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FOREWORD 

Astro Aerospace Corporation i s  conducting studies on design concepts for  
large space structures. This i s  one of a s e r i e s  of reports issued as part of 
those studies under Contract No. NAS1-17536. 
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SECTION 1 
INTRODUCTION 

Meeting t h e  power requirements o f  f u t u r e  space miss ions such as t h e  Space 
S t a t i o n  w i l l  r e q u i r e  advances i n  space power technology. Most c u r r e n t l y  oper- 

a t i n g  s a t e l l i t e s  have r e l a t i v e l y  low power requirements and use a low e f f i -  
c iency p h o t o v o l t a i c  s o l a r - a r r a y  system t o  supply a l l  o f  t h e  power needs. 
B a t t e r i e s  a r e  used d u r i n g  t h e  p a r t  o f  t h e  o r b i t  i n  t h e  e a r t h ' s  shadow. 
However, p r e l i m i n a r y  est imates o f  t h e  power requirements f o r  t h e  proposed 
Space S t a t i o n  i n d i c a t e  t h a t  a photovo l ta ic  power system would r e q u i r e  an area 
o f  s o l a r  c e l l s  o f  thousands o f  square meters. Such a r r a y s  would have a l a r g e  
aerodynamic drag and would consequently a f f e c t  t h e  s t a t i o n  o p e r a t i o n  and t h e  
s e l e c t i o n  o f  t h e  s t a t i o n  a r c h i t e c t u r e .  S t a t i o n  opera t ion  cou ld  be g r e a t l y  
enhanced and c o n s t r a i n t s  on s t a t i o n  a r c h i t e c t u r e  minimized by reducing t h e  
need f o r  such l a r g e  areas. P r e l i m i n a r y  r e s u l t s  f rom recent  s t u d i e s  have shown 
the  p o t e n t i a l  f o r  s i g n i f i c a n t  area reduct ions us ing  a s o l a r  thermal approach. 

I n  t h i s  approach, concentrated s o l a r  energy i s  used t o  heat a f l u i d  which then 
d r i v e s  a power-producing heat engine. 

The p o t e n t i a l  r e d u c t i o n  i n  area using a s o l a r  thermal approach comes from 
two sources. One i s  t h e  h igher  conversion e f f i c i e n c y  of a s o l a r  thermal 
system. T h i s  advantage has been known f o r  years and i s  c o n t r o l l e d  by funda- 
mental p h y s i c a l  laws. The second i s  i n  the o v e r a l l  power system opera t ion  and 

design. Recent s t u d i e s  have shown tha t  t h e  o v e r a l l  system o p e r a t i o n  would 
b e n e f i t  by s t o r i n g  energy ( f o r  use whi le  i n  t h e  e a r t h ' s  shadow) as thermal 

energy r a t h e r  than as e l e c t r i c a l  energy. The increase i n  e f f i c i e n c y  due t o  
t h e  combinat ion of s torage and conversion can reduce t h e  sur face  area r e q u i r e d  
f o r  t h e  Space S t a t i o n  power system by a f a c t o r  o f  f i v e .  

The advantage o f  t h e  photovo l ta ic  system i s  i t s  s i m p l i c i t y  and 
i n s e n s i t i v i t y  t o  geometr ic e r r o r s  i n  o r i e n t a t i o n  o f  t h e  s o l a r  ar ray.  I n  
a d d i t i o n ,  a l a r g e  amount o f  development work has r e s u l t e d  f rom t h e  f requent  
use o f  t h e  technique. The s t r u c t u r a l  needs and approaches have been s tud ied  
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i n  d e t a i l  and knowledge i s  w e l l  advanced on the  weight,  cos t  and performance 
t h a t  can be expected. 

I n  the so lar - thermal  approach, t he  s o l a r  r a d i a t i o n  must be concentrated a t  
a rece ive r  so t h a t  h igh  temperatures a r e  produced. The amount of concentra- 
t i o n  requ i red  i s  dependent on t h e  type  o f  power convers ion chosen, b u t  ranges 
f rom a value of 1,000 t o  2,000. Such h i g h  concen t ra t i on  r a t i o s  p lace  much 
more s t r i n g e n t  demands on the  concent ra to r  sur face  and i t s  suppor t ing  s t ruc -  
t u r e  than e x i s t  f o r  t h e  p h o t o v o l t a i c  s t r u c t u r a l  components. Consequently, t he  
performance o f  a so lar - thermal  power system i s  very  dependent on t h e  p e r f o r -  
mance and weight o f  t he  concent ra to r  s t ruc tu re .  

Dur ing t h e  1960s, a l a r g e  number o f  i n v e s t i g a t i o n s  were conducted on the  
s o l a r  concentrator  and i t s  suppor t  s t ruc tu re .  Th is  e a r l y  work i s  repo r ted  i n  
a v a r i e t y  of forms. Examples can be found i n  t h e  Power Systems Conference 
Proceedings (References 1 and 2). Var ious types o f  r e f l e c t o r s  a r e  discussed 
i n  t h e  next sect ion.  The type t h a t  rece ived the  most advanced development 
cons is t s  o f  honeycomb-core-stiffened r e f l e c t o r  panels. A deployable c o l l e c t o r  
w i t h  such panels  as p e t a l s  reached t h e  stage o f  p ro to type  hardware 
(Reference 3) . 

The success o f  p h o t o v o l t a i c  systems f o r  low power requirements,  t h e  l ack  
o f  space missions r e q u i r i n g  l a r g e  power l e v e l s ,  and budgetary c o n s t r a i n t s  l e d  
t o  t h e  cessat ion o f  work on solar-dynamic (as w e l l  as nuclear-dynamic) power 
systems i n  t h e  l a t e  1960s. Not u n t i l  t h e  m idd le  1970s d i d  i n t e r e s t  rek ind le ,  
t h i s  t ime  f o r  t e r r e s t r i a l  use, because o f  t he  d i s r u p t i o n s  i n  o i l  supply  and 
p r i ce .  I n  o rder  t o  p rov ide  an a l t e r n a t i v e  energy source, a m u l t i - y e a r  program 
was undertaken, aimed a t  t h e  c o n s t r u c t i o n  o f  long-1 i f e ,  c o s t - e f f e c t i v e  

p a r a b o l o i d a l - c o l l e c t o r  power-generat ion u n i t s .  Several  c o l l e c t o r  concepts 
have been developed and tes ted ;  t h e  most successfu l  c o n s i s t  o f  inexpensive,  
s t i f f  r e f l e c t o r  panels mounted on a t r u s s  Suppor t ing s t r u c t u r e .  (See 
Reference 4 . )  The c u r r e n t  Space S t a t i o n  s tud ies  a r e  b e n e f i t t i n g  f rom the  
technology developed f o r  t e r r e s t r i a l  a p p l i c a t i o n .  (See Reference 5.) 

I n  the  present  paper, var ious  types o f  s o l a r  concent ra to rs  a r e  discussed 
f rom a s t r u c t u r a l  p o i n t  of view. The d i scuss ion  i nc ludes  r e f l e c t i n g  sur faces 

I 

I 
~ 

1 
1 

4 

I 

I 
i 

I 
1 
1 
I 
! 

2 



of a membrane type as w e l l  as s t i f f e n e d  panels, The methods f o r  suppor t ing  
t h e  r e f l e c t i n g  sur face  a r e  described. The deep t r u s s  suppor t ing  s t r u c t u r e  i s  
i d e n t i f i e d  as p r o v i d i n g  h i g h  accuracy a t  reasonable cost ,  a l though o n - o r b i t  
assembly i s  r e q u i r e d  t o  mount t h e  r e f l e c t o r  panels t o  t h e  t russ.  

Ray- t rac ing analyses a r e  performed t o  evaluate t h e  t o l e r a b l e  amount o f  
s lope inaccuracy o f  t h e  nominal l y  parabolo ida l  r e f  1 e c t i n g  sur face o f  a 
concentrator.  F o r  t h e  h i g h  concentrat ion r a t i o s  (approximately 2,000) 
r e q u i r e d  f o r  a Brayton-cyc le heat engine, an rms s lope e r r o r  o f  t h r e e  
m i l l i r a d i a n s  i s  acceptable. Next, a spec ia l  nonparaboloidal  r e f l e c t o r  
concept, composed o f  i d e n t i c a l  square, s p h e r i c a l l y  curved panels e f f i c i e n t l y  
located, i s  analyzed by r a y  t rac ing .  Such a c o n f i g u r a t i o n  should reduce t h e  
cos ts  o f  panel f a b r i c a t i o n .  

Because t h e  i d e n t i c a l - p a n e l  concept w i t h  l a r g e  panel s izes  i s  shown t o  be 
f e a s i b l e ,  a c o n f i g u r a t i o n  i s  generated which combines t h e  square panels w i t h  a 
Pactruss suppor t ing  s t ruc tu re .  The r e s u l t i n g  des ign i s  descr ibed and i t s  mass 
breakdown i s  est imated. 
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SECTION 2 
SOLAR CONCENTRATOR CONCEPTS 

I n  t h i s  sec t ion ,  a t t e n t i o n  i s  devoted t o  those concent ra to r  c o n f i g u r a t i o n s  
which a re  so l a r g e  t h a t  they  must be c a r r i e d  i n t o  o r b i t  i n  a packaged 
cond i t i on .  The c o l l e c t i n g  area i s  g r e a t e r  than about 100 square meters. 
Therefore,  f i x e d  dishes, which can be assembled and a l i g n e d  on the  ground 
p r i o r  t o  launch, a r e  precluded. 

The concentrator  must n o t  o n l y  be packaged, b u t  a l s o  be compactly stowed 
f o r  launch. The Space S t a t i o n  w i l l  r e q u i r e  numerous S h u t t l e  launches; the  
concentrator  must n o t  add unnecessar i ly  t o  the  number. 

I n  general, a s o l a r  concent ra to r  can be considered t o  be composed o f  t h ree  
components: the  c o l l e c t i n g  surface, the suppor t ing  s t r u c t u r e ,  and the  mounts 
which connect t he  concent ra to r  t o  the  r e s t  o f  t he  spacecraf t .  I t  i s  conven- 
i e n t  t o  consider each component separate ly .  

C o l l e c t i n g  Sur face 

Lenses - The sur face  can c o n s i s t  o f  a l ens  o r  a r e f l e c t o r .  Lenses can be 
cons t ruc ted  o f  t h i n  l a y e r s  by us ing  the  Fresnel  p r i n c i p l e .  Indeed, t h e  lens  
can be s t r u c t u r a l l y  a f l a t  membrane and supported as a drumhead. The lenses 
have t h e  advantage o f  be ing  r e l a t i v e l y  i n s e n s i t i v e  t o  geometr ic e r ro rs .  On 
t h e  o t h e r  hand, the  energy must be t r a n s m i t t e d  through t h e  l ens  ma te r ia l .  
Ma in ta in ing  low l o s s  throughout the  long- term exposure t o  t h e  space env i ron-  
ment places s t r i n g e n t  requirements on the  l ens  ma te r ia l .  I n  a d d i t i o n ,  the  
suppor t ing  s t r u c t u r e  w i l l  b lock  the  energy unless g r e a t  care  i s  taken. 

