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ABSTRACT 

The manned Space S t a t i o n  i s  t h e  n e x t  ma jo r  NASA 
program. It p resen ts  many cha l lenges t o  t h e  power 
system des igners .  The power system i n  t u r n  i s  a 
ma jo r  d r i v e r  on t h e  o v e r a l l  c o n f i g u r a t i o n .  I n  t h i s  
paper, t h e  major  requ i rements  and g u i d e l i n e s  t h a t  
a f f e c t  t h e  s t a t i o n  c o n f i g u r a t i o n  and t h e  power 
system a r e  exp la ined.  The e v o l u t i o n  o f  t h e  Space 

PI 
S t a t i o n  power system f r o m  t h e  NASA program develop- 

m m e n t - f e a s i b i l i t y  phase through t h e  c u r r e n t  p r e l i m i -  
N 
m n a r y  des ign  phase i s  descr ibed. Severa l  e a r l y  

s t a t i o n  concepts,  b o t h  f a n c i f u l  and f e a s i b l e ,  a r e  
desc r i bed  and l i n k e d  t o  t h e  p resen t  concept. The 
r e c e n t l y  completed Phase B t r a d e  s tudy  s e l e c t i o n s  
o f  p h o t o v o l t a i c  system techno log ies  a r e  desc r i bed  
i n  d e t a i l .  A summary o f  t h e  p resen t  s o l a r  dynamic 
and power management and d i s t r i b u t i o n  s y s t e m  i s  
a l s o  g i v e n  f o r  completeness. 

Keywords: Pho tovo l t a i c ,  So la r  A r ray ,  Power System, 
Spacec ra f t  Power, So la r  Ce l l ,  B a t t e r i e s  

1. BACKGROUND 

The Space S t a t i o n  System i s  t h e  n e x t  major  s t e p  i n  
t h e  manned space program. The Space S t a t i o n  w i l l  
b e  a mul t i -purpose f a c i l i t y  which w i l l  enab le  
advancements i n  science, technology, and space 
t r a n s p o r t a t i o n  c a p a b i l t i e s .  It w i l l  promote 
commerc ia l i za t i on  o f  space and open new avenues 
n o t  y e t  f u l l y  r e a l i z e d .  

S t a t i o n s  i n  space have been i n  t h e  minds o f  
w r i t e r s ,  s c i e n t i s t s ,  and eng ineers  f o r  decades. 
I n  a s e r i e s  o f  f i c t i o n a l  a r t i c l e s  beg inn ing  w i t h  
t h e  October 1869 i s s u e  o f  t h e  ' A t l a n t i c  Monthly," 
a f a n c i f u l  space s t a t i o n  was desc r i bed  b y  
Rev. E.E. Ha le  f r o m  Boston. "The B r i c k  Moon" 
a r t i c l e s  desc r i be  a h o l l o w  sphere 200 f t  i n  
d iameter .  I t was whitewashed on t h e  o u t s i d e  t o  
se rve  as an a i d  t o  nav iga t i on .  The moon was 
launched i n t o  o r b i t  b y  waterwheels. The a r t i c l e  
makes no ment ion  o f  a power source f o r  t h e  b r i c k  
moon a f t e r  i t  l e f t  t h e  Ear th .  The b r i c k  moon 
concept was n o t  sound ly  based by today ' s  standards,  
b u t  i t  was e n t e r t a i n i n g  and though t  provok ing!  

I n  1928, Hermann Noordung pub1 i shed  "Bef ahrung des 
Weltraums" (The Problem o f  Space  ravel). He 

desc r i bed  a manned t o r o i d a l  space s t a t i o n  t h a t  
r o t a t e d  t o  produce a r t i f i c i a l  g r a v i t y  ( F i g .  1). 
The i dea  was f u r t h e r  developed i n  t h e  March 22, 
1952, i s s u e  o f  " C o l l i e r ' s "  magazine and was 
desc r i bed  i n  a book, Across t h e  Space F r o n t i e r  
( V i k i n g  Press, New Y o r k ,  N Y 2 T h e  Wa l t  
D isney S tud ios  produced t e l e v i s i o n  programs t h a t  
were based on Noordung's concept. I n  t h i s  con- 
cept ,  power was produced b y  a l a r g e  p a r a b o l i c  
m i r r o r  which focused s o l a r  energy t o  hea t  s teaq  
and ope ra te  a tu rb ine-genera tor .  I n  t o d a y ' s  
te rmino logy,  t h i s  was a f o rm  o f  a s o l a r  thermal  
dynamic power system. A t  t h a t  t ime, p r a c t i c a l  
p h o t o v o l t a i c  (PV) c e l l s  had n o t  y e t  been invented!  

These e a r l y  works, as w e l l  as numerous s t u d i e s  
conducted i n  t h e  1960's and 1970 's  s i n c e  t h e  c rea-  
t i o n  o f  NASA (Ref. I ) ,  have he lped e s t a b l i s h  a r o l e  
f o r  a manned space s t a t i o n .  The s o l a r  dynamic 
power source descr ibed i n  1952 was p r i m i t i v e ,  b u t  
f u n c t i o n a l .  However, most unmanned sate1 1 i t e s  
launched s i n c e  t h e  beg inn ing  o f  t h e  space age i n  
1957 have been powered b y  s i l i c o n  s o l a r  c e l l  based 
p h o t o ~ l t a i c  systems. A few deep space i n t e r p l a n e -  
t a r y  m iss ions  and manned spacec ra f t  l i k e  Mercury, 
Gemini, and A p o l l o  a r e  t h e  except ion .  Du r i ng  t h i s  
era, techno logy has been developed f o r  pho tovo l -  
t a i c ,  s o l a r  dynamic, and nuc lea r  systems as w e l l .  
The p r imary  t h r u s t  o f  these developments has been 
toward  l i g h t e r  weight,  l ower  volume, h i g h e r  e f f i -  
c i enc ies ,  l onge r  l i f e t i m e s  and r e l i a b i l i t y .  These 
techno log ies  and f l i g h t  exper iences formed t h e  
s t a r t i n g  p o i n t  f o r  e s t a b l i s h i n g  t h e  f e a s i b i l i t y  
f o r  t h e  c u r r e n t  Space S t a t i o n  and f o r  d e f i n i n g  i t s  
power system. 

