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PHOTOVOLTAIC POWER MODULES FOR N A S A ' s  MANNED SPACE STATION 

C h a r l e s  A. T a t r o  
N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  

Lewis Research Cen te r  
C l e v e l a n d ,  O h i o  44135 

ABSTRACT 

The c a p a b i l i t y  and t h e  s a f e t y  o f  manned space- 
c r a f t  a r e  l a r g e l y  dependent upon r e l i a b l e  e l e c t r i c  
power systems.  Two s i m i l a r  space power systems a b l e  
t o  s u r v i v e  t h e  l o w - e a r t h  o r b i t  env i ronmen t ,  a r e  b e i n g  
c o n s i d e r e d  :or NASA's Manned Space S t a t i o n  ( S S ) ,  sche- 
d u l e d  t o  b e g i n  o p e r a t i o n  i n  t h e  m id  1 9 9 0 ' s .  The Space 
S t a t i o n  E l e c t r i c  Power System (EPS)  i s  composed o f  
P h o t o v o l t a i c  ( P V )  Power Modules,  S o l a r  S o l a r  Dynamic 
(SD)  Power Modules, and t h e  Power Management and D i s -  

! t r i b u t i o n  (PMAD) System. One EPS c o n f i g u r a t i o n  w i l l  , d e l i v e r  37.5 kW of PV-based, u t i l i t y - g r a d e ,  ac power 
to  S S  u s e r s .  A second 75 kWe PV-based EPS o p t i o n  i s  
a l s o  b e i n g  c o n s i d e r e d  fo r  SS deployment .  The two EPS 
o p t i o n s  u t i l i z e  common modules and d i f f e r  o n l y  i n  t h e  
t o t a l  number of PV Power Modules used. Each PV Power 
Module s u p p l i e s  18.75 kWe o f  ac power and i n c o r p o r a t e s  
i t s  own energy  s t o r a g e  and the rma l  c o n t r o l .  The f o c u s  
of t h i s  paper  i s  on t h e  g e n e r a l  r e q u i r e m e n t s  and t h e  
c u r r e n t  p r e l i m i n a r y  d e s i g n  c o n f i g u r a t i o n  o f  t h e  Space 
S t a t i o n  PV Power Modules. 

INTRODUCTION 

The NASA Lewis Research C e n t e r  i s  r e s p o n s i b l e  f o r  
d e s i g n  , development ,  t e s t i n g ,  e v a l u a t i o n  ,and i n t e g r a -  
t i o n  (DDT & E l )  of t h e  E l e c t r i c a l  Power System (EPS) 
fo r  t h e  Space S t a t i o n  ( S S )  and fo r  t h e  P o l a r  and 
C o - o r b i t i n g  P l a t f o r m s .  
b e i n g  c o n s i d e r e d  a r e  l i s t e d  i n  Tab le  I .  A s i n g l e  EPS 
o p t i o n  w i l l  be s e l e c t e d  for development b e f o r e  1988, 
p r o b a b l y  t h e  75 kWe PV o p t i o n .  Bo th  o p t i o n s  u t i l i z e  
18.75 kWe P h o t o v o l t a i c  ( P V )  Power Modules as i n t e g r a l  
components of t h e  SS EPS. T o t a l  power c a p a b i l i t y  w i l l  
be a f u n c t i o n  o f  t h e  number o f  PV Power Modules p l a c e d  
o n  t h e  s t a t i o n .  S o l a r  Dynamic (SD)  Power Modules w i l l  
p r o v i d e  50 kWe of ac power i n  e i t h e r  o p t i o n .  B o t h  SS 
EPS o p t i o n s  a l l o w  for f u t u r e  g r o w t h  c a p a b i l i t y  t o  
300 kWe of u s a b l e  ac power. 

The two EPS development  o p t i o n s  

The SS EPS c o n s i s t s  o f  t h r e e  t y p e s  o f  e lemen ts .  
These e lements a r e :  PV Power Modules, SD Power 
Modules,  and t h e  Power Management and D i s t r i b u t i o n  
(PMAD) System. Two SD Power Modules and e i t h e r  two 
or f o u r  PV Power Modules (depend ing  o n  t h e  EPS o p t i o n  
chosen) w i l l  s u p p l y  SS e l e c t r i c a l  power. These power 
modules i n t e r f a c e  w i t h  t h e  S S  v i a  t h e  PMAD System, 
wh ich  p r o v i d e s  o v e r a l l  SS EPS c o n t r o l .  Each power 
module ( P V  or SD) c o n t a i n s  i t s  own energy  s t o r a g e  sys- 
tem, i t s  own the rma l  c o n t r o l ,  and some autonomous con- 
t r o l  f e a t u r e s .  