Ref lec to rs  - The r e f l e c t i n g  sur face  has been adopted almost u n i v e r s a l l y  
f o r  s o l a r  concent ra to r  f o r  t e r r e s t r i a l  and space app l i ca t i ons .  The sur face 
must be a h i g h l y  specular  r e f l e c t o r  and must be o r i e n t e d  accu ra te l y  i n  o rder  
t o  d i r e c t  t he  r e f l e c t e d  rays i n t o  the  thermal rece iver .  Analyses such as 
those descr ibed i n  Sec t ion  3 show t h a t  t h e  o r i e n t a t i o n  accuracy requ i red  i s  
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n o t  as g r e a t  as t h a t  f o r  many o f  the  high-performance RF miss ions  p r e s e n t l y  
be ing  undertaken. L i t t l e  i s  
gained by  demanding r e f l e c t e d - r a y  accuracies b e t t e r  than about th ree  
m i l l i r a d i a n s ,  even f o r  a concent ra t ion  r a t i o  o f  2,000. 

The sun subtends about n ine  m i l l i r a d i a n s  i n  arc. 

The achievement o f  h i g h l y  specular, low- loss r e f l e c t i o n  f o r  long- term 
space miss ions  i s  a more d i f f i c u l t  ob ject ive.  Even w i t h  s o l i d  surfaces, about 
t e n  percent  o f  t h e  i n c i d e n t  energy i s  l os t ;  w i t h  m e t a l l i z e d  f i l m s  t h e  specular  
r e f l e c t i v i t y  i s  reduced t o  perhaps 80 percent  a f t e r  l ong  exposure. The 
r e f l e c t i o n  losses a r e  min imized i n  most c o l l e c t o r  arrangements by  avo id ing  
mu1 t i p l e  r e f l e c t i o n s .  

F i l m  Surfaces - F i lm- type r e f l e c t o r  sur faces a r e  a t t r a c t i v e  f r o m  pack ing 
and weight  standpoints.  Furthermore, only t h e  f i l m  sur face  a f f o r d s  t h e  poss i -  
b i l i t y  o f  uncompl icated deployment w i thout  r e q u i r i n g  o n - o r b i t  assembly. 
However, t h e  sur face  must be doubly curved w i t h  p o s i t i v e  Gaussian curvature.  
I n  o rder  t o  achieve t h i s ,  some method must be found t o  app ly  a pressure across 
the  membrane. I n f l a t i o n  w i l l  accomplish t h i s  o b j e c t i v e ,  b u t  leakage w i l l  
r e q u i r e  p r o h i b i t i v e  amounts o f  make-up i n f l a t a n t  un less t h e  c o l l e c t o r  i s  very  
l a r g e  ( k i l omete r  sca le ) ,  t he  pressure i s  low, o r  the  p r e s s u r i z a t i o n  t ime i s  
small. The l a s t  a l t e r n a t i v e  i s  probably the  most feas ib le .  I n f l a t i o n  i s  used 
t o  s t r e t c h  the  w r i n k l e s  f rom the  packaged r e f l e c t o r .  The r e s u l t i n g  r e f l e c t o r  
i s  then s t i f f  enough t o  ma in ta in  i t s  shape, e i t h e r  because the  sur face  mate- 
r i a l  i s  a m u l t i l a y e r e d  f i l m  o r  because i t  i s  a composite which i s  cured on 
o r b i t  a f t e r  i n f l a t i o n .  

I n  any event, t he  f i l m  w i l l  operate a t  very  low s t r e s s  l eve l s .  Thus, the 

shape accuracy must be a t t a i n e d  p r i m a r i l y  by en fo rc ing  t h e  c o r r e c t  geometry 
d u r i n g  f a b r i c a t i o n .  As i s  shown i n  the nex t  sec t ion ,  e f f . i c i e n t  s o l a r  concen- 
t r a t o r s  tend t o  be deep dishes; f o r  these the  i n -su r face  s t i f f n e s s  dominates 
t h e  s t r u c t u r a l  behavior.  

An a l t e r n a t e  method of app ly ing  the shaping pressure i s  by  e l e c t r o s t a t i c  
a t t r a c t i o n .  Th is  technique avoids the gas leakage problem. I t fur thermore 
o f f e r s  t h e  o p p o r t u n i t y  of c o n t r o l l i n g  the l oad ing  and hence, t he  shape. The 
l a t t e r  c o n t r o l l a b i l i t y  can be useful  for sha l low dishes, b u t  n o t  f o r  t he  types 
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needed f o r  s o l a r  concentrators ,  un less the  sur face  i s  d i v i d e d  i n t o  numerous 
panel s . 

Panel Surfaces - The a l t e r n a t i v e  t o  the  membrane r e f l e c t o r  sur face  i s  an 
assemblage o f  s t i f f  panels  t h a t  a r e  i n d i v i d u a l l y  smal l  enough t o  f i t  i n  the  
launch vehic le.  Each panel i s  considered t o  be s t i f f  enough t o  m a i n t a i n  i t s  
own shape. 

There a r e  two pr imary  t e x t u r e s  f o r  t he  panel cons t ruc t ion .  One i s  t he  
honeycomb sandwich; t h e  o t h e r  i s  t he  t h i n  s h e l l ,  s t i f f e n e d  o r  monocoque. I f  
the  s h e l l  i s  monocoque, t h e  panel boundary must be d imens iona l l y  s t a b l e  i n  
o rder  t o  preclude warping. 

Panels can be cons t ruc ted  f r o m  a wide range o f  ma te r ia l s .  Long- l i f e  s ta -  
b i l i t y  o f  the r e f l e c t i v e  and dimensional p r o p e r t i e s  would appear t o  favo r  
m e t a l l i c  const ruct ion.  The Sunflower p e t a l s  (Reference 3) were e s s e n t i a l l y  o f  
aluminum cons t ruc t ion ,  face sheets and honeycomb core. Recent work has d e a l t  
w i t h  graphi te-  and Kev la r - re in fo rced  composites f o r  t h e  face  sheets. 
Producing a smooth r e f l e c t i n g  sur face w i l l  p robab ly  r e q u i r e  a shaping mandrel 
i n  e i t h e r  case. 

Masses - The f i l m  sur face  has a u n i t  mass o f  the order  o f  0.1 kg/m2, 
whereas t h e  panel concept w i l l  weigh a t  l e a s t  one kg/m2. I f  ve ry  p rec i se  
sur faces are requ i red ,  t h e  mass can increase by another  o rde r  o f  magnitude. 

Suppor t ing S t r u c t u r e  

F i l m  Surfaces - Concentrator  c o n f i g u r a t i o n s  u t i l i z i n g  f i l m  r e f l e c t o r  sur-  
faces usua l l y  c o n s i s t  o f  a t ransparent  pressure containmeht sur face  j o i n e d  t o  
t h e  r e f l e c t o r  a t  t he  r im .  The containment sur face  can be shaped symmet r ica l l y  
t o  t h e  r e f l e c t o r  so t h a t  t he  pressur ized  vessel  i s  l e n t i c u l a r .  [See F igure  
l ( a )  and (b) taken f rom Reference 6.1 The r i m  must be capable o f  c a r r y i n g  
compression w i t h o u t  l o c a l  c r i p p l i n g .  I t  must a l s o  be s t i f f  and s t a b l e  enough 

t o  ma in ta in  t h e  shape o f  t h e  edge a f t e r  t he  i n t e r n a l  pressure i s  removed. 
Rims f o r  i n f l a t e d  r e f l e c t o r s  tend a l s o  t o  be i n f l a t e d .  Deployment i s  achieved 
by p ressu r i z ing  i n  a c o n t r o l l e d  fashion. 
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If e l e c t r o s t a t i c  forces a r e  used t o  tens ion the  membrane, no f r o n t a l  mem- 
brane i s  needed. On the  o t h e r  hand, a subs tan t i a l  back-up t r u s s  i s  requ i red  
t o  suppor t  t h e  e l e c t r o s t a t i c  devices. I n  a d d i t i o n ,  t h e  membrane and the  
charged dev ices must be sh ie lded f r o m  the space plasma i n  o rde r  t o  avo id  e lec-  
t r i c a l  leakage. 

Panels - The suppor t ing  s t r u c t u r e  for panels  can be made up i n  a v a r i e t y  
o f  ways. A t  one extreme, the  panels are s t i f f  enough t o  serve as t h e i r  own 
s t ruc tu re .  A t  t h e  other ,  a separate back-up s t r u c t u r e  (a t russ ,  f o r  example) 
i s  f u rn i shed  and the  panels a r e  at tached t o  it. An in te rmed ia te  c o n f i g u r a t i o n  
cou ld  be one i n  which t h e  panels  der ive  t h e i r  main suppor t  f rom t h e i r  own 
s t i f f n e s s  b u t  a r e  e x t e r n a l l y  supported a t  severa l  p o i n t s ,  say a t  t h e  r i m ,  i n  
o rde r  t o  remove la rge-sca le  e r ro rs .  

The aforement ioned Sunflower i s  an example o f  t h e  se l f - suppor t i ng  panel 
approach. Each p e t a l  i s  h inged a t  i t s  i n n e r  edge t o  a c e n t r a l  hub. When 
deployed, t h e  p e t a l  i s  c a n t i l e v e r e d  a t  i t s  i n n e r  edge and i s  independent o f  
i t s  neighbors. Th is  ve rs ion  i s  about 30 f e e t  i n  diameter. For  l a r g e r  
c o l l e c t o r s ,  more f o l d s  become necessary and ad jacent  panels  must be 
s t r u c t u r a l l y  jo ined.  Some poss ib le  concepts a r e  d iscussed i n  Reference 7. An 
example i s  shown as F igu re  2. O f  course, t h e  o b j e c t i v e  o f  these designs i s  t o  
enable automated deployment. The more in-space at tachments t h a t  a r e  requi red,  
t h e  g r e a t e r  i s  t he  complex i ty  o f  the  deployment apparatus. 

Deployable c o n f i g u r a t i o n s  us ing  near ly  hexagonal panels  a r e  poss ib le  as 
discussed, f o r  example, i n  Reference 8. By us ing  some secondary f o l d s ,  a 
seven-hexagon c o l l e c t o r  about 12 meters i n  diameter can be stowed i n  t h e  shut-  
t l e  cargo bay. I f  an A f t  Cargo Car r i e r  were a v a i l a b l e ,  a lmost 20 meters i n  

ape r tu re  would be poss ib le .  (See Reference 9.) 

While many p r a c t i t i o n e r s  a r e  convinced t h a t  t h e  s e l  f-supported-panel 

approach can y i e l d  t h e  accurac ies necessary f o r  even h i g h  concen t ra t i on  r a t i o s  
and l a r g e  s izes ,  i t  i s  the  c o n v i c t i o n  o f  t h e  authors,  based on f l i g h t  hardware 
exper ience, t h a t  t h e  u n i t  cos t  of t h i s  technique g e t s  p r o h i b i t i v e l y  l a r g e  f o r  
l a r g e  s izes.  The ideas a r e  i l l u s t r a t e d  q u a l i t a t i v e l y  i n  F igu re  3. The u n i t  
c o s t  o f  t h e  se l f -suppor t ing-panel  approach increases  as c o l l e c t o r  s i z e  
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increases because o f  t h e  added complex i ty  o f  t h e  deployer  and, more 
impor tan t ly ,  t h e  c o s t  o f  t h e  h i g h  p r e c i s i o n  necessary t o  m a i n t a i n  r e q u i r e d  
accuracy. I n  a d d i t i o n ,  t h e  c o s t  of t e s t i n g  and p r o v i n g  t h e  accuracy of t h e  
system on t h e  ground becomes high. There i s ,  i n  f a c t ,  a p r a c t i c a l  l i m i t  on 
t h e  poss ib le  s i z e  o f  t h i s  approach. 