2. FEASIBILITY PHASE 

The c u r r e n t  Space S t a t i o n  program can t r a c e  i t s  
r o o t s  back t o  1981, when Technology S t e e r i n g  
Committees were formed t o  i d e n t i f y  cand ida te  tech-  
no log ies .  These committees were s t a f f e d  w i t h  
peop le  f r om t h e  NASA f i e l d  centers .  I n  e a r l y  1982, 
t h e  Space S t a t i o n  Task Force was formed a t  NASA 
Headquarters i n  Washington, D.C., t o  determine t h e  
f e a s i b i l i t y  o f  a space s t a t i o n .  T h i s  i s  r e f e r r e d  
t o  as Phase A i n  t h e  program development process. 

I n  August 1982, t h e  Task Force sponsored c o n t r a c t s  
w i t h  e i g h t  ma jo r  aerospace companies t o  ana lyze 
t h e  uses o r  m iss ions  f o r  a manned space s t a t i o n .  
S p e c i f i c  m iss ions  t o  be performed were determined 
and s t u d i e d  ex tens i ve l y ,  b u t  a r e  t o o  numerous t o  



d e s c r i b e  i n  d e t a i l  he re  (Ref. 2) .  These m iss ions  
i n c l u d e d  m a t e r i a l s  processing, e a r t h  and space 
obse rva t i ons ,  and s e r v i c i n g  and r e p a i r  o f  s a t e l -  
1  i t e s  and o t h e r  payloads. These m i s s i o n  a n a l y s i s  
s t u d i e s  showed t h a t  t h e  S t a t i o n  would serve as an 
assembly f a c i l i t y ,  a  s to rage  depot, and a  t r anspo r -  
t a t i o n  node o r  way-s ta t ion  f o r  payloads i n tended  
f o r  h i g h e r  E a r t h  o r b i t s  o r  f o r  i n t e r p l a n e t a r y  
m iss ions .  

These d i v e r s e  m iss ions  l e d  t o  t h e  Space S t a t i o n  
Complex shown i n  F ig .  2. It i s  composed of a  
manned c o r e  and an unmanned c s - o r b i t i n g  p l a t f o r m  
b o t h  i n  a  28.5' o r b i t .  Another p l a t f o r m  i s  i n  a  
p o l a r  o r b i t .  A  system o f  unmanned v e h i c l e s  f o r  
maneuver ing payloads near  t h e  S t a t i o n  o r  f o r  t r ans -  
f e r r i n g  them t o  o t h e r  o r b i t s  i s  p a r t  o f  t h e  Space 
S t a t i o n  System. 

The m i s s i o n  a n a l y s i s  s t u d i e s  i d e n t i f i e d  resou rce  
requ i rements  such as crew t ime, thermal  c o n t r o l ,  
power, etc. ,  f o r  each p r o j e c t e d  exper imenter,  each 
s c i e n t i f i c  and commercial user  o f  space s t a t i o n .  
The sum o f  t h e  power requ i rements  o f  each o f  t hese  
m i s s i o n s  d e f i n e d  t h e  t o t a l  r equ i remen t  f o r  each 
s t a t j o n  element. Power l e v e l s  were determined as 
a  f u n c t i o n  of  t i m e  f rom t h e  I n i t i a l  Ope ra t i ona l  
C a p a b i l i t y  (IOC) th rough some f u t u r e  power l e v e l  
when t h e  s t a t i o n  and t h e  number o f  m iss ions  has 
grown. These power requ i rements  have changed as 
t h e  m i s s i o n  d e f i n i t i o n  has evolved. The c u r r e n t  
u s e r  power l e v e l s  a r e  shown i n  Tab le  1. User power 
o r  bus power i s  expressed i n  k i l o w a t t s  e l e c t r i c  
(kWe) i n  Tab le  1 and elsewhere i n  t h i s  paper. 
User power means a l l  system l o s s e s  f o r  genera t ion ,  
s torage,  c o n d i t i o n i n g ,  and d i s t r i b u t i o n  have been 
taken  i n t o  account. Note t h a t  t h e  S t a t i o n  IOC 
power of  75 kWe i s  about an o r d e r  o f  magnitude 
h i g h e r  t h a n  Skylab. Skylab, t h e  f i r s t  U.S. manned 
space s t a t i o n  launched i n  1973 i s  t h e  l a r g e s t  
(8  kWe use r  power, 22 kWe a r r a y )  s o l a r  power system 
f l own  i n  space t o  date.  T h i s  75 kWe requ i rement  
f o r  t h e  p lanned Space S t a t i o n  i s  t h e  most cha l l eng -  
i n g  f a c t o r  f a c i n g  t h e  power system des igner .  

A d d i t i o n a l  cha l lenges a r i s e  f r o m  programmatic 
requ i rements  imposed on t h e  power system des igne r  
( T a b l e  2 ) .  These a d d i t i o n a l  requ i rements  a r e  
management and/or  eng inee r i ng  r e l a t e d .  They i n -  
c l u d e  c o s t  ( b o t h  i n i t i a l  and l i f e - c y c l e ) ,  schedule,  
and technical-development r i s k ,  we ight ,  and s a f e t y  
requ i rements  as most l a r g e  spacec ra f t  p r o j e c t s  do. 
However, t h e  permanent n a t u r e  o f  space s t a t i o n  
r e s u l t s  i n  some new and un ique requ i rements  such as 
growth  c a p a b i l i t y ,  m a i n t a i n a b i l i t y ,  and commonal i ty 
o f  hardware and so f twa re  across  a l l  s t a t i o n  e l e -  
ments. F u t u r e  replacement and growth  o f  t h e  
s t a t i o n  systems r e q u i r e s  t h a t  t h e y  be designed so 
t h a t  t h e y  can accept f u t u r e  changes i n  t echno logy  
( i  .e., t echno logy  t ransparency)  y e t  s t i  11 p r o v i d e  
t h e  same f u n c t i o n s .  Other  c o n s i d e r a t i o n s  a r e  t h e  
S t a t i o n  o r b i t  a l t i t u d e  and i t s  decay, assembly and 
bu i l dup ,  l i f e t i m e ,  and l o g i s t i c s  and spar ing .  