I n i t i a l l y ,  37.5 kWe of  u t i l i t y - g r a d e ,  ac power 
w i l l  be p r o v i d e d  t o  SS u s e r s  from two, 18.75 kWe PV 
power modules l o c a t e d  o n  o u t b o a r d  s e c t i o n s  o f  t h e  s t a -  
t i o n ' s  c e n t r a l  s t r u c t u r e ,  as shown a t  t h e  t o p  o f  
F i g .  1 .  A d d i t i o n a l  PV Modules w i l l  t h e n  be added t o  
i n c r e a s e  EPS c a p a b i l i t y  t o  75 kWe (assuming t h i s  
o p t i o n  i s  s e l e c t e d )  as shown a t  t h e  b o t t o m  o f  F i g .  1 .  
T h i s  75 kWe a l l - P V  system r e p r e s e n t s  t h e  c u l m i n a t i o n  
of Phase I development for  t h e  SS EPS. PV power gen- 
e r a t i o n  was chosen o v e r  SD, for t h i s  i n i t i a l  phase, 
because o f  i t s  low t e c h n i c a l  and pe r fo rmance  r i s k .  
The f i n a l  o p e r a t i n g  c o n f i g u r a t i o n  (Phase 11) u t i l i z e s  
two a d d i t i o n a l  25 kWe SD Modules t o  p r o v i d e  125 kWe 
and i s  shown i n  F i g .  2 .  

PV power g e n e r a t i o n  and s t o r a g e  components a r e  
a l s o  b e i n g  deve loped  for t h e  P o l a r  and C o - o r b i t i n g  
P l a t f o r m s .  These p l a t f o r m s  u t i l i z e  PV module hard-  
ware t h a t  i s  common w i t h  t h e  S S ,  a l t h o u g h  t h e  s i z e  
and t o t a l  number of s o l a r  a r r a y  p a n e l s  and t h e  number 
o f  NiH2 c e l l s  p e r  b a t t e r y  i s  reduced.  

t h e  EPS PV power modules and a s s o c i a t e d  s t a t i o n  hard-  
ware. The PV power modules w i l l  be assembled i n  low 
e a r t h  o r b i t  (LEO) from modular  components c a r r i e d  
a l o f t  by t h e  Space S h u t t l e  O r b i t e r .  The SS w i l l  be 
p l a c e d  i n  LEO between 180 and 250 n m i  (330  and 
458 km) above t h e  e a r t h ' s  s u r f a c e  a t  an o r b i t a l  i n c l i -  
n a t i o n  o f  28 .5 " .  
o f  d i r e c t  i n s o l a t i o n  and 36 m in  of e c l i p s e  o v e r  an 
o r b i t a l  p e r i o d  of -96 m i .  

SS assembly w i l l  b e g i n  i n  1994 w i t h  t h e  l a u n c h  o f  

T h i s  o r b i t  p r o v i d e s  r o u g h l y  60 m in  

1 



THE PV POWER MODULES 

Each PV power module d e l i v e r s  18.75 kWe average 
ac power p e r  o r b i t  t o  SS use rs  and weighs -12 800 l b  
(5818 kg )  ( 1 ) .  Each module i s  composed o f  two s o l a r  
a r r a y  assemb l ies  ( S A A ) ,  an i n t e g r a t e d  equipment  assem- 
b l y  ( I E A ) ,  two b e t a  j o i n t s ,  and e l e c t r i c a l  and s t r u c -  
t u r a l  i n t e r f a c e  hardware.  A d e t a i l e d  v i e w  o f  t h e  SS 
PV power module i s  shown i n  F i g .  3. The I E A  c o n t a i n s  
t h e  n i c k e l - h y d r o g e n  (NiH2)  b a t t e r y  ene rgy  s t o r a g e  
assembly ( t h e  ESA) ,  t he rma l  c o n t r o l  system (TCS)  com- 
ponen ts ,  and PMAD system e l e c t r i c a l  components. Raw 
dc power i s  genera ted  by two d u a l - b l a n k e t  s i l i c o n  c e l l  
s o l a r  a r r a y s .  The peak power c a p a b i l i t y  o f  each mod- 
u l e  i s  48 kWe (from 53 368 s o l a r  c e l l s )  a t  t h e  beg in -  
n i n g  o f  l i f e  (BOL). A c t u a l  power o u t p u t  depends on 
s o l a r  a r r a y  tempera tu re ,  p o i n t i n g  a c c u r a c y ,  and dura-  
t i o n  i n  t h e  LEO env i ronmen t .  A t y p i c a l  BOL power f low 
d iag ram for  t h e  PV module i s  shown i n  F i g .  4. Whi le  
s u p p l y i n g  18.75 kWe o f  ac power, t h e  PV module must 
s i m u l t a n e o u s l y  p r o v i d e  dc power t o  f u l l y  charge t h e  
ESA b a t t e r i e s  by t h e  end o f  t h e  60 m in  s u n l i t  p o r t i o n  
o f  each o r b i t a l  r e v o l u t i o n .  E c l i p s e  power i s  p r o -  
v i d e d  by t h e  NiH2 b a t t e r i e s  i n  t h e  ESA. 