On t h e  o t h e r  hand, t h e  t russ-suppor ted approach cos ts  more f o r  smal l  
aper tu re  s izes because of i t s  increased complex i ty  and t h e  cos ts  of assembling 
i n  o r b i t .  But  when the  s i z e  increases, t h e  u n i t  c o s t  decreases because much 
o f  t h e  a d d i t i o n a l  c o s t  o f  t h e  t r u s s  support  i s  n o t  very  s i z e  dependent. The 
i n h e r e n t l y  s t i f f e r  s t r u c t u r e  w i t h  g r e a t e r  depth i s  l e s s  s e n s i t i v e  t o  f a b r i c a -  
t i o n  e r r o r s  and can be t e s t e d  and measured on t h e  ground more e a s i l y .  The 
r e s u l t  i s  t h a t  much l a r g e r  aper tures a r e  made p r a c t i c a l  by t h e  t russ-suppor t  
approach. I n  a d d i t i o n ,  t h a t  approach could be l e s s  expensive even i n  the  
smal le r  s ize range considered i n  t h i s  paper, i f  h i g h  concent ra t ion  r a t i o s  
(approximately 2,000) a r e  required. Th is  may be p a r t i c u l a r l y  v a l i d  f o r  the  
Space S t a t l o n  i f  manned o r  r o b o t i c  assembly becomes a r o u t i n e  m a t t e r  so t h a t  
t h e  cos ts  o f  such assembly were reduced. 

Examples o f  t h e  t russ-suppor t  concept a r e  shown i n  F igures 4 through 7 
taken f r o m  Reference 10, F igure  8 from Reference 11 and Figures 9 through 11 
from Reference 9. They i n c l u d e  a l a r g e  range o f  implementat ion approaches 
from automated deployment, through assembly w i t h  a remote manipulator ,  t o  

e x t r a v e h i c u l a r  assembly o f  i n d i v i d u a l  panels t o  t h e  support  t russ .  Most a r e  
unproven but a l l  a r e  reasonable and obey t h e  laws o f  physics. 

The approach i n  F igure  4 i s  t o  a t t a c h  panels t o  a p r e v i o u s l y  deployed sup- 
p o r t  t russ.  I n  F igure  5, t h e  t r u s s  i s  at tached t o  t h e  panel b e f o r e  launch. 
The u n i t s  are deployed and assembled t o  t h e i r  neighbors on o r b i t .  

An automated deployment scheme i s  shown i n  F i g u r e  6 and 7. I n  t h i s  
approach, an i n t e l l  i g e n t  r o b o t i c  deployer  expands each t r u s s  module and 
a t taches  i t  t o  i t s  neighbors as needed. The modules a r e  hinged together  so 
t h a t  t h e  number of attachments i s  minimized and t h e  hinges h e l p  t o  guide t h e  
automated const ruct ion.  

A very  s imple deployable concept i s  shown i n  F i g u r e  8. T h i s  approach i s  a 
descendant of the  Ex tend ib le  Support S t r u c t u r e  which was f l i g h t - p r o v e n  on t h e  
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S y n t h e t i c  Aper ture Radar on t h e  SEASAT spacecraft.  
when packaged so t h a t  deep d ishes can be stowed e f f i c i e n t l y .  

Note t h a t  t h e  panels  nest  

F igures 9, 10 and 11 show an assembly-intensive approach where l a r g e  panel 
modules w i t h  pre-at tached stowed support- t russ segments a r e  c a r r i e d  t o  o r b i t  
i n  t h e  A f t e r  Cargo C a r r i e r .  Each module i s  removed f rom t h e  ACC, deployed and 
assembled. C o l l e c t o r  areas o f  300 square meters a r e  p o s s i b l e  w i t h  t h i s  
approach. 

Masses - The mass o f  t h e  support  s t r u c t u r e  can vary  f rom zero w i t h  t h e  
s e l f - s t i f f e n e d  panels t o  as much as t h e  panel mass. For  f i l m  r e f l e c t o r s ,  the  
support  s t r u c t u r e  mass i s  equal t o  t h a t  o f  t h e  r e f l e c t o r  i f  a f r o n t a l  membrane 
i s  used and w i l l  be many t imes g r e a t e r  (perhaps t e n  kg/m2) i f  e l e c t r o s t a t i c  
pressure i s  used. 

Mounting S r u c t u r e  

The c o l l e c t o r  must be p o s i t i o n e d  and o r i e n t e d  a c c u r a t e l y  w i t h  respect  t o  
t h e  r e c e i v e r  which gathers t h e  concentrated s o l a r  power. Furthermore, the  
combinat ion must be p o i n t e d  a t  t h e  sun t o  an accuracy o f  a couple o f  
m i l l i r a d i a n s .  And t h e  needed s t r u c t u r e  must n o t  b l o c k  t o o  much s o l a r  energy. 

For t h e  i n f l a t a b l e  c o l l e c t o r ,  i t  i s  tempt ing t o  connect t h e  f r o n t a l  mem- 
brane t o  t h e  rece iver .  Th is  can lead t o  grea't  d i f f i c u l t y  w i t h  hand l ing  the  
heat  which i s  re-emi t ted f r o m  t h e  receiver  cav i ty .  Furthermore, such a con- 
f i g u r a t i o n  would r e q u l r e  cont inuous pressur iza t ion .  Hence, t h e  usual  concepts 
p r o v i d e  s t r u t s ,  perhaps i n f l a t e d ,  connecting t h e  r e c e i v e r  t o  t h e  r i m .  Hard 
p o i n t s  f o r  connect ions and means t o  d i s t r i b u t e  t h e  p o i n t  loads i n t o  t h e  c o l -  
l e c t o r  must be provided. 

The se l f -suppor ted  panel concepts a lso  are  s u b j e c t  t o  t h e  d i f f i c u l t y  o f  
p r o v i d i n g  hard p o i n t s  f o r  attachment. On the  o t h e r  hand, at tachment t o  t h e  
t r u s s  suppor t  s t r u c t u r e  i s  s t ra igh t fo rward .  Note, however, t h a t  space-use 
t russes  a r e  g e n e r a l l y  b u i l t  of s lender members so t h a t  care must be taken t o  
ensure t h a t  t h e  attachments cause no l o c a l  moments t o  be a p p l i e d  t o  the  
j o i n t s .  
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The attachment - s t r u t s  can be long, hinged members (see F igu re  7 ,  f o r  
example) o r  deployable o r  e rec tab le  beams. The choice i s  u s u a l l y  d i c t a t e d  by 
t h e  t e x t u r e  o f  t he  c o l l e c t o r ,  t he  type  of spacecra f t  i n t e r f a c e ,  and t h e  stow- 
age space ava i lab le .  The des igner  should avo id  p l a c i n g  the  s t r u t s  c l o s e  t o  
the  mouth o f  t he  r e c e i v e r  l e s t  t he  heat  damage t h e  s t ruc tu re .  

Selected Approach 

The approach se lec ted  f o r  f u r t h e r  s tudy  h e r e i n  i s  t h e  t russ-suppor ted 
panel concept. The main reason i s  i t s  p o t e n t i a l  f o r  c o n s t r u c t i n g  l a r g e  c o l -  
l e c t o r s  w i t h  h i g h  concent ra t ion  r a t i o s .  Secondly, t he  Space S t a t i o n  i s  
assumed t o  be a b l e  t o  p rov ide  o n - o r b i t  assembly i n  a r o u t i n e  fashion. 

The cost-saving p o t e n t i a l  f o r  the  t russ-suppor ted approach has been 
po in ted  out. I n  a d d i t i o n ,  t he  s t r u c t u r a l  i n t e g r i t y  does n o t  depend on the  
panels themselves. Th is  n o t  o n l y  a l lows more l a t i t u d e  i n  panel des ign b u t  
a l s o  s i m p l i f i e s  the  task  o f  rep lac ing  panels  on o r b i t .  The h ighe r  n a t u r a l  
v i b r a t i o n  f requencies enabled by the  deep t r u s s  a l s o  s i m p l i f y  ope ra t i ona l  
procedures. 

I n  the  pas t  severa l  years,  a g r e a t  amount o f  e f f o r t  has been devoted t o  
the  l a r g e  i n f r a r e d  te lescope which has an aper tu re  o f  20 meters. One o f  the  
a t t r a c t i v e  c o n f i g u r a t i o n s  I s  descr ibed i n  Reference 12 and i s  shown i n  F igu re  
12. The panels ( i n  t h i s  case, weighing around t e n  kg/m2) a r e  mounted on a 
newly- invented synchronously-deployable t r u s s  s t r u c t u r e  c a l l e d  Pactruss. The 
deployment k inemat ics  shown i n  F igure  13 have t h e  p r o p e r t y  t h a t  t h e  bays o f  
the  t r u s s  a r e  very  s t r o n g l y  coupled together .  Thus, r e l i a b l e  synchronous 
deployment can be achieved w i t h  o n l y  a few ac tua tors .  A photograph o f  an 
e a r l y  working model i s  shown i n  F igu re  14. 

The Pactruss deployable s t r u c t u r e  can a l s o  be con f igu red  i n  a square 
pa t te rn .  Such an example, i n  which the  r e f l e c t i n g  sur face  i s  o f fse t ,  i s  shown 
i n  F igu re  15. Reference 11 conta ins  more d e t a i l  on t h e  square-ce l l  geometry. 
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e r  

SECTION 3 
EFFECTS OF GEOMETRIC ERRORS ON CONCENTRATOR EFFICIENCY 

C o l l e c t o r s  of l a r g e  e f f e c t i v e  concentrat ion r a t i o  a r e  s e n s i t i v e  t o  smal l  
Drs i n  t h e  shape o f  t h e  r e f l e c t i n g  surface and t o  smal l  e r r o r s  i n  p o i n t i n g  

the  a x i s  o f  t h e  concent ra to r  a t  t he  sun. The f i n i t e  s i z e  o f  t h e  sun's image 
a l s o  c o n t r i b u t e s  t o  a reduc t i on  i n  t h e  e f f e c t i v e  concen t ra t i on  r a t i o .  E r r o r s  
of a d i f f e r e n t  s o r t  a r i s e  when t h e  r e f l e c t i n g  sur face  c o n s i s t s  o f  a mosaic o f  
smal l  independent spher i ca l  panels mounted on a comnon suppor t ing  t r u s s  
s t ruc tu re .  The e f f e c t s  o f  such e r r o r s  on the  e f f e c t i v e  concen t ra t i on  r a t i o  o f  
t he  concent ra to r  a r e  repor ted  i n  t h i s  sect ion.  Note t h a t  t h e  sur face  i s  
assumed l o c a l l y  t o  be a p e r f e c t  specular r e f l e c t o r  i n  t h i s  sect ion.  

E f f e c t s  o f  Random Slope E r r o r s  
on the  E f f e c t i v e  Concentrat ion R a t i o  

o f  a Continous-Paraboloidal R e f l e c t o r  

The e f f e c t  o f  geometr ic imper fect ions i n  t h e  r e f l e c t o r  sur face  on concen- 

t r a t o r  e f f i c i e n c y  i s  a t o p i c  which has been s tud ied  by many i n v e s t i g a t o r s  
(see, f o r  example, Reference 13). The o b j e c t i v e  o f  t h e  s tudy presented he re in  
i s  t o  focus  on t h e  e f f e c t s  o f  those imper fec t ions  which a r e  o f  p a r t i c u l a r  
importance i n  the  s t r u c t u r a l  des ign o f  p r e c i s i o n  r e f l e c t o r  sur faces  and sup- 
p o r t i n g  s t ruc tu res .  