I n  t h e  s p r i n g  of 1983, t h e  Task Fo rce  was expanded 
t o  i n c l u d e  a  Concept Development Group (CDG). T h i s  
group took  t h e  r e s u l t s  f r om t h e  m i s s i o n  a n a l y s i s  
s tud ies ,  and w i t h  t h e  h e l p  o f  a l l  t h e  NASA c e n t e r s  
and many aerospace companies, syn thes i zed  them i n t o  
s e v e r a l  cand ida te  space s t a t i o n  c o n f i g u r a t i o n s .  
They a l s o  f u r t h e r  s t u d i e d  and sharpened techno logy  
s e l e c t i o n  f o r  a l l  t h e  s t a t i o n  systems i n c l u d i n g  
power. PV p lana r ,  PV concen t ra to r ,  microwave power 
t r ansm iss ion ,  s o l a r  dynamic and n u c l e a r  systems 
were s tud ied.  The power tower  o r  g r a v i t y  g r a d i e n t  
s t a b i l i z e d  and many o t h e r  c o n f i s u r a t i o n s  were 

s t u d i e d  as cand ida te  s t a t i o n  geometries. A t  t h i s  
t ime,  p h o t o v o l t a i c s  appeared t o  be t h e  l e a d i n g  
cand ida te  f o r  t h e  power system. 

As a  r e s u l t  o f  t h e  CDG f e a s i b i l i t y  work, on 
January 25, 1984, P r e s i d e n t  Reagan, i n  h i s  S t a t e  o f  
t h e  Union message, gave NASA approval  t o  b u i l d  t h e  
Space S t a t i o n  and have i t  o p e r a t i o n a l  b y  1994. I n  
r a p i d  succession a  new program o f f i c e  was formed i n  
Washington f r o m  t h e  c o r e  Task Force group and t h e  
focus o f  t h e  concept development a c t i  v i  t i e s  was 
en la rged  and s h i f t e d  t o  t h e  "Skunk Works" near t h e  
Johnson Space Center  i n  Houston, Texas. The skunk 
works expanded and r e f i n e d  t h e  d e f i n i t i o n  o f  t h e  
Space S t a t i o n  Systems. They wro te  a  r e f e r e n c e  con- 
f i g u r a t i o n  d e s c r i p t i o n  and a  reques t  f o r  p roposa l  s  
f o r  t h e  n e x t  phase o f  t h e  program. Du r i ng  t h i s  
pe r i od ,  t h e  importance o f  d rag  area on reboos t  c o s t  
and l i f e - c y c l e  c o s t  coup led w i t h  t h e  ve ry  l a r g e  
growth  power requ i rements  (as  h i q h  as 450 kWe) 
r e s u l t e d  i n  t h e  adop t i on  o f  s o l a r  dynamic (SD) qen- 
e r a t o r s  w i t h  thermal  energy  s to rage  i n  a d d i t i o n  t o  
p h o t o v o l t a i c  a r rays  w i t h  e lec t rochemica l  energy 
s to rage  f o r  d e t a i l e d  s t u d y  i n  t h e  d e f i n i t i o n  phase. 

3. DEFINITION PHASE 

The p resen t  Space S t a t i o n  c o n f i g u r a t i o n  and t h e  
h y b r i d  power system (F ig .  3 )  u s i n g  b o t h  PV and SD 
techno log ies  were s e l e c t e d  i n  t h e  d e f i n i t i o n  o r  
Phase 6 s t u d i e s  wh ich  began i n  1984. Nuc lear  and 
o t h e r  power systems were r u l e d  o u t  on t h e  b a s i s  of 
schedule, cos t ,  r i s k ,  and o t h e r  f a c t o r s .  Because 
o f  t h e  s i z e  and d rag  area o f  t h e  power system, i t  
i s  a  major  c o n s i d e r a t i o n  f o r  s e l e c t i o n  o f  t h e  over -  
a l l  space s t a t i o n  qeometry. T h i s  geometry must 
a l l o w  t h e  s t a t i o n  and t h e  power system t o  grow. I t  

cJm on must m in im ize  t h e  impact  o f  t h e  power syst, 
v i ew ing  angles f o r  exper imenters  and f o r  communi- 
c a t i o n s .  The Space S t a t i o n  and i t s  power system 
must be c o n t r o l l a b l e  and s t r u c t u r a l l y  sound. The 
maximum deqree of commonal i ty between t h e  S t a t i o n  
and p l a t f o r m  power systems was necessary  t o  reduce 
cos ts .  Most impor tan t  o f  a l l ,  t h e  S t a t i o n  must be 
p a s s i v e l y  c o n t r o l l a b l e ,  i.e., g r a v i t y  g r a d i e n t  s t a -  
b i l i z e d .  From these  d i v e r s e  and sometimes con t ra -  
d i c t o r y  requirements,  t h e  Power Tower and l a t e r  t h e  
Dual Kee l  c o n f i g u r a t i o n s  were developed and s t u d i e d  
b y  NASA. A t  t h e  same t ime,  t h e  NASA Lewis Research 
Center,  a long w i t h  i t s  two major  Phase 6 Contrac- 
t o r s ,  TRW and Rocketdyne s t u d i e d  numerous power 
system types. These Phase 6 d e f i n i t i o n  s t u d i e s  a r e  
desc r i bed  below. 