i n c u r r e d  i n  b a t t e r y  c h a r g i n g  and i n  dc t o  ac i n v e r s i o n  
fo r  d i s t r i b u t i o n ,  and i t  must be capab le  o f  p r o v i d i n g  
30 kWe ac o f  peak power for  up t o  15 m in  p e r  o r b i t  i f  
necessa ry  w i t h  no  l i m i t  t o  t h e  number o f  c o n s e c u t i v e  
p e a k i n g  o r b i t s  ( 2 ) .  PV module d e s i g n  w i l l  i n c o r p o r a t e  
t h e  e l e c t r i c a l  equipment c a p a b i l i t y  t o  d e l i v e r  139 kWe 
o f  SD-based average power and 156 kWe o f  SD-based peak 
power. T h i s  r e q u i r e m e n t  i s  i n  a n t i c i p a t i o n  o f  SS EPS 
g r o w t h  t o  300 kWe (350 kWe peak) ( 3 ) .  

be f u l l y  charged a t  t h e  end of t h e  s u n l i t  p o r t i o n  o f  
each o r b i t .  They a r e  s i z e d  t o  p r o v i d e  f u l l  ac power 
(18.75 kWe) d u r i n g  e c l i p s e  w i t h o u t  exceed ing  a 
35 p e r c e n t  d e p t h  o f  d i s c h a r g e  (DOD). They must a l s o  
be a b l e  t o  p r o v i d e  a minimum o f  6 . 7  kWe o f  ac power 
p e r  module for  one comp le te  o r b i t  w i t h  n o  s o l a r  ene rgy  
i n p u t .  D u r i n g  t h i s  c o n t i n g e n c y  o p e r a t i o n ,  t h e  energy  
s t o r a g e  b a t t e r i e s  s h a l l  n o t  exceed an 80 p e r c e n t  DOD. 
Each PV module must a l s o  supp ly  r e d u c e d - l e v e l  ac power 
d u r i n g  t h e  i n i t i a l  SS c o n s t r u c t i o n  p r o c e s s .  T h i s  
r e q u i r e s  t h a t  t h e  PV module f u n c t i o n  semi-autonomously 
a f t e r  i n i t i a l  deployment  i n  LEO u n t i l  SS systems a r e  
f u n c t i o n i n g .  

The the rma l  c o n t r o l  system (TCS) d e s i g n  r e q u i r e -  
ments a r e  d r i v e n  by t h e  combined the rma l  l o a d  o f  t h e  
ESA and PMAD e l e c t r i c a l  components i n  t h e  I E A .  The 
NiH2 b a t t e r i e s  must be m a i n t a i n e d  a t  5 "C (+15/-5 "C)  
under a l l  o p e r a t i n g  c o n d i t i o n s .  The TCS i s  a mechani- 
c a l  l y  pumped r e f r i g e r a n t  system capab le  o f  remov ing  
7 kWt o f  waste h e a t  from t h e  I E A .  

SS s t r u c t u r e  and a l s o  a l l o w s  t r a n s f e r  o f  dc e l e c t r i c a l  
power and communicat ion s i g n a l s  t o  t h e  ESA and PMAD 
system components. 
a r r a y s  t o  t r a c k  t h e  sun o v e r  seasonal o r b i t  v a r i a t i o n s  
(=28.5") .  I t  u t i l i z e s  i t s  own c o n t r o l l e r  and motor 
d r i v e ,  and i s  capab le  360" r o t a t i o n .  S t r u c t u r a l  and 
i n t e r f a c e  hardware a t t a c h  t h e  b e t a  j o i n t  and t h e  I E A  
t o  t h e  SS t r u s s  members. E l e c t r i c a l  c a b l i n g  and i n t e r -  
connec t  hardware a l l o w  e l e c t r i c a l  power f low and d a t a  
communicat ion between t h e  PV module assemb l ies  and PMAD 
components. PMAD e l e c t r i c a l  components housed i n  t h e  
I E A  c o n t r o l  power f low t o  meet SS l o a d  r e q u i r e m e n t s .  