Consider f i r s t  a pe r fec t  parabolo ida l  r e f l e c t o r  w i t h  a x i z  z, as shown i n  
F igu re  16. The r e f l e c t i n g  sur face  i s  descr ibed by the  equat ion  

r2 

4F 
z = -  

where r i s  t h e  d i s tance  from t h e  z-ax is  t o  a p o i n t  on t h e  sur face,  and F i s  
t he  f o c a l  leng th ,  o r  d is tance from the o r i g i n  0 t o  t h e  center  o f  t he  
r e c e i v e r  R. For  purposes of ana lys i s ,  the r e c e i v e r  i s  assumed t o  be a c i r c u -  
l a r  d i s k  o f  d iameter  d and o r i e n t e d  orthogonal t o  t h e  z -ax is  as shown i n  the  

11 



f i g u r e .  The d iameter  o f  t h e  f r o n t a l  p r o j e c t i o n  o f  t he  pa rabo lo ida l  r e f l e c t o r  
i s  D. 

For  a r e f l e c t i n g  sur face  de f i ned  I n  th i s 'way ,  any i n c i d e n t  r a y  p a r a l l e l  t o  
t h e  z -ax is  and i n t e r s e c t i n g  t h e  r e f l e c t i n g  sur face  a t  a p o i n t  q w i l l  r e f l e c t  
i n t o  a ray  which i n t e r s e c t s  t h e  r e c e i v e r  a t  p o i n t  R. However, t he  rays f rom 
t h e  sun i n c i d e n t  a t  q a r e  n o t  a l l  p a r a l l e l  t o  the  z -ax is  s ince  t h e  sun 's  image 

i s  a d i s k  i n  t h e  sky subtending an angle 2cs. A t  a d i s tance  of approx imate ly  
one astronomical  u n i t ,  t h e  sun h a l f - a n g l e  eS i s  

'S = 4.5 m i l l i r a d i a n s  (2 )  

Thus, as r e f l e c t e d  a t  a p o i n t  q, t he  rays  f rom the  sun f i l l  a r i g h t  c i r c u l a r  
cone w i t h  apex angle 2eS and a x i s  qR. 

I n  order t o  capture a l l  o f  the  sun 's  rays r e f l e c t e d  a t  q, t he  r e c e i v e r  
d iameter  d must be se lec ted  t o  be s u f f i c i e n t l y  large. However, d should n o t  
be chosen any l a r g e r  than necessary t o  capture a l l  t h e  sun 's  rays emanating 
f r o m  every p o i n t  q on the  r e f l e c t o r  o f  d iameter  D. To do so would reduce the  
geometr ic concentrat ion r a t i o ,  de f i ned  as C where 

F r o n t a l  Area o f  R e f l e c t o r  

Area o f  Receiver 
(3)  

and would a l l ow  needless power losses i n  r a d i a t i o n  f rom t h e  h o t  rece iver .  The 
task  o f  se lec t i ng  the  proper  d for a g i ven  D ( o r  v i c e  versa) r e q u i r e s  consid- 
e r a t i o n  o f  the geometry o f  t h e  i n t e r s e c t i o n  o f  t h e  cone o f  r e f l e c t e d  rays  and 
the  rece ive r  d isk.  For t h i s  purpose, cons ider  a p lana r  coord ina te  system cen- 
t e r e d  a t  R and con ta in ing  t h e  r e c e i v e r  d i s k ,  as shown i n  F i g u r e  17. I n  t h i s  
coord ina te  system, the  r e c e i v e r  i s  a c i r c l e  o f  d iameter  d centered a t  t he  
o r i g i n .  

The image o f  sun 's  rays on the  r e c e i v e r  p lane i s  an e l l i p s e .  L e t  p repre-  
sent  t h e  d is tance f r o m  R t o  q. Then t h e  major  and minor  axes o f  t h e  e l l i p s e  
a r e  2pcs/cos 9 and 2pes, respec t i ve l y ,  where 8 i s  t h e  ang le  between R q  and RO,  

as shown i n  F igu re  16. L e t  the  u and v axes be def ined as p a r a l l e l  t o  the  
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minor  and major  axes o f  t he  e l l i p s e ,  respec t ive ly ,  as shown i n  F igu re  17. For 
a r e f l e c t o r  sur face  w i t h o u t  geometr ica l  imper fect ions,  t he  e l l i p s e  i s  centered 
a t  R. However, i n  the  presence o f  small e r r o r s  i n  the  s lope o f  t he  r e f l e c t o r  
sur face  a t  q, t h e  e l l i p s e  i s  n o t  concentr ic  w i t h  the  r e c e i v e r  d isk .  I n  t h a t  
case, t he  center  o f  t he  e l l i p s e  i s  t rans la ted  a d i s tance  u o  and v,, where 

uo = 2pau cos 9 (4 )  

v o  = 2pav/cos 9 (5) 

where au and aV a r e  the  slope e r r o r s  a t  q i n  the  u and v d i r e c t i o n s ,  
respec t i ve l y .  

I f  t h e  sun 's  image l i e s  e n t i r e l y  w i t h i n  t h e  r e c e i v e r  d i sk ,  then a l l  o f  the  
i n c i d e n t  energy a t  q i s  d e l i v e r e d  t o  the rece iver .  However, i n  the  more gen- 
e r a l  case, a p o r t i o n  o f  the  sun's image l i e s  ou ts ide  the  r e c e i v e r  d i s k  as 
shown i n  F igu re  17, and o n l y  a f r a c t i o n  o f  t he  i n c i d e n t  energy a t  q i s  d e l i v -  
ered t o  the  rece iver .  I f  the  sun's image on the  p lane o f  t he  r e c e i v e r  i s  
assumed t o  have un i fo rm dens i ty ,  t h i s  f r a c t i o n  i s  t h e  r a t i o  o f  t h e  area o f  
i n t e r s e c t i o n  o f  the  e l l i p s e  and c i r c l e  i n  F igu re  17, t o  the  area o f  the  
e l l i p s e ,  and may be c a l l e d  the  l o c a l  ' 'capture r a t i o "  y a t  q. The s p a t i a l  
average 7 of t h e  l o c a l  capture r a t i o  o v e r  t he  p r o j e c t e d  f r o n t a l  area o f  the  
r e f l e c t o r  then may be used t o  d e f i n e  t h e  " e f f e c t i v e  concen t ra t i on  r a t i o "  

' e f f  i n  terms o f  C as f o l l o w s  

- 
= y c  ' e f f  

Note t h a t  C e f f  can be considered t o  be t h e  number o f  "suns" concentrated a t  
t h e  rece ive r .  I t  i s  g e n e r a l l y  smal le r  than the  geometr ic concen t ra t i on  r a t i o  
C d e f i n e d  i n  equat ion  (3).  I t  i s  C e f f  which i s  o f  p r imary  importance i n  s o l a r  
energy c o l l e c t i o n .  

To i n v e s t i g a t e  the  e f fec ts  on C e f f  o f  random e r r o r s  i n  the  s lope o f  the 
r e f l e c t o r  sur face,  cons ider  the specia l  case when au and av a r e  independent 
Gaussian random v a r i a b l e s  w i t h  zero mean and i d e n t i c a l  standard d e v i a t i o n  6,. 

I n  t h i s  case y i s  a l s o  a random var iab le ,  and so i s  C e f f ,  a l though C i s  
d e t e r m i n i s t i c .  The expected value E [ C e f f ]  o f  C e f f  i s  then determined by  
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I n  o rde r  t o  determine the  expected value, i t  I s  necessary f i r s t  t o  c a l c u l a t e  Y 

as a func t i on  o f  au, av, 8 ,  F/D, and C. Numerical eva lua t i on  o f  y by s imple 
s t r i p - t h e o r y  quadrature was used t o  develop the  r e s u l t s  presented herein.  
Averaging y over  the  r e f l e c t o r ,  again by numerical  quadrature,  y i e l d s  y. 

For the s i t u a t i o n  j u s t  descr ibed,  numerical  r e s u l t s  f o r  E[y] were obta ined 
by an a d d i t i o n a l  numerical quadrature o f  t he  equat ion 

w m  

To f a c i l i t a t e  the  quadrature,  t he  domain o f  i n t e g r a t i o n  i n  equat ion (8) was 
mapped t o  the s t r i p  p > 0, 0 < I$ < n/2 by u t i l i z i n g  symnetry and w i t h  the  sub- 
s t i t u t i o n  

= l@i- cos I#) 

= l@i- s i n  I$ “V 

Note t h a t  the domain becomes f i n i t e  s ince  i s  zero f o r  l a r g e  enough values o f  
p. Resul ts  a r e  shown i n  F igures  18 through 22 as p l o t s  of C versus E[Ceff ]  
f o r  d i f f e r e n t  rms slope e r r o r s  aa, each f i g u r e  corresponding t o  a d i f f e r e n t  
va lue  o f  F/D. 

The e f f e c t s  of l a r g e  aa a r e  t y p i f i e d  by the  curves i n  F igu re  18. For 
example, when aa = 10 m i l l i r a d i a n s ,  the  r e s u l t s  show t h a t  f o r  F/D = 0.3, i t  i s  
n o t  poss ib le  t o  ob ta in  a mean e f f e c t i v e  concen t ra t i on  r a t i o  l a r g e r  than about 
1700, no mat ter  how l a r g e  a geometr ic concen t ra t i on  r a t i o  C i s  chosen. 
Furthermore, t h e  same f i g u r e  shows t h a t  an E[Cef f ]  o f  2,000, f o r  instance,  
requ i res  a C o f  about 3,000 when aa i s  5 m i l l i r a d i a n s  b u t  o n l y  a C o f  about 
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2,250 when u, i s  3 m i l l i r a d i a n s .  For  the range o f  E[Ceff ]  shown i n  the  

f i gu re ,  t h e  curves f o r  a, = 0 and ucI = 1 m i l l i r a d i a n  a r e  i n d i s t i n g u i s h a b l e .  
For E[Cef f ]  up t o  2,000, t he  values o f  geometr ic concen t ra t i on  r a t i o  a r e  
e s s e n t i a l l y  equal t o  E[Ceff]. S i m i l a r  basic t rends  f o r  o t h e r  va lues o f  F / D  

ranging f rom 0.4 t o  0.7 a re  shown i n  Figures 19 through 22. 

From the  des ign v iewpoint ,  i t  i s  most o f t e n  the  case t h a t  a predetermined 
va lue  o f  C e f f  i s  requi red.  Then the  design i s  s p e c i f i e d  i n  an o v e r a l l  geomet- 
r i c  sense by s e l e c t i n g  the  shape F/D and geometr ic concen t ra t i on  r a t i o  C. I t  
i s  t h e r e f o r e  use fu l  t o  consider  the  r e s u l t s  i n  the  form o f  C versus F/D f o r  
var ious  l e v e l s  o f  sur face  e r r o r  a,, as shown i n  F igures  23 through 25. Each 
f i g u r e  corresponds t o  a d i f f e r e n t  l e v e l  o f  E[Ceff] .  These f i g u r e s  aga in  show 
t h a t  a smal le r  C i s  requ i red  f o r  smal ler  a, than f o r  l a r g e r  a,. However, t he  
f i g u r e s  a l s o  show the  s e n s i t i v i t y  o f  t he  requ i red  C t o  F/D. F o r  example, when 
E[Ceff]  i s  requ i red  t o  be 2,000, F igure  25 shows t h a t  an opt imal  choice o f  F/D 

a t  an F/D d i s p l a y s  a minimum C ex i s t s .  When a, i s  5 m i l l i r a d i a n s ,  t he  curve 
o f  about 0.45. F o r  values o f  F / D  substant ia  
value, a s i g n i f i c a n t  increase i n  C resu l ts .  
rms sur face  e r r o r ,  the optimum value o f  F/D 

l y  d i f f e r e n t . f r o m  t h  s opt imal  
However, f o r  smal le r  va lues o f  
increases, a l though he curves 

show very  l i t t l e  s e n s i t i v i t y  t o  reasonably l a r g e  d e v i a t i o n s  f rom the  opt imal  
F/D. 