3.1 Power System C o n f i g u r a t i o n  D e f i n i t i o n  

E a r l y  i n  Phase 6, s i x  scena r i os  o r  cases f o r  power 
system o p t i o n s  were d e f i n e d  f o r  s t u d y  (F ig .  4 ) .  
The iOC power l e v e l  o f  7 5  kWe and t h e  growth power 
l e v e l  o f  300 kWe were se lec ted .  The s i x  cases were 
e s t a b l i s h e d  on t h e  b a s i s  o f  IOC power system t y p e  
( e i t h e r  SO o r  PV), and t h e  method o f  g rowing f r o m  
75 t o  300 kWe. Case 1 was a l l  PV. Case 6 had 
minimum PV (12.5 kWe) a t  I O C  and a1 1  SD a t  growth .  
An a l l  SD system i s  n o t  f e a s i b l e  because power i s  
needed on t h e  f i r s t  launch when accu ra te  sun 
t r a c k i n q  r e q u i r e d  f o r  t h e  SD system i s  n o t  pos- 
s i b l e .  Cases 2  t h rough  5 had va r i ous  p r o p o r t i o n s  
of SD t o  PV. Commonality between t h e  s t a t i o n  and 
t h e  p la t f o rm  s o l a r  a r rays  was a l s o  cons idered i n  
t hese  s,ystem s tud ies .  I f  a s o l a r  a r r a y  i s  o p t i -  
mized f o r  t h e  p la t f o rm ,  i t  would be s m a l l e r  t han  
one op t im ized  f o r  t h e  s t a t i o n .  As a  c o s t  s a v i n g  
measure, p l a t f o r m  a r rays  c o u l d  be used on t h e  
s t a t i o n  so t h a t  on1.y one development c o s t  would be 
i ncu r red .  The use o f  SD on t h e  p l a t f o r m  was n o t  



f e a s i b l e  due t o  m i c r o g r a v i t y ,  we ight ,  and o t h e r  
requ i rements .  Also,  t h e r e  was an i n c o m p a t i b i l i t y  
i n  power l e v e l  between p l a t f o r m  requ i rements  and a  
p r a c t i c a l  s i z e d  SD u n i t .  

The p r i m a r y  s e l e c t i o n  c r i t e r i a  f o r  t hese  system 
s t u d i e s  was b o t h  IOC and l i f e  c y c l e  c o s t  f o r  t h e  
s t a t i o n  and t h e  p la t f o rms .  Development, manufac- 
t u r i n g ,  v e r i f i c a t i o n  t e s t i n g ,  overhead, and launch 
c o s t s  f o r  a l l  t h e  Space S t a t i o n  System hardware 
and sof tware  was inc luded.  An e s p e c i a l l y  impor tan t  
l i f e  c y c l e  c o s t  sav ings r e s u l t e d  f r o m  t h e  reduced 
aerodynamic drag assoc ia ted w i t h  t h e  SD system. 
T h i s  reduced d rag  a l l owed  lower  o r b i t  a l t i t u d e  and 
h i g h e r  s h u t t l e  payload capac i t y .  

As a  r e s u l t  of  t hese  system s tud ies ,  t h e  case 5  
h y b r i d  was se lec ted.  I n  t h i s  case, t h e  PV p o r t i o n  
o f  t h e  power system generates 25 kWe w i t h  f o u r  
s o l a r  a r r a y  wings ( a r r a y  power approx imate ly  
57 k ~ e ) .  The s t a t i o n  w ing i s  i d e n t i c a l  i n  des ign  
t o  t hose  op t im ized  f o r  t h e  p la t f o rm .  The s t a t i o n  
would a l s o  use n i c k e l  hydrogen b a t t e r i e s  i d e n t i c a l  
t o  t hose  designed f o r  t h e  p la t f o rm .  T h i s  common- 
a l i t y  o f  hardware r e s u l t s  i n  des ign  and development 
c o s t  sav ings f o r  t h e  Space S t a t i o n  program. 

The SD p o r t i o n  of  t h e  case 5 power system genera tes  
about  50 kWe. The exac t  s i z e  o f  each SD u n i t  w i l l  
depend upon t h e  PMAD system e f f i c i e n c y .  The SD 
u n i t s  w i l l  use e i t h e r  t h e  Bray ton o r  t h e  Rankine 
system and an o f f s e t  p a r a b o l i c  concen t ra to r .  The 
e x a c t  des ign  w i l l  depend upon t h e  r e s u l t s  o f  
ongo ing p r e l i m i n a r y  des ign  s tud ies .  The d e t a i l e d  
t r a d e  s t u d i e s  which he lped d e f i n e  t h e  techno log ies  
o f  t h e  case 5  h y b r i d  t h a t  was s e l e c t e d  a re  
desc r i bed  b r i e f l y  below. These t r a d e  s t u d i e s  
occu r red  a t  about t h e  same t i m e  as t h e  system l e v e l  
s t u d i e s  p r e v i o u s l y  descr ibed. O v e r a l l  t h e  techno- 
l o g i e s  f o r  t h e  p h o t o v o l t a i c  system a r e  l ow  r i s k ,  
and space proven whereas t h e  s o l a r  dynamic techno- 
l o g i e s  o f f e r  reduced drag and cos t .  

3.2 P h o t o v o l t a i c  System Technology S tud ies  

3.2.1 So la r  Ar ray .  Several  a r r a y  concepts were 
eva lua ted  d u r ~ n g  t h e  Phase B s tud ies .  They 
i n c l u d e d  p l a n a r  arrays,  s imple  f l a t  m i r r o r  concen- 
t r a t o r s ,  cassegranian concent ra tors ,  and t rough-  
t y p e  concen t ra to rs .  P r e l i m i n a r y  t r a d e  s t u d i e s  
cons ide red  a l l  known degradat ion  f a c t o r s  i n c l u d i n g  
o p t i c a l ,  e l e c t r i c a l ,  mechanical, etc., e f f e c t s .  
I n  a d d i t i o n ,  pack ing f a c t o r s ,  p o i n t i n g  and s t r u c -  
t u r a l  requirements,  number o f  components, d r a g  
area, c o s t s  and techno logy read iness were a l s o  
cons idered.  On t h e  b a s i s  o f  t hese  f a c t o r s ,  a  
p l a n a r  a r r a y  w i t h  s i l i c o n  c e l l s  was se lec ted.  A  
cassegran ian a r r a y  w i t h  g a l l i u m  a rsen ide  c e l l s  
l ooked  promis ing,  b u t  c e l l  e f f i c i e n c i e s  o f  about 
30  pe rcen t  were r e q u i r e d  t o  compete w i t h  t h e  p l a n a r  
s i l i c o n  design. T h i s  c e l l  e f f i c i e n c y  i s  beyond 
t h a t  p r o j e c t e d  f o r  p roduc t i on  c e l l s  a v a i l a b l e  a t  
t h e  s t a r t  o f  t h e  Space S t a t i o n  IOC a r r a y  f a b r i -  
c a t i o n  i n  1983-1989. 