ponen ts .  The SAA i s  des igned  f o r  15 y e a r s ,  and t h e  

The PV module must a l s o  o f f s e t  p a r a s i t i c  l o s s e s  

D u r i n g  normal o p e r a t i o n s ,  ESA b a t t e r i e s  a r e  t o  

The b e t a  j o i n t  a t t a c h e s  t h e  PV module SAA t o  t h e  

The b e t a  j o i n t  a l l o w s  t h e  PV 

Des ign  l i f e t i m e s  d i f f e r s  among t h e  PV module com- 

b e t a  j o i n t  f o r  20 y e a r s ,  o f  o n - o r b i t  o p e r a t i o n .  PMAD 
e l e c t r i c a l  equipment  and a l l  ESA hardware a r e  des igned  
for  5 y e a r  o r b i t a l  l i f e t i m e s .  Thermal c o n t r o l  compo- 
nen ts  a r e  des igned  for  10 y e a r s  o f  o r b i t a l  o p e r a t i o n .  

S tandard  i n t e r f a c e s  and a h i g h  degree o f  m o d u l a r i t y  
a r e  des igned  i n t o  a l l  components t o  f a c i l i t a t e  
o n - o r b i t  s e r v i c e  i n  LEO by r o b o t i c  m a n i p u l a t o r s  or b y  
a s t r o n a u t  e x t r a  v e h i c u l a r  a c t i v i t y  (EVA). 

THE SOLAR ARRAY ASSEMBLY 

Each s o l a r  a r r a y  assembly ( S A A )  i s  composed o f  
two b l a n k e t s  a t t a c h e d  t o  a c e n t r a l  deployment  mast 
and c a n i s t e r  and a s e q u e n t i a l  shun t  u n i t  (SSU) a l s o  
a t t a c h e d  t o  t h e  mast c a n i s t e r .  The SAA weighs r o u g h l y  
1400 l b  (632 k g ) .  The SSU c o n t r o l s  s o l a r  a r r a y  o u t -  
p u t  by s h u n t i n g  excess c a p a c i t y  when SS l o a d s  a r e  l e s s  
t han  t h e  a v a i l a b l e  s o l a r  a r r a y  o u t p u t  power and t h e  
energy  s t o r a g e  b a t t e r i e s  a r e  f u l l y  charged.  I t  a l s o  
p r e v e n t s  s o l a r  a r r a y  o u t p u t  v o l t a g e  from exceed ing  
200 V dc.  
can a l s o  be c o n t r o l l e d  by t h e  PMAD system. 

and c o n t a i n s  76 a c t i v e  pane l  s e c t i o n s  w i t h  192 s i l i c o n  
s o l a r  c e l l s  on each panel  for a t o t a l  o f  14 592 c e l l s  
p e r  b l a n k e t .  ( P l a t f o r m  and C o - o r b i t e r  PV b l a n k e t s  
have fewer  a c t i v e  p a n e l s . )  
a l l o w  a c c o r d i o n - s t y l e  f o l d i n g  o f  t h e  a r r a y s  fo r  com- 
p a c t  stowage and p r e - l o a d i n g  p r o t e c t i o n  d u r i n g  l a u n c h .  
The s i l i c o n  s o l a r  c e l l s  a r e  8x8 cm (3.15 by 3.15 i n . )  
w i t h  t r u n c a t e d  c o r n e r s  and g r i d d e d  b a c k - s u r f a c e  con- 
t a c t s .  C e l l  e f f i c i e n c y  i s  14 p e r c e n t  a t  a p r e d i c t e d  
o p e r a t i n g  tempera tu re  o f  20 "C a t  BOL ( 4 ) .  The 8 m i 1  
t h i c k  c e l l s  a r e  p r o t e c t e d  b y  6 m i l  t h i c k  ce r ia -doped  
g l a s s  cove rs  h e l d  on by a t r a n s p a r e n t  adhes ive ,  as 
shown i n  F i g .  5 .  C e l l  moun t ing  t a p e  a t t a c h e s  t h e  
s o l a r  c e l l s  t o  an o u t e r  l a y e r  o f  K a p t o n l  p o l y i m i d e  
f i l m .  A t h i n ,  copper  c i r c u i t ,  e n c a p s u l a t e d  between 
t h i s  o u t e r  Kapton l a y e r  and an i n n e r  l a y e r ,  a l l o w s  
welded e l e c t r i c a l  c o n n e c t i o n  t o  t h e  back s u r f a c e  o f  
t h e  s o l a r  c e l l s  t h r o u g h  pre-punched h o l e s  i n  t h e  f i l m .  
A p o l y e s t e r  adhes ive  bonds t h e  i n n e r  and o u t e r  Kapton 
l a y e r s .  