For d e s i r e d  mean e f f e c t i v e  
s lope e r r o r  can be th ree  m i l l  
0.5. 

concentrat ion r a t i o s  up t o  2,000, t he  sur face  
rad ians w i thou t  no t i ceab le  pena l t y  f o r  F/D E 

E f f e c t s  o f  Locat ion,  Or ien ta t i on  and S ize  o f  Nominal ly  
Square Spher ica l  Panels on the E f f e c t i v e  Concent ra t ion  R a t i o  

The a p p l i c a t i o n  o f  l a r g e  s o l a r  concentrators  i n  space presents  some d i f f i -  
cu l  t i e s  i n  t ranspor ta t i on .  One p r a c t i c a l  approach t o  overcoming such d i f f i -  

c u l t i e s  i s  t o  e r e c t  t h e  concent ra to r  i n  space as a mosaic o f  panels  a t tached 
t o  a suppor t ing  t r u s s  s t ruc tu re .  For such a panel design, obvious s i m p l i f i c a -  
t i o n s  a r e  gained by making the  panels i d e n t i c a l  i n  shape, thus d e v i a t i n g  f r o m  
the  d e s i r e d  parabo lo ida l  surface. Near the  center  o f  a parabo lo id ,  a very  
c lose  approx imat ion t o  the  sur face i s  provided by a sphere o f  rad ius  2F, where 
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F i s  t h e  foca l  l e n g t h  o f  t h e  parabolo id .  However, a t  p o i n t s  f a r  f rom the  
center ,  such spher ica l  panels may no t  match the  pa rabo lo ida l  sur face  very  
w e l l .  I n  order t o  min imize the  degradat ion i n  e f f e c t i v e  concen t ra t i on  r a t i o  
caused by the use o f  spher ica l  panels,  var ious  s t r a t e g i e s  f o r  t he  l o c a t i o n  and 
o r i e n t a t i o n  of the  panels  may be considered. 

I n  order t o  e f f e c t i v e l y  assembly a mosaic o f  panels  w i t h o u t  e i t h e r  exces- 
s i v e  over lap o r  l a r g e  holes,  cons ider  each panel t o  have a p l a n  form which i s  
a square o f  s i de  l eng th  "a," as shown i n  F igure  26. Furthermore, l e t  t he  
rad ius  of curvature o f  the panel be 2F. 

Consider an x, y, z coord ina te  system w i t h  the  z -ax is  corresponding t o  the  
r e f l e c t o r  ax is ,  and w i t h  o r i g i n  0 a t  t he  center  o f  t h e  r e f l e c t o r  sur face,  as 
shown i n  Figure 27. The center  o f  the  r e c e i v e r  R i s  l o c a t e d  a d is tance F 
a long t h e  z-axis. 

L e t  the panel be o r i e n t e d  so  t h a t  f o r  smal l  angles o f  t i lt, i t s  p r o j e c t i o n  
onto the  x, y p lane has s ides which a re  always p a r a l l e l  t o  the  x, y coord ina te  
d i r e c t i o n s ,  as shown i n  the  f i gu re .  Furthermore, l e t  t he  panel cen ter  be 
l oca ted  a t  c, and l e t  the  p r o j e c t i o n  o f  c onto the  x, y p lane be c ' .  Then the  

p o i n t s  0, R, c and c '  l i e  i n  a p lane con ta in ing  mer id ional .  l i n e s  of the  
r e f l e c t i n g  surface, and l a b e l  l e d  "meridional p lane"  i n  t h e  f i g u r e .  The 
mer id iona l  p lane makes an angle $ w i t h  the  x-axis.  L e t  t h e  ang le  between cR 
and t h e  z-axis be Bc, as shown i n  the  f i gu re .  

Consider a p o i n t  p on the  panel sur face and a l s o  on the  mer id iona l  plane. 
The l o c a t i o n  o f  p i s  determined such t h a t  an i n c i d e n t  r a y  a t  p which i s  p a r a l -  
l e l  t o  t he  z-ax is  r e f l e c t s  i n t o  a ray  which i n t e r s e c t s  t h e  r e c e i v e r  a t  i t s  
center ,  R. The d is tance from R t o  p i s  p and the  ang le  between the  ray  pR 
and the  z-axis i s  8 as shown. I n  t h i s  case, t he  l o c a l  normal t o  the  panel 
sur face  a t  p makes an angle 8 / 2  w i t h  the  z-axis.  

P '  

P '  
P 

For given va lues o f  p 8 and +, the center  s o f  t he  genera t ing  sphere 
P '  P 

f r o m  which the panel sur face i s  der i ved  may be l oca ted  f r o m  the  equat ions 
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(3 
(3 

where xs, 
m e r  i d i onal 

s i n  8 - 2 s i n  cos q 
= [(?I p 

= [(?I 
= [ I -  (?) cos e P + 2 cos ($)I 

s i n  e - 2 s i n  s i n  q 

y,, and zs a r e  the  coordinates o f  s. 
plane. The coord inates x 

Note t h a t  s l i e s  i n  the  
and z o f  a gener ic  p o i n t  q on the  

l 
I 

9’ yq’ 9 
spher i ca l  sur face  a r e  then governed by t h e  equat ion 

For a g i ven  r e c e i v e r  diameter d, t h e  l o c a t i o n  o f  t he  panel cen ter  c i s  
determined i n  t h e  f o l l o w i n g  manner. F i r s t ,  cons ider  tempora r i l y  l o c a t i n g  the  
panel so t h a t  i t s  cen ter  c co inc ides  w i t h  p. Whi le i n  t h i s  p o s i t i o n ,  the  
panel s i z e  a i s  increased u n t i l  the r e f l e c t e d  rays f r o m  the  wors t  case loca-  
t i o n  on t h e  panel (always a panel corner) con ta in  s u f f i c i e n t  e r r o r  i n  d i r e c -  
t i o n  t h a t  they  f i r s t  i n t e r s e c t  t he  perimeter o f  t he  r e c e i v e r  d isk .  C l e a r l y ,  
t he  r e f l e c t e d  rays  f r o m  any smal ler  panel would a l l  l i e  e n t i r e l y  w i t h i n  the  
r e c e i v e r  d i s k ,  b u t  f o r  a l a r g e r  panel, a f r a c t i o n  o f  t he  r e f l e c t e d  rays would 
miss the  r e c e i v e r  a l t oge the r .  The value o f  t h i s  maximum panel s i z e  i s  noted. 

Next, t h e  e n t i r e  panel i s  r i g i d l y  ro ta ted  about the  center  s o f  t h e  gener- 

a t i n g  sphere an incremental  amount around an a x i s  or thogonal  t o  t he  mer id iona l  
plane. Dur ing t h i s  mot ion,  the  panel sides remain p a r a l l e l  t o  the  coord ina te  

axes, b u t  t he  cen te r  c i s  t r a n s l a t e d  along a mer id iona l  l i n e  away f rom p, as 
shown i n  the f i g u r e .  In  t h i s  new pos i t i on ,  a new maximum panel s i z e  i s  de te r -  
mined by t h e  procedure j u s t  descr ibed, and note i s  taken o f  the  value. Then, 

the  panel i s  s i m i l a r l y  r o t a t e d  through an a d d i t i o n a l  incremental  amount, and 
the  process i s  repeated. The f i n a l  l oca t i on  o f  t he  panel cen ter  i s  chosen as 
t h a t  l o c a t i o n  which permi ts  the maximum poss ib le  panel s i z e  am t o  be used. 
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I t  i s  necessary.at  t h i s  p o i n t  t o  d iscuss the  na tu re  of  t h e  e r r o r s  i nc luded  

i n  t h e  ana lys i s  o f  t h e  r e f l e c t e d  rays. F i r s t ,  t he  e f f e c t s  o f  t h e  f i n i t e  s i z e  
o f  t h e  sun's image i n  the  sky, as measured by E ~ ,  a r e  i nc luded  i n  a manner 
s i m i l a r  t o  t h a t  d iscussed i n  the  p rev ious  sect ion.  I n  a d d i t i o n ,  a wors t  case 
mean p o i n t i n g  e r r o r  i n  the  al ignment o f  t he  z -ax i s  w i t h  t h e  cen te r  o f  t h e  sun 
i s  assumed. Th is  angular  p o i n t i n g  misal ignment i s  E i n  magnitude, and 
assumed f o r  t h e  i l l u s t r a t i o n s  presented l a t e r  t o  be 

P 

E = 0.15' = 2.62 m i l l i r a d i a n s  (13) P 

When ana lyz ing  t h e  e f f e c t s  of e S  and E on the  r e f l e c t e d  rays  a t  any p o i n t  q 
P 

on t h e  surface, t h e  l o c a l  wors t  case f o r  t h e  d i r e c t i o n  o f  t he  p o i n t i n g  e r r o r  
i s  assumed. I n  a d d i t i o n  t o  t h e  e r r o r s  j u s t  descr ibed, geometr ic e r r o r s  a r e  
n a t u r a l l y  in t roduced f rom the  f a c t  t h a t  t h e  spher i ca l  r e f l e c t i n g  su r face  dev i -  
a t e s  f rom the des i red  pa rabo lo ida l  surface. However, t h e  spher i ca l  su r face  i s  
assumed t o  con ta in  no random imper fec t i ons  i n  t h i s  case. 

The three remaining parameters which a f f e c t  t he  maximum a1 1 owabl e panel 
s i z e s  a r e  $, 9, and p For panels l oca ted  on a nomina l l y  square g r i d  a l i g n e d  
a long t h e  x, y coord inate d i r e c t i o n s ,  t h e  panels w i l l  be l oca ted  a t  va r ious  
values o f  $. The e f f e c t s  o f  \I, on the  maximum a l l o w a b l e  panel s i z e  w i l l  be 
presented l a t e r  i n  the  r e s u l t s .  

P *  

For panels near the  r e f l e c t o r  ax i s ,  8 (and hence a1 so 9,) w i l l  be small ,  
b u t  f o r  panels near t h e  o u t e r  r i m ,  9 w i l l  be maximized f o r  a g i ven  r e f l e c t o r .  
For  spher ica l  panels considered here, e r r o r s  b u i l d  up r a p i d l y  as 9 i s  
increased, and i t  i s  t he  panels near the  r i m  o f  t h e  r e f l e c t o r  which govern t h e  
maximum panel s i z e  which may be used throughout. Consequently, o n l y  panels 
l o c a t e d  near t h e  r i m  a r e  considered i n  t h e  r e s u l t s  presented l a t e r .  

P 

P 
P 

The d is tance p from the  r e c e i v e r  cen te r  R t o  t h e  p o i n t  p on t h e  panel 
su r face  has a major  e f f e c t  on t h e  maximum a l l owab le  panel s ize.  I n  general ,  
one would expect t he  op t ima l  cho ice  o f  p f o r  a g i ven  8 would be t h a t  va lue  
which r e s u l t s  i n  a bes t  f i t  o f  t he  spher i ca l  panel su r face  t o  t h e  l o c a l  sur-  
f ace  o f  t h e  pa rabo lo id  a t  9 However, s e l e c t i o n  o f  t h i s  b e s t  f i t  l o c a t i o n  i s  
compl icated by the  f a c t  t h a t  t h e  spher i ca l  panel has a r a d i u s  o f  cu rva tu re  o f  

P 

P P 

P *  
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t 

2F which i s  t he  same i n  a l l  d i r e c t i o n s ,  whereas the  pa rabo lo ida l  sur face  has 
d i f f e r e n t  r a d i i  o f  curva ture  i n  the  mer id ional  and c i r c u m f e r e n t i a l  d i r e c t i o n s .  

