la r  c e l l s  designed f o r  maximum performance a t  100 suns. 
10 m i l s  t h i c k ,  are made from 0.5 n-cm base r e s ' s t i v i t y  m t e r i a l .  Junct ion 

c e l l s  have evaporated aluminum back sur face r e f l e c t o r s  and Si0 (800 t o  
1300 8)  a n t i - r e f l e c t i v e  coat ings.  

They are  8 t o  

depth i s  4000 t o  5000 8. Contacts are T i  (400 a )-Pd(800 It ) -Ag( l0  m ) .  The 

NASA's Lewis Research Center i s  c u r r e n t l y  working on a GaAlAs c e l l  f o r  
the m i n i a t u r i z e d  Cassegrainian concentrator.  It i s  planned t o  b u i l d  e l e -  
ments using these c e l l s  when they become ava i lab le .  

Assembly 

The demonstration module was' assembled i n  a way t h a t  attempted t o  
a n t i c i p a t e  and solve some o f  the  problems t h a t  might occur dur ing  la rge-  
sca le production. A l l  p a r t s  shown i n  F igure  10 were stacked and soldered 
together  a t  one t ime i n  a vapor phase so lder  re f l ow  machine. The preassem- 
b l y  pa r t s  inspec t ion  us ing l a s e r  ins t rumenta t ion  mentioned e a r l i e r  i n d i -  
cated t h a t  app l i ca t i on  o f  standard shop p rac t i ces  and techniques would 
r e s u l t  i n  elements o f  s i m i l a r  o p t i c a l  performance. The four  holes i n  the  
cup bottom admit ted p ins o f  an assembly f i x t u r e  t h a t  he ld  a l l  p a r t s  
together.  The assembled cups were then bonded i n  a honeycomb panel and 
e l e c t r i c a l l y  in terconnected as shown i n  F igures 5 and 6, respec t ive ly .  The 
n ine  elements were wi red so t h a t  each could be tes ted  i n d i v i d u a l l y  and a l l  
could be tes ted  together  i n  a ser ies  c i r c u i t .  The pr imary and secondary 
r e f l e c t o r s  were i n s t a l l e d ,  guided and a l i gned  by the  th ree  tabs p ro t rud ing  
upward from the cup (shown i n  F igure  l o ) .  

Summary and Concl u s i  ons 

The work t o  date has i d e n t i f i e d  the  need f o r  add i t i ona l  design op t im i -  
z a t i o n  s tud ies  and r e l a t e d  eva lua t ion  t e s t i n g ,  f o r  long-term space env i ron-  
mental t es t i ng ,  and f o r  so la r  c e l l  design and performance improvements. 
Nevertheless, the  work accomplished thus f a r  has demonstrated t h a t  the  
o r i g i n a l  assumptions and simp1 i f i e d  mathematical models used i n  the  formu- 
l a t i o n  of t he  m in ia tu r i zed  Cassegrainian concentrator  concept are Val i d  and 
have pred ic ted  system performance q u i t e  wel l .  No surpr ises  or  unusual 
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e f f e c t s  have been uncovered. The f a b r i c a t i o n  o f  s i n g l e  elements and a 
9-element demonstrat ion module has demonstrated t h e  f e a s i b i l i t y  o f  t h e  con- 
cept.  Several d i f f e r e n t  p romis ing  approaches toward a c h i e v i n g  low-cost  
design s u i t a b l e  f o r  f l i g h t  have been i d e n t i f i e d  and a r e  under study. Many 
o f  t h e  c r i t i c a l  f a b r i c a t i o n  and assembly processes t h a t  are candidates f o r  
use w i t h  t h i s  concept a re  c u r r e n t l y  i n  use i n  o t h e r  i n d u s t r i e s  and f i e l d s  
o f  endeavor. Based upon these accomplishments, it i s  concluded t h a t  t h e  
o r i g i n a l  m u f t i k i l o w a t t  s o l a r  array cost  r e d u c t i o n  goal o f  one order  o f  
magnitude i s  bo th  reasonable and f e a s i b l e  w i t h  space performance comparable 
t o  t h a t  o f  s t a t e - o f - t h e - a r t  nonconcentrat ing p l a n a r  s o l a r  a r rays .  
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Table 1. Optical System Transmission Comparison: 
Demonstration Module Versus Desiqn Goal 

PARAMETER 
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Figure 1. Mounting o f  Concentrator Element 
or Subassemblies into Panel Frame 

TOP VIEW 
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0.25mm-4 
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STACK DETAIL \ ALUM,NUM 
RAD I ATOR 

SOLAR CELL DETAIL 

Figure 2. Baseline Concentrator Element Design 
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Figure 3 .  Reflector and Coating Configuration 
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Figure 4. System Schematic 
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Figure 5. N i  ne-el erne 
Concentrat 
Module 

I 

1 emen t Casseg ra i n i an 
trator Demonstration 

(Back View) 
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Figure 7. Alternate Reflector Coatings Offer Improved 
Ref1 ectance 

TRACKING ERROR (DEGREES) 

Figure 8. Single Element O f f - P o i n t i n g  Test 
Results 
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I 

0.2mm \ 
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Figure 9.  Concentrator Solar Cell Reference Design and Requirements 
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Figure 10. Cell Stack Assembly Parts Diagram 
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