The p h y s i c a l  and e l e c t r i c a l  c o n f i g u r a t i o n  o f  t h e  
i n d i v i d u a l  s o l a r  p a n e l s  i s  shown i n  F i g .  6 .  Each pane l  
i s  14.7 i n .  l o n g  (37.3 cm), 164 i n .  (416.6 cm) wide 
and h i n g e d  t o  a d j a c e n t  p a n e l s  t o  form t h e  95.5 f t  
(29.1 m) l o n g  s o l a r  a r r a y  b l a n k e t .  Two f l a t - c o n d u c t o r -  
c a b l e  (FCC) e l e c t r i c a l  harnesses a r e  r o u t e d  a l o n g  t h e  
b l a n k e t  edges t o  c a r r y  b u l k  dc power t o  t h e  base o f  
t h e  a r r a y .  The s o l a r  c e l l s  a r e  e l e c t r i c a l l y  connec ted  
i n  a s e r i e s  s t r i n g  o f  192 i n d i v i d u a l  c e l l s  ( a n  e n t i r e  
p a n e l )  w i t h  e v e r y  16 c e l l s  p r o t e c t e d  from shadowing 
or damage by redundan t  by-pass d i o d e s .  The s t r i n g s  
(192 s e r i e s  connected c e l l s )  from two a d j a c e n t  p a n e l s  
a r e  w i r e d  i n  s e r i e s  t o  produce 160 V dc .  Each pane l  
p a i r  i s  w i r e d  i n  r e v e r s e  c u r r e n t  d i r e c t i o n ,  r e l a t i v e  
t o  a d j a c e n t  pane l  p a i r s ,  t o  p r o v i d e  magne t i c  f i e l d  
c a n c e l l a t i o n .  A s o l a r  c e l l  base c o n t a c t  r e s i s t a n c e  o f  
2 Q-cm was s e l e c t e d  t o  m i n i m i z e  c e l l  i n t e r a c t i o n  w i t h  
t h e  LEO r a d i a t i o n  env i ronmen t  ( 5 ) .  Tab le  I 1  summaries 
t h e  m a t e r i a l s  used t o  f a b r i c a t e  t h e  SAA. 

The LEO env i ronmen t  has a s i g n i f i c a n t  impac t  on 
t h e  m a t e r i a l s  s e l e c t e d  f o r  c o n s t r u c t i o n  o f  t h e  s o l a r  
a r r a y s  and t h e i r  s u p p o r t i n g  s t r u c t u r a l  e lemen ts .  The 

The SSU has i t s  own embedded p r o c e s s o r  b u t  

Each s o l a r  a r r a y  b l a n k e t  weighs 490 l b  (224 kg )  

Hinges between p a n e l s  

l K a p t o n  i s  a r e g i s t e r e d  t rademark  o f  DuPont. 
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most i m p o r t a n t  e n v i r o n m e n t a l  conce rns  a r e  a tomic  oxy- 
gen (AO)  i n t e r a c t i o n ,  m i c r o m e t e o r o i d  and space d e b r i s  
impac ts ,  and r a d i a t i o n  and plasma i n t e r a c t i o n s .  The 
SS s o l a r  a r r a y s  a r e  o v e r s i z e d  b y  r o u g h l y  15 p e r c e n t  
t o  accoun t  for a n t i c i p a t e d  damage d u r i n g  t h e i r  15 y e a r  
d e s i g n  l i f e t i m e  i n  LEO. T h i s  o v e r s i z i n g  f a c t o r  t a k e s  
i n t o  accoun t  a l l  LEO e n v i r o n m e n t a l  f a c t o r s  men t ioned  
above. 