The i s s u e  o f  dep loyab le le rec tab le  versus 
d e p l o y a b l e l r e t r a c t a b l e  a r rays  was a l s o  s tud ied .  
Combinat ions o f  t ypes  o f  a r r a y  subs t ra te ,  masts, 
c o n s t r u c t i o n  methods, on -o rb i t  assembly methods, 
and means o f  i n t e g r a t i n g  t h e  s u b s t r a t e  t o  t h e  mast 
were dev ised f o r  study. Masts cons idered i n c l u d e d  
b o t h  a r t i c u l a t e d  and cont inuous longeron types.  
E v a l u a t i o n  f a c t o r s  i nc luded  comp lex i t y  t o  b u i l d  
and t e s t .  cos t ,  o n - o r b i t  ( e x t r a  v e c h i l a r  a c t i v i t y )  
assembly t ime,  a r r a y  r e t r a c t a b i l i t y ,  mast s t i f f -  
ness, r e 1  i a b i l i t y ,  damage to le rance ,  r e p a i r a b i l i t y ,  

a tomic  oxygen res i s tance ,  techno logy read iness,  and 
o t h e r  f a c t o r s .  When a l l  t hese  f a c t o r s  were con- 
s idered,  a  p lanar ,  deployable,  f o l d - o u t  a r r a y  w i t h  
a  c o i l a b l e ,  cont inuous longeron mast was se lec ted .  
The a r r a y  w inq des ign f o r  t h e  s t a t i o n  and t h e  p l a t -  
f o r m  w i l l  be  t h e  same. It w i l l  have two f l e x f b l e  
b l a n k e t s  and a  c e n t e r  mast. Each b l a n k e t  w i l l  be 
s t o r e d  i n  a  containment box l cove r  assembly d u r i n g  
launch. 

T h i s  a r r a y  des ign i s  s i m i l a r  t o  t h e  NASA O f f i c e  o f  
Aeronaut ics  and Space Technology (OAST) f l i g h t  
exper iment,  OAST 1 (F ig .  5) .  T h i s  s o l a r  a r r a y  
f l i g h t  exper iment was performed on a  Space S h u t t l e  
m i s s i o n  (STS 41D) launched i n  August 1984. A 13 
b y  105 f t  a r r a y  c o n s i s t i n g  o f  84 h inged pane ls  was 
deployed and r e t r a c t e d  o n - o r b i t  seve ra l  t imes.  The 
a r r a y  b l a n k e t  pane ls  were f l e x i b l e .  The deployment 
mast was a  c o i l a b l e  longeron type. T h i s  a r r a y  was 
b u i l t  by  t h e  Lockheed M i s s i l e  and Space Company. 
To reduce cost,  o n l y  t h r e e  pane ls  con ta ined  s o l a r  
c e l l s .  I f  f u l l y  popu la ted  w i t h  c e l l s ,  t h e  a r r a y  
power ou tpu t  would be about 13 t o  14 kWe a t  t h e  
w ing r o o t .  

The OAST 1 f l i q h t  exper iment  was comp le te l y  suc- 
c e s s f u l .  I t  showed t h a t  t h e  a r r a y  was w e l l  behaved 
dynamica l ly .  I t s  performance i n  genera l  was as 
p r e d i c t e d  and t h e  s o l a r  c e l l s  were n o t  damaged 
d u r i n g  t h e  miss ion.  T h i s  f l i g h t  exper iment demon- 
s t r a t e d  t h a t  t h i s  a r r a y  t y p e  i s  techno logy ready  
and e s t a b l i s h e d  t h a t  space s t a t i o n  p lanne rs  can 
have a  h i g h  degree of con f i dence  i n  i t. A  more 
d e t a i l e d  d e s c r i p t i o n  o f  t h e  a r r a y  and t h e  f l i g h t  
exper iment r e s u l t s  can be found i n  Ref. 3. 

The OAST t y p e  a r r a y  has seve ra l  advantages compared 
w i t h  o t h e r  a r r a y  types.  It i s  l i g h t e r  i n  we igh t  
and packs i n  a  smal l  volume f o r  launch. I t has 
s u f f i c i e n t  s t i f f n e s s  t o  meet Space S t a t i o n  s t r u c -  
t u r a l  and dynamic requ i rements .  The f l e x i b l e  
s u b s t r a t e  i s  made f r o m  Kapton which i s  t r a n s p a r e n t  
t o  i n f r a r e d  r a d i a t i o n .  T h i s  a l l ows  t h e  s o l a r  c e l l s  

, t o  ope ra te  a t  a  l ower  temperature  and thus  w i t h  
h i g h e r  power o u t p u t  p e r  u n i t  area. 

A  disadvantage o f  t h e  OAST 1 t y p e  a r r a y  i s  i t s  need 
f o r  p r o t e c t i o n  f r o m  t h e  a tomic  oxygen o resen t  a t  
t h e  Space S t a t i o n  a l t i t u d e .  The Kapton s u b s t r a t e  
and o t h e r  components which c o n t a i n  epoxy (e.g., t h e  
mast longerons, t h e  b l a n k e t  h inge  p i n s  and con ta in -  
ment box and seve ra l  s m a l l e r  components) a r e  
a t t acked  by  a tomic  oxyqen. These components, i f  
unpro tec ted,  may have very  l i m i t e d  l i f e t i m e .  The 
Space S t a t i o n  Advanced Deve lo~men t  Program (Ref. 4 )  
i s  beq inn ing  a  c o n t r a c t  t o  demonstrate p r a c t i c a l  
methods t o  p r o t e c t  t h e  a r ray .  The p r i m a r y  emphasis 
w i l l  be on c o a t i n q s  t h a t  a r e  r e s i s t a n t  o r  i n e r t  t o  
atomic oxvgen a t t ack .  These coa t i ngs  must a l s o  
meet o t h e r  a r r a y  performance requ i rements  and must 
be compat ib le  w i t h  o t h e r  p a r t s  o f  t h e  space env i -  
ronment such as UV, r a d i a t i o n ,  micrometeoro i  ds, 
e t c .  These coa t i ngs  a r e  be ing  developed b y  t h e  
Space S t a t i o n  Advanced Development M a t e r i  a1 s  commu- 
n i t y .  The planned a r r a y  p r o t e c t i o n  c o n t r a c t  w i l l  
p r o v i d e  an eng inee r i ng  s o l u t i o n  t o  t h e  a tomic  
oxygen problem. 