Three d i f f e r e n t  approaches f o r  se lec t i ng  9 were i n v e s t i g a t e d  and a r e  
repor ted  i n  the  resu l t s .  For a g iven 9 these a r e  (1) s e l e c t i n g  p such t h a t  
t he  rad ius  o f  curva ture  o f  t he  spher ica l  panel matches t h e  l o c a l  mer id iona l  
rad ius  of curva ture  on a parabolo id ,  ( 2 )  se lec t i ng  P such t h a t  t h e  panel rad ius  

P 
o f  cu rva tu re  matches t h e  l o c a l  c i r cumfe ren t ia l  rad ius  o f  cu rva tu re  on a 
parabo lo id ,  and (3)  s e l e c t i n g  p as the  geometric mean o f  t he  d is tances  deter- .  
mined i n  (1) and (2) above. These three approaches r e s u l t  i n  the  f o l l o w i n g  
s e l e c t i o n s  f o r  p l a b e l l e d  t o  correspond w i t h  the  cases o u t l i n e d  above 

P 
P '  P 

P 

P '  

(? )  = cos (>) . . . . "Meridional  Curvature"  
1 

1 . . . . 'Ti rcurnferent ia l  Curvatureb1 

. . . . "Geometric Mean Curvaturel l  

(14)  

P. 
Resu l ts  a r e  presented f o r  each o f  these three approaches f o r  de termin ing  p 

Shown i n  F igure  28 a r e  r e s u l t s  for the  dependence o f  t he  dimensionless 
maximum panel s i z e  (am/F) as a func t i on  o f  the angular  l o c a t i o n  9, o f  the  cen- 
t e r  o f  a panel. D i f f e r e n t  curves a re  shown f o r  d i f f e r e n t  va lues o f  q. A l l  

= 2,000 and ( p  /F) = 1. curves i n  the  f i g u r e  a r e  f o r  the  case where C e f f  

Comparing t h e  curves i n  t h e  f i gu re ,  each d i s p l a y s  a l o c a l  peak o f  (am/F) a t  an 
i n te rmed ia te  va lue of €Ic. For very  small 9 (corresponding ' t o  a h igh  va lue o f  
e f f e c t i v e  F/D), t he  va lue  of (am/F) i n  a l l  cases i s  very  smal l  because o f  t he  

* e f f e c t s  o f  f i n i t e  sun s i z e  cS. For  la rge  9, (corresponding t o  smal l  e f f e c t i v e  
F/D), t h e  va lue  o f  (am/F) i n  a l l  cases i s  again smal l ,  t h i s  t ime because the  
spher i ca l  shape o f  t he  panel d i f f e r s  cons iderab ly  f rom t h e  shape o f  a 
pa rabo lo id  surface. 

P 
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I t  i s  f u r t h e r  noted i n  F igure  28 t h a t  t he  case where $ = 0 degrees (panel 
s ides  p a r a l l e l  t o  the  coord ina te  axes x and y )  i s  somewhat o f  a bes t  case i n  
t h a t  s i g n i f i c a n t l y  l a r g e r  panels  may be used than f o r  o the r  va lues o f  $. I n  
many cases (a l though n o t  i n  the  case shown i n  the  f i g u r e ) ,  the  wors t  case 
occurs f o r  $ = 45 degrees. Th is  worst  case there fore  governs the  s i z e  o f  pan- 
e l s  i n  a p r a c t i c a l  design, and remaining r e s u l t s  a r e  presented f o r  = 45 
degrees. 

The e f f e c t s  o f  p i v o t i n g  the  panel about the  center  s o f  the  generat ing 
sphere so t h a t  c and p a r e  co inc iden t  a r e  shown i n  F igu re  29. Shown i n  the  
f i g u r e s  are curves f o r  (am/F) versus Bc f o r  the  case where (p /F) = 1 and 

P 
= 2,000. The s o l i d  l i n e  corresponds t o  r e s u l t s  ob ta ined by the  p i v o t i n g  ‘e f f  

maneuver p rev ious l y  descr ibed, w h i l e  the  dashed l i n e  i n d i c a t e s  s i m i l a r  r e s u l t s  
obta ined w i thout  p i v o t i n g  so t h a t  p and c a r e  always co inc ident .  I t  i s  noted 
t h a t  the  p i v o t i n g  maneuver r e s u l t s  i n  a s i g n i f i c a n t  inc rease i n  the  maximum 
a l l owab le  panel s i z e  (am/F). 

, Presented i n  F igures 30 and 31 a re  r e s u l t s  which show the  e f f e c t s  o f  the  

th ree  d i f f e r e n t  s t r a t e g i e s  f o r  l o c a t i n g  the panel center .  Note t h a t  i n  bo th  
f i g u r e s  (corresponding t o  C e f f  = 1,000 and 2,000, r e s p e c t i v e l y ,  w i th  a worst  
case $ = 45 degrees), the  bes t  choice i s  s imply  p = F, which corresponds t o  
l o c a t i n g  the panel centers  on a sphere centered a t  t he  r e c e i v e r  center  R. The 

ponds t o  l o c a t i n g  the  panel centers  so t h a t  t he  panel rad ius  o f  curva ture  2F 
matches the c i r c u m f e r e n t i a l  rad ius  o f  curva ture  o f  t he  l o c a l  parabo lo ida l  
surface. Note f u r t h e r  t h a t  i n  each f i g u r e  the re  e x i s t s  a l o c a l  peak f o r  t he  
curve (a,/F) versus 8, corresponding t o  the bes t  choice p Hence, the re  
e x i s t s  an opt imal e f f e c t i v e  F / D  f o r  each case. I n  t h e  case where C e f f  = 1,000 
shown i n  Figure 30, t he  peak occurs a t  Bc E 1. I n  the  case where C e f f  = 2,000 
shown i n  Figure 31, the  peak occurs a t  Bc E 34 degrees, corresponding t o  
F / D  z 0.89. 

P 

I wors t  case i n  bo th  f i g u r e s  i s  t he  choice (p /F) = l / c o s  (0  /2 ) ,  which cor res-  
P P 

= F. 
P 

The foregoing r e s u l t s  neg lec t  t he  e f f e c t s  o f  sur face  Slope e r r o r s  i n  addi -  
t i o n  t o  the p o i n t i n g  e r r o r  o f  0.15 degrees. Inasmuch as t h e  a n a l y s i s  i s  based 
on the  requirement t h a t  t he  e n t i r e  r e f l e c t e d  beam f r o m  a l l  p a r t s  o f  the  
r e f l e c t o r  i s  captured by t h e  rece ive r ,  i t  i s  probable t h a t  t h e  losses due t o  
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one t o  th ree  m i l l i r a d i a n s  o f  s lope e r r o r  would be smal l .  The combined analy-  
s i s  i s  re lega ted  t o  the  fu tu re .  

Sumnary o f  F i  nd i  ngs 

Based on t h e  analyses presented i n  t h i s  sec t ion ,  t he  conc lus ion  i s  t h a t ,  
f o r  cont inuous pa rabo lo ida l  r e f l e c t o r s  w i th  mean e f f e c t i v e  concent ra t ion  r a t i o  
up t o  2,000, an rms sur face  slope e r r o r  as l a r g e  as t h r e e  m i l l i r a d i a n s  may be 
t o l e r a t e d  w i t h o u t  s i g n i f i c a n t  l o s s  i n  concentrator  e f f i c i e n c y .  Furthermore, 
t he  opt imal  va lue  o f  F /d  i n  t h i s  case appears t o  be s l i g h t l y  l e s s  than 
0.5. 

For  r e f l e c t o r s  c o n s i s t i n g  o f  a mosaic o f  i n d i v i d u a l  spher ica l  panels o f  
s ide  l e n g t h  am, the  panel s i z e  may be as l a r g e  as F/10 w i t h o u t  s i g n i f i c a n t  
l o s s  i n  e f f i c i e n c y  f o r  mean e f f e c t i v e  concentrat ion r a t i o s  up t o  2,000. These 
conclus ions a r e  based on an ana lys i s  o f  the  e f f e c t s  o f  e r r o r s  due t o  aberra- 
t i o n s  i n  t h e  mosaic r e f l e c t o r  sur face,  f i n i t e  sun s i ze ,  and an o v e r a l l  con- 
c e n t r a t o r  p o i n t i n g  e r r o r  o f  0.15 degrees. 

Furthermore, the  r e s u l t s  should n o t  be very  s e n s i t i v e  t o  moderate 
increases i n  t h e  p o i n t i n g  e r r o r  due t o  l oca l  d i s t o r t i o n s ,  because the  r e s u l t s  
a r e  based on an assumption o f  complete capture i n  the  worst-case d i r e c t i o n  f o r  
t he  worst-case corner  on the  worst-case panel i n  the  mosaic. Therefore,  o n l y  
a moderate l o s s  i n  captured energy would be i n c u r r e d  on a smal l  p o r t i o n  o f  the  

sur face  area i f  a l a r g e r  p o i n t i n g  e r r o r  were present.  
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SECTION 4 
EXAMPLE OF TRUSS-SUPPORTED CONCEPTUAL DESIGN 

The ana lys i s  i n  Sec t ion  3 es tab l i shes  t h a t  h i g h - e f f i c i e n c y ,  h igh-  
concent ra t ion  r a t i o  s o l a r  concent ra to rs  can be cons t ruc ted  o f  i d e n t i c a l  panels  
t h a t  a r e  p roper l y  p laced and or iented.  I n  p a r t i c u l a r ,  a concen t ra t i on  r a t i o  
o f  2,000 i s  comfor tab ly  achieved w i t h  i d e n t i c a l  square panels  hav ing a s i z e  o f  
one-tenth t h e  concent ra to r  diameter l oca ted  a t  a d i s tance  f rom t h e  r e c e i v e r  
equal t o  the diameter. The conceptual des ign descr ibed i n  t h i s  s e c t i o n  i s  
based on those r a t i o s .  

The choice o f  square face ts  f o r  t he  Pactruss enables s i g n i f i c a n t  s i m p l i f i -  
c a t i o n  i n  the des ign o f  t he  t russ.  L e t  t he  coord ina te  a long t h e  s o l a r  a x i s  be 
z and t h e  shape o f  t he  t r u s s  sur face t o  which the  panels  a r e  mounted be g iven 
by the  form 

z = f ( x )  + f (y )  

The savings i n  j o i n t  s i m , , a r i t y  and too  i n g  cos ts  a r e  obvious. 

O f  course, t he  pa rabo lo ida l  sur face  obeys t h e  fo rego ing  equation. A 

spher i ca l  shape does not,  b u t  t he  depar tures f o r  t he  p ropor t i ons  considered 
he re in  a re  small. Furthermore, a l though the  c e n t r a l  p o i n t s  on the  panels  a r e  
supposed t o  be e q u i d i s t a n t  f rom t h e  rece ive r ,  t h e  o u t e r  corners,  which a re  
assumed t o  be mounted d i s c r e t e l y  a t  t he  t r u s s  nodes, do n o t  l i e  on a sphere. 
A computer program (S0LARPAC.C) f o r  c a l c u l a t i n g  t h e  f u n c t i o n  f ( x )  f o r  chosen 
p ropor t i ons  o f  t h e  panels and t russ ,  t h e  f o c a l  leng th ,  and t h e  number o f  pan- 
e l s  i s  inc luded i n  t h e  Appendix. T h i s  program considers panels  o r i e n t e d  a long 
t h e  x -ax is  ( o r  y -ax is )  whose c e n t r a l  p o i n t s  a r e  l o c a t e d  on a sphere and whose 
t i l t  i s  ad justed so t h a t  t h e  r a y  r e f l e c t e d  f rom t h e  c e n t r a l  p o i n t  i s  d i r e c t e d  
t o  t h e  center o f  t h e  r e c e i v e r  entrance. (The geometr ica l  changes requ i red  t o  
account f o r  t h e  improved accuracy d iscussed i n  Sec t i on  3 a r e  smal l  and a r e  
ignored here.) 