Atomic oxygen degrades o r g a n i c  po lymer m a t e r i a l s  
( l i f e  Kapton)  by i n t e r a c t i o n  w i t h  hydrogen-carbon and 
hydrogen-oxygen bonds ( 6 ) .  A tomic  oxygen e n e r g i e s  o f  
4 t o  5 eV a r e  encoun te red  a t  t h e  SS a l t i t u d e .  P r o t e c -  
t i o n  for  t h e  s o l a r  a r r a y  Kapton m a t e r i a l  w i l l  be p r o -  
v i d e d  by p r o t e c t i v e  c o a t i n g s  wh ich  p r e v e n t  A0 i n t e r a c -  
t i o n  w i t h  t h e  o r g a n i c  s t r u c t u r e  o f  t h e  m a t e r i a l .  The 
mast and o t h e r  s t r u c t u r a l  components may be p r o t e c t e d  
b y  adhes ive  aluminum t a p e  or f i n e  aluminum b r a i d i n g .  

M i c r o m e t e o r o i d  and space d e b r i s  impac t  damage i s  
due t o  c o l l i s i o n  of  sma l l  p a r t i c l e s  w i t h  s o l a r  a r r a y  
components. M i c r o m e t e o r o i d s  and space d e b r i s  can be 
d i v i d e d  a c c o r d i n g  t o  average p a r t i c l e  d e n s i t y  and 
k i n e t i c  ene r  y. Space d e b r i s  has an average d e n s i t y  
o f  2.7 gm/cmg (0.098 l b / i n . 3 )  and t r a v e l s  a t  o r b i t a l  
v e l o c i t i e s  ( 1 0  km/sec or 22 370 mph) i n  LEO. Microme- 
t e o r o i d  a v e r a  e d e n s i t y  i s  much l e s s ,  0.5 gm/cm3 

o f  up t o  20 km/sec ( 4 4  740 mph) ( 7 ) .  
from space d e b r i s  and m i c r o m e t e o r o i d s  can be s i g n i f i -  
c a n t .  The 6 m i l  g l a s s  c o v e r s  on t h e  s o l a r  c e l l s  p r o -  
t e c t  t h e  c e l l  from m i c r o m e t e o r o i d  damage. The by-pass 
d i o d e s  ensu re  a c o n t i n u o u s  e l e c t r i c a l  c o l l e c t i o n  p a t h  
i f  i n d i v i d u a l  s o l a r  c e l l s  a r e  damaged by space d e b r i s  
i m p a c t  . 

R a d i a t i o n  damage to  s i l i c o n  s o l a r  c e l l s  r e s u l t s  
i n  a p r e d i c t a b l e  per formance d e g r a d a t i o n  o v e r  t i m e .  
S o l a r  a r r a y  o v e r s i z i n g  i s  used t o  meet power demands 
a t  t h e  end o f  l i f e  (EOL). Plasma i n t e r a c t i o n s  w i t h  
t h e  s o l a r  a r r a y  i n c l u d e :  
and c h a r g i n g  e f f e c t s  ( p o l a r  o r b i t  o n l y ) .  SS s o l a r  
a r r a y  maximum v o l t a g e  i s  l i m i t e d  t o  200 V t o  p r e v e n t  
a r c i n g  wh ich  c o u l d  cause l o c a l i z e d  damage t o  t h e  
s o l a r  a r r a y s  ( 8 ) .  Normal a r r a y  o p e r a t i n g  v o l t a g e  i s  
160 V dc.  
t h e  E a r t h ' s  n o r t h  and s o u t h  p o l e s  where t h e  magne t i c  
f i e l d  l i n e s  converge.  

(0.002 l b / i n .  3 ) ,  b u t  t h e s e  p a r t i c l e s  have v e l o c i t i e s  
Impac t  damage 

c u r r e n t  c o l l e c t i o n ,  a r c i n g ,  

LEO plasma i n t e r a c t i o n s  a r e  s t r o n g e s t  n e a r  

SAA MAST AND C A N I S T E R  

The s o l a r  a r r a y  mast i s  a c o i l a b l e ,  c o n t i n u o u s -  
l o n g e r o n  d e s i g n  u t i l i z i n g  t h r e e  S2-g lass lepoxy  l o n g e r -  
ons,  connected by s h o r t  b a t t e n s  o f  t h e  same m a t e r i a l ,  
and d i a g o n a l  t e n s i o n  w i r e s ,  as shown i n  f i g .  7 .  The 
mast ex tends  and r e t r a c t s  t h e  two s o l a r  a r r a y  b l a n k e t s  
wh ich  a r e  connected t o  p r o t e c t i v e  b l a n k e t  cove rs  on 
e i t h e r  s i d e  of t h e  mast .  The mast i s  s t o r e d  i n  a mast  
c a n i s t e r  and i s  dep loyed  or r e t r a c t e d  by a r o t a t i n g  
deployment  mechanism. T h i s  mechanism has i n t e r n a l  
s p i r a l  grooves which g u i d e  mast r o l l e r  l u g s  l o c a t e d  on 
t h e  mast l ongerons  a t  each b a t t e n  a t tachmen t  p o i n t .  
The s o l a r  a r r a y  b l a n k e t  p a n e l s  f o l d  o r  u n f o l d  c o n t i n u -  
o u s l y  as t h e  mast i s  r e t r a c t e d  or dep loyed .  The mast 
i s  a t t a c h e d  t o  a r o t a t i n g  b a s e p l a t e  i n  t h e  b o t t o m  o f  
t h e  c a n i s t e r  so t h a t  t h e  extended mast does n o t  
r o t a t e .  