I t w i l l  demonstrate t h a t  t h e  p r o t e c t i o n  methods a re  
compa t i b l e  w i t h  a r r a y  manu fac tu r i ng  and t h a t  t h e y  
s u r v i v e  t h a t  process and s t i l l  p r o t e c t  t h e  a r ray .  
The most c r i t i c a l  need i s  f o r  t h e  Kapton b l a n k e t .  

I f  s u i t a b l e  c o a t i n g s  cannot be demonstrated, 
a l t e r n a t e  b l a n k e t  a p ~ r o a c h e s  a r e  poss ib le .  These 
approaches i n c l u d e  1  aminat inq  Kapton sheets over  



an i n n e r  l a y e r  o f  m a t e r i a l  t h a t  i s  r e s i s t a n t  t o  
a tomic  oxygen o r  u s i n g  aluminum as t h e  subs t ra te .  
These approaches m igh t  r e s u l t  i n  h i g h e r  w e i g h t  
a n d l o r  decreased c e l l  power o u t p u t  due t o  l o s s  of 
i n f r a r e d  t ransmiss ion  th rough  t h e  subs t ra te .  

3.2.2 S o l a r  C e l l .  D e t a i l e d  s o l a r  c e l l  assembly 
des ign  m a t  were s t u d i e d  i n c l u d e  s i l i c o n  
versus g a l l i u m  arsenide, base r e s i s t i v i t y ,  back 
s u r f a c e  f i e l d  (BSF), I R  r e f l e c t o r  versus t rans -  
p a r e n t  back contac ts ,  conven t i ona l  top-bottom, 
wrap-around, o r  wrap-through t y p e  contac ts ,  c e l l  
s i z e  and th i ckness  and cover  g l a s s  m a t e r i a l  t y p e  
and th i ckness .  E v a l u a t i o n  c r i t e r i a  were IOC and 
l i f e  c y c l e  cos t ,  development s t a t u s  and performance 
ach ieved b y  1988-1989 when a r r a y  f a b r i c a t i o n  w i l l  
beg in .  

The a r r a y  des ign  f e a t u r e s  s e l e c t e d  were N on P  
s i l i c o n  c e l l s  w i t h  2  n-cm base r e s i s t i v i t y ,  8  by  
8 cm s i ze ,  8  m i l s  t h i c k ,  IR t r a n s p a r e n t  g r i dded  
back con tac t s ,  a  BSF, and a  wrap th rough  f r o n t  
c o n t a c t  u s i n g  a  6 m i l  cer ia-doped coverg lass .  The 
wrap-through f r o n t  c o n t a c t  and t h e  l a r g e  c e l l  s i z e  
reduce a r r a y  assembly t i m e  a ~ 3  c o s t .  The g r i d d e d  
back a l l o w s  IR  t ransmiss ion  th rough  t h e  a r r a y  
b l a n k e t  r e s u l t i n g  i n  h i g h e r  a r r a y  power o u t p u t  f o r  
a  f i x e d  area. 

S i l i c o n  s o l a r  c e l l s  have been used on many space- 
c r a f t  i n  t h e  past .  They have e x t e n s i v e  opera- 
t i o n a l ,  assembly and manufac tur ing  exper ience. 
A l though t h e  s e l e c t e d  c e l l  i s  l a r g e r  t h a n  those  
used p r e v i o u s l y ,  i t  i s  s t i l l  a  very  low r i s k  
approach. The Space S t a t i o n  Advanced Development 
Program w i l l  demonstrate p i l o t  p r o d u c t i o n  o f  t hese  
c e l l s  i n  e a r l y  1987. E f f i c i e n c i e s  o f  14  pe rcen t  
a r e  expected. 

3.2.3 Energy Storaqe System. The PV system w i l l  
s t o r e  energy e lec t rochemica l l y .  T h i s  s t o r e d  energy  
i s  needed d u r i n g  t h e  dark  p o r t i o n  o f  t h e  o r b i t  .and 
f o r  cont ingency purposes when t h e  power system 
cannot  produce and/or  d e l i v e r  power. The Phase B  
s t u d i e s  showed t h a t  t h e  i n h e r e n t  s to rage  c a p a b i l i t y  
o r  r e s i d u a l  energy o f  t h e  e lec t rochemica l  system 
was adequate t o  meet expected cont ingency r e q u i r e -  
ments. B u i l d i n g  i n  g r e a t e r  con t i ngency  c a p a b i l i t y  
was unnecessa r i l y  expensive. Energy s to rage  
o p t i o n s  s t u d i e d  i n c l u d e d  nickel-cadmium (NiCd) 
b a t t e r i e s ,  r e g e n e r a t i v e  f u e l  c e l l  (RFC), and 
n icke l -hydrogen (NiH2) b a t t e r i e s .  

NiCd b a t t e r i e s  a r e  es tab l i shed ,  f l i g h t - p r o v e n ,  
l ow- r i sk  dev ices .  However, t h e i r  l ow  dep th  o f  
d i scha rge  r e s u l t s  i n  h i g h  s to rage  system weight .  
Space-type c e l l s  up t o  100 A-hr s i z e s  have been 
produced so t h a t  development r i s k  would be low. 