I n  us ing  SOLARPAC, the  panel s i z e  must be chosen sma l le r  than t h e  s t r u t  
length.  Otherwise, i n t e r f e r e n c e  occurs between t h e  corners o f  ad jacent  panels  
a long t h e  x = y d i r e c t i o n .  The r e s u l t i n g  panel geometry i s  shown i n  F i g u r e  
32. The p ropor t i ons  are:  

Panel s i z e  = 2.0 meters 

S t r u t  l e n g t h  = 2.15 meters 

Focal l e n g t h  = 21.5 meters 

Note t h e  c lose  meet ing o f  t he  ou te r  panel corners near x = y and t h e  gaps 
e l  sewhere. 

Some cons ide ra t i on  was g iven t o  the use o f  an o f f s e t  concent ra to r  geometry 
i n  o rde r  t o  avo id  problems w i th  blockage. But  t he  l o s s  o f  e f f i c i e n c y  i n v o l v e d  
i n  such an approach was considered t o  be unacceptable. T h i s  i s  t h e  p r i c e  t o  
be p a i d  f o r  be ing  a b l e  t o  use t h e  ident ica l -pane l  concept. Note t h a t  t he  
blockage problem i s  avoided by p rov id ing  a s l o t  a long t h e  concent ra to r  
c e n t e r l i n e  i n  which mounting s t r u c t u r e  and r a d i a t o r  panels  can be located.  
The t r u s s  s t r u c t u r e  c a r r i e s  through b u t  the panels  a r e  omit ted.  

The o v e r a l l  conceptual des ign as app l ied  t o  the  Space S t a t i o n  i s  shown i n  
F igu re  33. The concent ra to r  i s  composed o f  86 i d e n t i c a l  two-meter-square 
panels,  f a b r i c a t e d  w i t h  a spher ica l  radius o f  curva ture  o f  43 meters. The 
capture  area  i s  328 square meters. Each panel i s  mounted d i r e c t l y  t o  a 
Pact russ node a t  i t s  outermost corner;  shor t  s tando f f s  connect i t  t o  t h e  o the r  
nearby nodes. The support  t r u s s  i s  at tached t o  the  r e c e i v e r  by  means o f  an 
e r e c t a b l e  mount ing t r u s s  made of t h e  same diameter and s i m i l a r  f i t t i n g s  as 
those of  t h e  pr imary  Space S t a t i o n  truss. The mounting t r u s s  has t h e  same 
f ive-meter  dimensions i n  one p lane b u t  has a depth o f  o n l y  two meters i n  order  
t o  avo id  blockage. The mounting t r u s s  i s  connected t o  the  Space S t a t i o n  Beta 
j o i n t  w i t h  a t r a n s i t i o n  t r u s s  which has a v a r i a b l e  geometry so t h a t  f i n e  
p o i n t i n g  i s  enabled. The at tachment l o c a t i o n  i s  se lec ted  so t h a t  t h e  center  

o f  g r a v i t y  of t h e  e n t i r e  s o l a r  power generator i s  i n  l i n e  w i t h  the  t ransverse  
beam center .  

The r a d i a t o r  i s  c l o s e l y  coupled t o  the receive. r -conver ter  i n  o rde r  t o  min- 
im ize  t h e  l e n g t h  of heat  l i n e s .  The r a d i a t o r  i s  a l s o  l oca ted  i n  the  s l o t  and t 
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i s  supported aga ins t -  out -of -p lane mot ion by thermal-expansion- to lerant  j o i n t s  
w i t h  t h e  support t russ .  

A poss ib le  scenar io  f o r  cons t ruc t i ng  the  new concept on t h e  Space S t a t i o n  
would be as fo l l ows :  

(a) Erect the  mounting t r u s s  f rom t h e  Beta j o i n t .  

(b)  At tach t h e  stowed Pactruss t o  t h e  mounting t russ .  

(c )  

( d )  Mount the  r e f l e c t o r  panels onto the  Pact russ j o i n t s .  

(e)  At tach t h e  rece ive r / conver te r  t o  the  mounting t russ .  

Deploy t h e  Pactruss us ing  i t s  se l f - con ta ined  j o i n t  ac tua tors .  

( f )  Attach t h e  r a d i a t o r  t o  the  rece ive r / conver te r  and the  Pactruss. 

The r e s u l t i n g  c o n f i g u r a t i o n  i s  s t i f f  and e f f i c i e n t .  I t s  f r e e - f r e e  funda- 
mental v i b r a t i o n  f requency i s  est imated by t h e  method i n  Reference 10 t o  be 
g rea te r  than t e n  Hertz.  I t s  cons t ruc t i on  makes s t r a i g h t f o r w a r d  use o f  the  
assembly f a c i l i t i e s  which must be a v a i l a b l e  on the  Space Sta t ion .  Est imates 
o f  t h e  mass a re  as fo l l ows :  

Panels: one-inch t h i c k  aluminum honeycomb w i t h  
metal  1 i z e d  g r a p h i t e  faces. 

344 m2 @ 2.0 kg/m2 

Pactruss: one-inch diameter g r a p h i t e  tubes w i t h  
0.020-inch wa l l .  2.0 j o i n t  f a c t o r .  

2,430 m @ 0.15 kg/m 

688 kg 

355 kg 

Connecting 
Truss : two-inch diameter g r a p h i t e  tubes w i t h  

0.060-inch wa l l .  1.5 j o i n t  f a c t o r .  

449 m @ 0.66 kg/m 296 kg 

The t o t a l  mass o f  t he  c o l l e c t o r  and the  mount ing s t r u c t u r e  i s  1,339 k i lograms 
f o r  a weight d e n s i t y  o f  4.1 kg/m2 based on a f r o n t a l  area o f  328 square 
meters. 

24 



The stowage volume o f  t h e  s t r u c t u r a l  p a r t s  o f  t h e  c o n f i g u r a t i o n  i s  small. 
The volumes a r e  est imated t o  be: 

Panels: 86 panels  w i th  three-cent imeter  depth 
pe r  panel. 

2 m x 2 m x 2.6 m 10.4 ma 

Pactruss:  stowed s i z e  o f  3-1/2 diameters p e r  bay. 

l m x l m x 4 . 3 m  4.3 m3 

Connecti nq - 
Truss : 100 s t r u t s  o f  two- inch diameter, up t o  

f i v e  long. 32 b a l l s .  

0.5 m x 0.5 m x 5 m 
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SECTION 5 
CONCLUDING REMARKS 

The study descr ibed h e r e i n  needs t o  be extended t o  i n c l u d e  more q u a n t i t a -  
t i v e  eva lua t ion  o f  t h e  dependency between c o s t  and r e q u i r e d  p r e c i s i o n  f o r  the  
concentrator  s t r u c t u r e .  The emphasis d u r i n g  t h i s  e v a l u a t i o n  should be on a 
comparison between t h e  se l f -suppor ted  and truss-supported panel concepts. I n  
o rder  f o r  the comparison t o  be v a l i d ,  d e t a i l e d  p r e l i m i n a r y  design, f a b r i c a t i o n  
p lann ing  and t e s t  p lann ing  would be needed f o r  several  s i z e s  i n  o rder  t o  avo id  
o v e r o p t i m i s t i c  est imates. 

Continued i n v e s t i g a t i o n  i s  needed f o r  f i l m - t y p e  c o l l e c t o r s .  I n  
p a r t i c u l a r ,  a m a t e r i a l  i s  needed which w i l l  s a t i s f y  t h e  l o n g - l i f e ,  h igh-  
e f f i c i e n c y  requirements o f  t h e  Space Stat ion.  
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86-1 1 57 

Figure l a .  Symmetric antenna r e f l e c t o r  configuration 
(QUASAT - 20-m aperture) .  
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Figure 1 b. Offset-fed antenna r e f l e c t o r  configuration. 
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Deployed Stowed 
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Figure 2. Main panel double r i n g  configuration. 
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Figure 3. Qual i ta t ive  comparative u n i t  costs f o r  
panel -type s o l a r  co l l  ectors .  
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Figure 4. Mosaic reflector of spherical segments 
assembled by RMS from S h u t t l  e. 
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Figure 5. Assembly of integrated panel -truss modul es. 
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Figure 9. Assembly of  t he  LPR infrared telescope..  
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Figure 10, Deployment o f  preintegrated support-truss 
modules fo r  the LPR infrared telescope. 
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Figure 11 Support-truss f o r  a seven- t i le  module of 
the  LPR infrared telescope. 
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Figure 12. Application of Pactruss t o  t he  s u p p o r t  
s t ruc tu re  f o r  t he  primary mirror of 
t he  JPL low-cost LDR. 
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Elevation View 

Figure 15. Views of Pactruss f o r  o f f s e t  paraboloid. 

Perspective View 
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Figure 16. Geometry o f  a continuous paraboloid ref1 ector.  
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Figure 17. Intersect ion of  t h e  sun's image and 
the receiver  d i s k  i n  the receiver  plane. 
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Figure 18. Mean effective concentration ratio vs. geometric 
concentration ratio C with rms surface slope 
error u (F /D  = 0.3). 
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Figure 19. Mean effective concentration ratio vs. geometric 

concentration ratio C w i t h  rms surface slope 
error ua (F/D = 0.4). 
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Figure 20. Mean e f f e c t i v e  concentration r a t i o  v s .  geometric 
concentration r a t i o  C w i t h  rms surface s lope 
e r r o r  u (F /D = 0.5). a 
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Figure 21. Mean e f f e c t i v e  concentration r a t i o  vs.  geometric 

concentration r a t i o  C w i t h  rms surface s lope 
e r r o r  oa ( F / D  = 0.6). 

43 



10,000 

1,000 

100 

10,000 

86-1 105 

- 
- E I C e f f l  = 1,000 
- 

100 1,000 10,000 

E [‘effl 

Figure 22. Mean e f f e c t i v e  concentration r a t i o  vs. geometric 
concentration r a t i o  C w i t h  rms sur face  s lope 
e r r o r  u (F/D = 0.7). a 
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Figure 23. Effect of F/D on required geometric concentration 
r a t i o  C w i t h  rms sur face  s lope e r r o r  ua 
( E  C C e f f l  = 1 ,ooo>. 
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Figure 24. Effect of F/D on required geometric concentration 
r a t i o  C with rms surface s lope e r r o r  ua 
( E  [ C e f f l  = 1,500). 
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Figure 25. Effect of F/D on required geometric concentration 
r a t i o  C w i t h  rms surface s lope e r r o r  ua 
( E  ICeff] = 2,000). 
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Figure 26. Nominally square shallow spherical  
panel w i t h  s ide length "a". 
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Figure 27. Location and o r i en ta t ion  geometry o f  square spheri cal  panels. 
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Figure  31. Maximum panel s i z e  a,/F vs.  panel l o c a t i o n  angle 
ec w i th  d i f f e r e n t  panel d is tances p /F. 
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APPENDIX 

/* S0LARPAC.C - Program for generating the design geometry of a solar 
concentrator made up of identical square panels supported 
by a Pactruss structure. 