s u p p o r t  for t h e  s o l a r  a r r a y s  a t  any extended p o s i t i o n .  
The s o l a r  a r r a y s  a r e  m a i n t a i n e d  i n  a p l a n a r  s u r f a c e  by 
t e n s i o n e d  g u i d e  c a b l e s  and by t h e  extended mast .  Mast 
s t i f f n e s s  and b l a n k e t  t e n s i o n  c a b l e s  p r o v i d e  a f i r s t  

The s o l a r  a r r a y  mast i s  t h e  p r i m a r y  s t r u c t u r a l  

mode bend ing  f r e q u e n c y  o f  a l e a s t  0.1 Hz. The mast 
c a n i s t e r  i s  a t t a c h e d  t o  a r o t a t i n g  b e t a  j o i n t  wh ich  
m e c h a n i c a l l y  and e l e c t r i c a l l y  connec ts  t h e  SAA w i t h  
t h e  SS t r u s s  s t r u c t u r e .  The SAA mast and c a n i s t e r  
weigh 361 l b  (164  k g ) .  

THE I E A  

The I E A  p r o v i d e s  t h e  moun t ing  s t r u c t u r e  and t h e  
the rma l  i n t e r f a c e  for t h e  ESA, t h e  TCS, and PMAD com- 
ponen ts .  The PV ESA i s  compr ised o f  NiH2 c e l l  b a t t e r  
i e s ,  and power charge and d i s c h a r g e  c o n t r o l  e l e c t r o n i c s .  
N i n e t y - t w o  65 A-hr c e l l s  packaged i n  f o u r  groups o f  
23 c e l l s  each, p r o v i d e  380 A-hrs of t o t a l  s t o r a g e  
c a p a c i t y .  ESA t o t a l  w e i g h t  i s  -3470 l b  (1577 k g ) .  
The NiH2 c e l l s  u t i l i z e  a 31 p e r c e n t  by w e i g h t  p o t a s -  
s ium h y d r o x i d e  e l e c t r o l y t i c  s o l u t i o n  and a r e  housed i n  
i n d i v i d u a l  I n c o n e l  718 p r e s s u r e  v e s s e l s .  C e l l  o p e r a t -  
i n g  p r e s s u r e  i s  900 p s i  w i t h  a nominal  3 : l  s a f e t y  
f a c t o r .  

The I E A  i s  t h e r m a l l y  r e g u l a t e d  by an a c t i v e  TCS 
s e r v i n g  t h e  a l l  a c t i v e  components. A two-phase ammo- 
n i a  ("3) r e f r i g e r a n t  l o o p  t r a n s f e r s  waste h e a t  from 
t h e  ESA b a t t e r i e s  and e l e c t r i c a l  equipment  components 
t o  a condenser  h e a t  exchanger .  B a t t e r i e s  and e l e c t r i -  
c a l  equipment  i n  t h e  I E A  a r e  mounted on i n d i v i d u a l  
c o l d  p l a t e s ,  wh ich  t r a n s f e r  waste h e a t  v i a  c l o s e d  h e a t  
p i p e s ,  t o  s e p a r a t e  TCS c o l d  p l a t e s  c o n t a i n i n g  t h e  c i r -  
c u l a t i n g  "3. Mechan ica l  pumps c i r c u l a t e  t h e  NH3 
between t h e  TCS c o l d  p l a t e s  and t h e  condenser h e a t  
exchanger .  The h e a t  exchanger  t r a n s f e r s  h e a t  i n  t h e  
r e f r i g e r a n t  t o  an aluminum h e a t  p i p e  r a d i a t o r  for  
r e j e c t i o n  i n t o  space. Each 18.75 kWe module has one 
560 f t 2  (52 m2) r a d i a t o r  p o s i t i o n e d  t o  m i n i m i z e  t h e r -  
mal i n t e r a c t i o n  w i t h  o t h e r  SS s t r u c t u r e s .  