The RFC uses a  f u e l  c e l l  and an e l e c t r o l y z e r  t o  
s t o r e  energy i n  t h e  f o r m  o f  hydrogen and oxygen. 
I n  t h e  dark  p o r t i o n  o f  t h e  o r b i t ,  t h e y  a r e  recom- 
b i n e d  i n  t h e  f u e l  c e l l  t o  produce wa te r  and 
e l e c t r i c i t y .  Du r i ng  t h e  l i g h t e d  p o r t i o n  o f  t h e  
o r b i t ,  excess a r r a y  power i s  used t o  e l e c t r o l y z e  
t h e  wa te r  and "charge" t h e  system w i t h  hydrogen 
and oxygen. The c y c l e  i s  c l osed  so t h a t  t h e  
f l u i d s  a r e  n o t  consumed. The RFC i s  l i g h t e r  t h a n  
b a t t e r i e s  and a l l ows  s to rage  o f  l a r g e  amounts o f  
cont ingency power w i t h  smal l  changes i n  t ank  
volume. However, t h e  RFC i s  n o t  as e f f i c i e n t  as 
b a t t e r i e s  (60 compared w i t h  80 p e r c e n t )  so t h a t  
t h e  s o l a r  a r rays  must be l a r g e r .  Also,  t h e  RFC i s  
more complex ( i  .e., pumps, valves, e t c . )  and n o t  
as r e l i a b l e  as b a t t e r i e s .  RFC's a l s o  have h i g h e r  
hea t  r e j e c t i o n  needs. R e l i a b i l i t y  was a  ma jo r  

c o n s i d e r a t i o n  f o r  t h e  p l a t f o r m  where 3 yea rs  of 
o p e r a t i o n  w i t h o u t  r e p a i r  were requ i red .  However, 
commonal i ty between t h e  s t a t i o n  and t h e  p l a t f o r m  
t o  reduce development, resupp ly ,  and s p a r i n g  c o s t s  
was a1 so considered. 

The NiH2 b a t t e r y  has been used i n  geosynchronous 
(GEO) spacec ra f t  (F ig .  6 )  i n  t h e  i n d i v i d u a l  
p ressu re  vessel ( IPV)  type.  

(The b i p o l a r  NiH2 b a t t e r y  has low techno logy 
m a t u r i t y  and was screened o u t  b y  t h e  e a r l y  t r a d e  
s t u d i e s ) .  IPV, 3.5 i n .  d iameter,  50 A-hr GEO-type 
c e l l s  a r e  i n  product ion .  Other  s i z e s  and capac i -  
t i e s  a r e  a v a i l a b l e  u s i n g  scale-up o f  e x i s t i n g  
components. The u n c e r t a i n t y  w i t h  t h e  NiH2 
b a t t e r y  stems f rom i t s  charge-discharge c y c l e  1  i f e .  
GEO spacec ra f t  exper ience o n l y  a  f r a c t i o n  o f  t h e  
c y c l e s  t h a t  a  LEO spacec ra f t  exper iences. However 
t h e  Space S t a t i o n  Advanced Development Program i s  
beg inn ing  t o  t e s t  !'LEO t ype "  c e l l s  w i t h  a  goal  of 
demonst ra t ing  a  minimum o f  5 yea r  l i f e t i m e s .  

As a  r e s u l t  o f  t h e  Phase B  t r a d e  s tud ies ,  IPV 
NiH2 b a t t e r i e s  were s e l e c t e d  f o r  t h e  p la t fo rm.  
Weight, cos t ,  r e l i a b i l i t y ,  development r i s k ,  and 
schedule were t h e  p r i m a r y  cons ide ra t i ons .  They a re  
about h a l f  t h e  we igh t  and l ower  i n  c o s t  t h a n  NiCd 
b a t t e r i e s  and more r e l i a b l e  t han  t h e  RFC. An iden- 
t i c a l  IPV NiH2 b a t t e r y  was a l s o  s e l e c t e d  f o r  t h e  
S t a t i o n  on t h e  b a s i s  o f  c o s t  and commonal i ty w i t h  
t h e  p la t f o rm .  IPV NiH2 was lower  i n  IOC c o s t  and 
o n l y  s l i g h t l y  h i g h e r  i n  l i f e - c y c l e  c o s t  f o r  t h e  
S t a t i o n .  

3.3 So la r  Dynamic Technology Stud ies  . 

The s o l a r  dynamic system c o n s i s t s  (F ig .  7 )  o f  an 
o f f s e t  p a r a b o l i c  c o n c e n t r a t o r  m i r r o r  wh ich  focuses 
t h e  suns heat  i n t o  a  r e c e i v e r .  The r e c e i v e r  s t o r e s  
t h e  hea t  i n  a  s a l t  (e.g., LiOH) and a l s o  t r a n s f e r s  
i t  t o  a  work ing f l u i d  (e.g., t o l u e n e  o r  he l ium-  
xenon gas). The heated f l u i d  d r i v e s  a  t u r b i n e  
which s p i n s  an a l t e r n a t o r  t o  genera te  AC e l e c t r i c a l  
energy. The t u r b i n e  a l s o  d r i v e s  a  pump which . 
r e c i r c u l a t e s  t h e  work ing  f l u i d .  Excess hea t  i s  
r e j e c t e d  t o  space by a  r a d i a t o r .  

I n  t h e  t r a d e  s t u d i e s  t h e  two conve rs ion  c y c l e s  
cons idered were c losed  Bray ton c y c l e  "(CBC) and 
o r g a n i c  Rankine c y c l e  (ORC). These systems have 
n o t  been used i n  space, b u t  a  t echno logy  d a t a  base 
f o r  t h e  hea t  engines has r e s u l t e d  f r o m  t e r r e s t r i a l  
and a i r c r a f t  a p p l i c a t i o n s .  E s t i m a t i n g  cos ts ,  
schedules, and o t h e r  f a c t o r s  d u r i n g  t h e  Phase B  
t r a d e  s t u d i e s  was t h e r e f o r e  h i g h e r  r i s k  t h a n  f o r  
t h e  PV system. 

Design cons ide ra t i ons  f o r  t h e  SD system s t u d i e d  i n  
Phase B  and be ing  worked i n  t h e  Advanced Develop- 
ment Program i n c l u d e  low g r a v i t y  e f f e c t s  f o r  two 
phase ( g a s - l i q u i d )  f l ow ,  hea t  f l o w  and d i s t r i b u t i o n  
i n  t h e  rece i ve r ,  l i f e t i m e  f o r  thermal  energy s t o r -  
age ( s a l t )  capsules,  we igh t  and o p t i c a l  g u a l i t y  of  
t h e  concent ra tor ,  p o i n t i n g  accuracy (0.1 ) f o r  t h e  
m i r r o r  gimbals, atomic oxygen p r o t e c t i o n ,  l aunch  
packaging, on -o rb i t  assembly, and o t h e r  f a c t o r s .  

A t  t h e  t i m e  o f  t h i s  w r i t i n g  bo th  t h e  CBC and t h e  
ORC systems a r e  s t i l l  b e i n q  considered. More 
d e t a i l e d  s tudy  i s  r e q u i r e d  because c o s t  and 
performance a r e  n e a r l y  i d e n t i c a l .  