.M 1/3/86 */ 

#include "math. h" 

struct geom { 
double focal; 
double size; 
double tilt; 
double corner_coord[4][3]; 

} ;  

main ( ) 
{ 

int i,j,n,m,dta_file,flag,N,N,Nnodes,Ncorners,Nmembers,Ntotal; 
int Ntypes,chan; 
char chr; 
double a,l,H,h,F,templ,temp2,r,theta,phi,xc,yc,zc,xl,yl,zl; 
double *nodes,*corners,*ptemp,*ptr,*pcorn; 
struct geom *tile-ptr; 
static double accuracy = 1.OE-12; 

a = 1.95; 
1 = 2.1; 
H = 1; 
h = 0 ;  
F = 21.; 
N = 5; 

/* Panel size */ 
/* Bay length */ 
/* Truss height */ 
/* Vertical panel offset */ 
/* Focal length */ 
/* Radial number of panels */ 

while(chr != 3) { 
printf("\nDesign values are:\na %f, 1 = %f, F = %f, N = %d\n", 

891, F,N) ; 
printf("Any changes? <none>") ; 
if((chr = getchar()) == '\r') 

printf ("\nEnter new values separated by commas. ") ; 
break; 

scanf ("%F,%F,%F,%d\n",&a,&l,&F,&N) ; 
1 
Nnodes = (N + l)*(N + 1); 
Ncorners = 4*NS(N + 1); 

nodes = calloc(NnodesS3,sizeof(xc)); 
corners = calloc(Ncorners*3,sizeof(xc)); 
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ptemp = nodes; 
*ptemp++ = a/2.; 
*ptemp++ = 42.; 
*ptemp++ = 0; 

for(i=l; i<=N; i++) { 
ptemp = nodes + 3*(i - 1); 
xl = Sptemp++; 
yl = Sptemp++; 
zl = Sptemp++; 

phi = 1.; 
theta = 0; 

while(fabs(theta - phi) > accuracy) { 
phi = theta; 
temp1 = xl*sin(phi) - zl*cos(phi); 
r = xlScos(phi) + zl*sin(phi) + sqrt(lS1 - templ*templ); 
theta = asin((r - a/2.)/2./F); 

1 
*ptemp++ = r*cos(theta); 
*ptemp++ = yl; 
*ptemp++ = r*sin(theta); 

1 
for(j=l; j<=N; j++) { 

ptemp = nodes + 3S(N + l)*j; 
yl = *(nodes + 3*j); 
zl = *(nodes + 3Sj + 2); 

for(i=O; i<=N; i++) { 
*ptemp++ = *(nodes +3Si); 
*ptemp++ = yl; 
*ptemp++ = *(nodes + 3*i + 2) + z l ;  

1 
1 
tile-ptr->focal = F; 
tile-ptr->size = a; 
tile-ptr->tilt = theta/2.; 

pcorn = corners; 

for(j=l; j<=N; j++) { 
for(i=O; i<=N; i++) { 

ptr = tile-ptr->corner-coord; 
ptemp = nodes + 3S(N + 1)*j + 3Si; 
*ptr++ = *ptemp++; 
*ptr++ = Sptemp++; 
tptr-- = *ptemp + h; 
ptr--; 

tile(ti1e-ptr); 



for(m=O; m<12; m++) 
*pcorn++ = tptr++; 

1 
1 
Ntotal = 4*2*Nnodes +4*Ncorners + 8; 

Nmembers = 4*2*2*(N*(N + 1) - 6); /* First the longerons */ 
Nmembers += 4*((N + 1)*(N + 1) - 6); /* Then the verticals */ 
Nmembers += 0; /* Then the diagonals */ 
Nmembers += 4*2*(N + 1); /* Then the connectors */ 

Nmembers += 12; /* Then the receiver; */ 
Nmembers += 4*4*(N*N - 6) + 2*4*N; /* Then the panels */ 

Ntypes = 11; /* Separating upper and lower 

chan = f open ( "SOLARPAC . DTA" , "w" ) ; 
fprint f (chan , "%d, %d, %d\n" , Ntotal , Nmembers , Nt ypes) ; 

wrt-nodes(chan,node.s,H,N); 
wrt-corners(chan,corners,N); 
wrt-receiver(chan,F + h,a); 
wrt-members(chan,N); 

fclose(chan); 
1 

/* T1LE.C - Determines the locations of the corners of a square reflector 
panel after rotation from the horizontal to the desired 
orientation. 

jmh 12/29/85 */ 

tile(ptr) 
struct geom Sptr; 
{ 

int i, j; 
double xc,yc,zc,r,templ,temp2,phiO,phil,a,F; 
double *pc = ptr->corner-coord; 

static double accuracy = 1.OE-10; 

a = ptr->size; 
F = ptr->focal; 
xc = *pc++ - a/2.; 
yc = *pc++ - a/2. ; 
zc = *pc++; 

r = sqrt(xc*xc + ycsyc); 
temp1 = 2.*(F - zc)*r/a/(xc + yc); 
temp2 = 2.*r*r/a/(xc + yc); 

for(i=O,phil=O,phiO=l.; (fabs(phi1-phiO)>accuracy) && (i<lOOOO); i++) 
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phi0 = phil; 
phil = 0,5tatan2(tenip2 + 1. - cos(phiO),templ + sin(phi0)); 

1 
ptr->tilt = phil; 

temp1 = aS(1. - cos(phil))/r/r; 
temp2 = a*sin(phil)/r; 

*pc++ xc + a/2. + xctycStemp1; 
Spc++ = yc - a/2. + ycSycStemp1; 
*pc++ = zc - ycttemp2; 
*pc++ = xc - a/2. + xctxcStemp1; 
Spc++ = yc + a/2. + xcSycttemp1; 
*pc++ = zc - xcStemp2; 
*pc++ = xc - a/2. + xcS(xc + yc)Stempl; 
*pc++ = yc - a/2. + yc*(xc + yc)Stempl; 
*pc++ = zc - (xc + yc)Stemp2; 

1 
wrt-nodes(chan,nodes,H,N) 
int chan,N; 
double *nodes, H; 
{ 

int i , j ,surf, quad; 
double x,y ,z ,*ptr ,x-s ign,y-s ign,z_del ta;  

for(surf=O; surf(2; surf++) { 
z-delta = surf*H; 

for(quad=O; quad<4; quad++) { 
ptr = nodes; 
x-sign = 1. ; 
y-sign = 1. ; 
if(quad==l I I quad==2) 

if(quad==2 : ;  quad==3) 
x-sign = -1.; 

y-sign = -1. ; 

for( i=O; i<=N; i++) { 
for(j=O; j<=N; j++) { 

x = x-sign*(Sptr++); 
y = y-signS(Sptr++); 
z = *ptr++ - z-delta; 
fprintf (chan, "%. 10e, %. 10e, %. 10e\n", x, y, z) ; 

wrt-corners(chan,corners,N) 
int chan,N; 
double *corners; 
{ 



int i, j,n,quad; 
double x,y,z,x-sign,y-sign,*ptr; 

for(quad=O; quad<4; quad++) { 
ptr = corners; 
x-sign = 1.; 
y-sign = 1.; 
if(quad==l I quad==Z) 

x-sign = -1.; 
if(quad==Z I quad==3) 

y-sign = -1. ; 

for(j = 1; j<=N; j++) { 
for(i=O; i<=N; i++) { 

for(n=O; n<4; n++) { 
x = x-sign*(*ptr++); 
y = y-sign*(*ptr++); 
z = *ptr++; 

fprintf(chan,"%.lOe,%.10e,%.10e\n",x,y,z); 
1 

1 
1 

1 
3 

wrt-receiver(chan,F,a) 
int chan; 
double F,a; 

/* Locate corners of an axaxa cube at F */ 

{ 
int i, j,k; 

for(k=O; k<2; k++) 
for(i=O; i<2; i++) 

for(j=O; j<2; j++) 
fprintf(chan,"%.l0e,%.lOe,%.lOe\n",(l-Z~i)~a/Z.,(l-Z~j)~a/2., 

F + k*a); 
1 

wrt-members(chan,N) 
int chan, N; 
{ 

int i,j,k,n,quad,half,surf,endl,endZ,Nnodes,Ncorners,type,Cbase; 

Nnodes = (N + l)*(N + 1); 
Ncorners = 4*N*(N + 1); 
Cbase = 4tZSNnodes; 

for(surf=O; surf<Z; surf++) { 
for(quad=O; quad<4; quad++) { 

for(i=O; i<=N; i++) { 
for(j=l; (j<=Z*N-3-i) && j<=N; j++) { 

end1 = i + (N + l)*j + (quad + 4Ssurf)SNnodes; 
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_end2 = endl - N -1; /* y-wise longerons */ 
fprintf (chan, "%d, %d, %d\n" , endl , end2, surf) ; 

endl = j + (N + l)*i + (quad + 4*surf)*Nnodes; 
end2 = endl - 1; /* x-wise longerons */ 
fprintf (chan,"%d,%d,%d\n",endl,end2,surf) ; 

I 
I 

I 
for(half=O; half<2; half++) { 

for(i=O; i<=N; i++) { 
endl = iS(N + 1) + (4Ssurf + 2*half)*Nnodes; 
end2 = endl + Nnodes; /* x-wise connectors */ 
fprintf(chan,"%d,%d,%d\n",endl,end2,6 + surf); 

endl = i + (4*surf + 2Shalf)SNnodes; I 

end2 = endl - Nnodes; /* y-wise connectors */ 
if(ha1f == 0) 

fprintf(chan,"%d,%d,%d\n",endl,end2,6 + surf); 

, 

I end2 = endl + 3*Nnodes; 

I 

for(quad=O; quad<$; quad++) { 
for(i=O; i<=N; i++) { 

for(j=O; j<=N && (j<=Z*N-3-i); j++) { 
endl = i + (N + 1)*j + quad*Nnodes; 
end2 = endl + 4SNnodes; /* Verticals */ 
fprintf (chan, "%d,%d,%d\n", endl, end2,2) ; 

I 
1 
for(j=l; j<=N; j++) { /* Panels */ 

for(i=O; i<=N && (i<=Z*N-j-3); i++) { 
if(i>O : :  (quad==O 1 :  quad==2)) { 

endl = Cbase + 4*i + 4*(j - l)*(N + 1) + quad*Ncorners; 
end2 = endl + 1; , 
fprintf(chan,"%d,%d,%d\n",endl,end2,8); 

end2 = endl + 2; 
fprintf (chan, "%d,%d,%d\n", endl, end2,8) ; 

endl += 3; 
end2 = endl - 1; 
fprintf(chan,"%d,%d,%d\n",endl,end2,8); 

end2 = endl - 2; 
fprintf (chan,"%d,%d,%d\n" ,endl,end2,8) ; 

1 
1 

I 
1 
for(i=O; i<4; i++) { /* Receiver */ 

endl = 8SNnodes + 4SNcorners + i; 
end2 = endl +'4.; 
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f p r i n t f  (chan, "%d, %d, %d\n" , endl ,  end2,9) ; 
1 
for(i=O; i < 2 ;  i++) { 

endl =8tNnodes + 4*Ncorners +4Si ;  
end2 = endl + 1; 
f p r i n t f  (chan, "%d, Xd, %d\n" , endl , end2,9+i) ; 
end2 = endl + 2; 
f p r i n t f  (chan, "%d, %d, %d\n" , endl , end2,9+i) ; 
endl += 3;  
end2 = endl - 1; 
fprintf(chan,  "%d,%d,%d\n",endl, end2,9+i);  
end2 = endl - 2;  
fpr in t f  (chan, "%d, t d ,  %d\n" , endl ,  end2,9+i) ; 

1 
t 1 
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