3.4 Power Management and D i s t r i b u t i o n  S tud ies  

The power management and d i s t r i b u t i o n  (PMAD) system 
must  cope w i t h  l o a d  t ypes  and s i z e s  t h a t  w i l l  be  
unknown as t h e  s t a t i o n  users  change and i n c r e a s e  i n  
number. The re fo re  t h e  PMAD system must be use r  
f r i e n d l y  and adaptab le  t o  change and growth. The 
PMAD system f o r  t h e  Space S t a t i o n  must resemble a  
t e r r e s t r i a l  u t i l i t y - t y p e  power system r a t h e r  t h a n  
t h e  PMAD system o f  p rev ious  spacecra f t .  D i s t r i b u -  
t i o n  vo l t ages  h i g h e r  t h a n  t h e  28 v o l t s  p r e v i o u s l y  
used a r e  mandatory t o  reduce loses.  

Du r i ng  Phase 0, d i s t r i b u t i o n  f r equenc ies  o f  DC, 
400 Hz AC, and 20 KHz AC were s tud ied.  Component 
e f f i c i e n c y ,  s i z e  and we igh t  as w e l l  as t echno logy  
read iness,  a v a i l a b i l i t y  o f  space t y p e  components, 
a c o u s t i c  no ise ,  e lec t romagne t i c  i n t e r f e r e n c e  and 
plasma c o u p l i n g  were a l l  cons ide ra t i ons .  A f t e r  
much cons ide ra t i on ,  20 KHz was s e l e c t e d  f o r  t h e  
PMAD d i s t r i b u t i o n  f requency. 

The o v e r a l l  PMAD a r c h i t e c t u r e  s e l e c t e d  i s  a  dua l -  
r i n g  system w i t h  15 kWe busses supp l y i ng  power t o  
10  l o a d  areas on t h e  upper and lower  k e e l s  and t h e  
t r a n s v e r s e  boom'. Busses supp l y i ng  t h e  manned 
modules a r e  r a t e d  a t  30 kWe. The PMAD system con- 
t a i n s  numerous s w i t c h i n g  assembl i e s  and c o n t r o l  
assembl ies as w e l l  as a  c o n t r o l  system f o r  sens ing  
and commanding t h e  loads. I s o l a t o r s  and power 
c o n t r o l l e r s  w i l l  sense f a u l t s  and p r o t e c t  t h e  
system. 

4. SUMMARY 

The p resen t  Space S t a t i o n  program t r a c e s  i t s  r o o t s  
back b e f o r e  t h e  dawn o f  t h e  space program. The 
s t a t i o n  c o n f i g u r a t i o n  and t h e  power system f o r  t h e  
p r e s e n t  program has been s t u d i e d  e x t e n s i v e l y  i n  t h e  
f e a s i b i l i t y  and d e f i n i t i o n  phases. 

The h y b r i d  power system se lec ted  w i l l  meet t h e  
s t a t i o n  and p l a t f o r m  requ i rements  i n i t i a l l y  and 
i n t o  t h e  f u t u r e .  The 25 kWe PV system (57 KWe 
a r r a y  power) w i l l  be l a r g e r  t han  any system f lown 
t o  date .  The SD system w i l l  f a c i l i t a t e  economics 
and growth  f o r  t h e  power system and t h e  s t a t i o n .  
The PMAD system enables a  growable, balanced 
u t i l i t y - t y p e  system approach f o r  maximum f r i e n d -  
l i n e s s  f o r  t h e  s t a t i o n  users. 

The techno log ies  s e l e c t e d  f o r  PV, SD and PMAD 
r e s u l t  i n  t h e  l owes t  IOC c o s t s  and l i f e  c y c l e  
c o s t s  w i t h  acceptab le  development and schedu le  
r i s k .  T h i s  h y b r i d  system a l s o  meets programmatic 
and t e c h n i c a l  c o n s i d e r a t i o n s  d r i v i n g  t h e  power 
system d e f i n i t i o n .  The Space S t a t i o n  power system 
may s e t  t h e  s tandard  f o r  f u t u r e  spacecra f t  power 
systems. 
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Table 1 

SPACE STATION SYSTEM POWER REQUIREMENTS 

Table 2 

E 1 ement 

Manned core 
I OC 
Growth 

P 1 atf orms 
Polar 

I OC 
Growth 

Co-orbiting 
I OC 
Growth 

POWER SYSTEM MANAGEMENTIENGINEERING 

CONSIDERATIONS 

User ,power average 

7 5 
300 

8 
15 

6 
2 3 

kWe peak 

100 
35 0 

16 
2 4 

6 
2 3 

Initial cost 
Life-cycle cost 
Development risk 
Commonal i ty 
Weight 
Maintainability 
Failure criteria 
Safety 
Verification 

Schedule 
Orbit altitude and decay 
Growth capability 
Contingency requirement 
Load types and location 
Logistics and sparing 
Orbital assembly and buildup 
Interfaces 
Lifetime 



FIGURE 1. - A STATION I N  SPACE: A 1952 CONCEPT. 

FIGURE 2. - SPACE STATION COMPLEX, EARLY 1 9 9 0 ' S .  



FIGURE 3. - SPACE STATION DUAL KEEL CONFIGURATION 1986. 

I OC CASE GROWTH 

1. roc PV 
GROWTH PV 

" 
SD 

U u 
3.  IOC 50 PV-25 SD 

GROWTH SD 

4. IOC 37.5 PV-37.5 PD 
GROWTH SD 

5. IOC 25 PV-50 SD 
GROWTH SD 

u U 

6. IOC 12.5 PV-75 SD ; 
GROWTH SD 

FIGURE 4. - CASES EVALUATED FOR SPACE STATION POWER SYSTEM. 



FIGURE 5. - OAST-1 SOLAR ARRAY F L I G H T  EXPERIMENT. 1984. 

FIGURE 6. - INTELSAT V NICKEL HYDROGEN BATTERY. 



FIGURE 7. - SOLAR DYNAMIC SYSTEM SCHEMATIC, ORGANIC RANKINE CYCLE. 
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