PV MODULE BETA JOINT 

The b e t a  j o i n t  
d r i v e n  b e a r i n g  j o i n t  
t h e  sun ( o r b i t a l  sun 
s t a t i o n ' s  a l p h a  j o i n  
e l e c t r i c a l  r o l l  r i n g  
power f rom t h e  s o l a r  
assembly ( I E A )  and a 

s an a c t i v e l y - c o n t r o l l e d ,  motor- 
wh ich  a l l o w s  seasonal  t r a c k i n g  o f  
t r a c k i n g  i s  accomp l i shed  b y  t h e  
s ) .  The j o i n t  a l s o  c o n t a i n s  t h e  
assembly wh ich  t r a n s m i t s  b u l k  dc 
a r r a y s  t o  t h e  i n t e g r a t e d  equipment  
so a l l o w s  e l e c t r i c a l  communicat ion 

be tween- the  a r r a y  SSU and PMAD system components a l s o  
l o c a t e d  i n  t h e  I E A .  DC e l e c t r i c a l  power and d a t a  s ig -  
n a l  t r a n s f e r  i s  accomp l i shed  v i a  r o l l  r i n g s  i n  t h e  
j o i n t .  The b e t a  j o i n t  weighs -600 l b  (273 k g ) .  

CONCLUDING REMARKS 

PV power modules o f f e r  low t e c h n i c a l  r i s k  f o r  SS 
e l e c t r i c a l  power p r o d u c t i o n  t h r o u g h  demons t ra ted  pe r -  
formance,  h i g h  r e l i a b l i l t y ,  and o n - o r b i t  s e r v i c e a -  
b l i l t y .  They a r e  a c o s t - e f f e c t i v e  and t e c h n o l o g i c a l l y  
ma tu re  approach t o  p r o v i d e  r e l i a b l e  SS e l e c t r i c a l  
power i n  LEO and t h e y  p r o v i d e  a s o l i d  base for  evo lu -  
t i o n a r y  SS power System g rowth .  SS power demands a r e  
p r o j e c t e d  t o  grow to  300 kWe by t h e  end o f  t h e  SS 
30 y e a r  d e s i g n  l i f e t i m e .  
modules a r e  t h e  c o r n e r s t o n e  o f  SS deployment  i n  LEO. 
f o u r  o f  these  modules w i l l  p r o v i d e  75 kWe o f  PV-based 
ac power ( o u t  o f  125 kWe t o t a l  ac power) when t h e  SS 
i s  f u l l y  dep loyed .  Power r e q u i r e m e n t s  i n  excess o f  
75 kWe ac w i l l  be met by advanced s o l a r - t h e r m a l  power 
systems c u r r e n t l y  under  development .  

The 18.75 kWe PV power 

The PV power 
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module d e s i g n  emphasizes n i g h  r e l i a b i l i t y  hardware 
(and s o f t w a r e ) ,  l o n g  l i f e  components, and a h i g h  
degree o f  m o d u l a r i t y  and s a f e t y ,  t o  p r o v i d e  r e l i a b l e  
SS e l e c t r i c a l  power and t o  accommodate EPS g r o w t h  or  
r e c o n f i g u r a t i o n  i n  LEO as u s e r  needs e v o l v e .  
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TABLE I .  - SPACE STATION EPS DEVELOPMENT OPTIONS 

CPV = p h o t o v o l t a i c ;  SD = s o l a r  dynamic. ]  

S t a t i o n  EPS c o n f i g u r a t i o n  

75 kWe PV system 
( w i t h  SD p r e l i m i n a r y  des ign)  

50 kWe SD a d d i t i o n a l  
(125 kWe EPS t o t a l  ) 

87.5 kWe h y b r i d  system 
37.5 kWe PV 
50 kWe SD 

P l a t f o r m  EPS System 

3.8 kWe PV f o r  
p o l a r  p l a t f o r m  

3 .0  kWe PV f o r  
co-orb i  t e r  

3 . 8  kWe PV for 
p o l a r  p l a t f o r m  

and 
3.0 kWe PV f o r  

co-orb i  t e r  



Component 

C e l l  cover  

Cover adhes ive  

S o l a r  c e l l  

Mater  i a1 S i z e  

I n t e r c o n n e c t  

S u b s t r a t e  

Harness 

Hinge P i n s  

Panel f rame 
S t i f f e n e r s  
Sleeves 

Spr ings  

Grommets 

Guide w i r e s  

Cover lbase 

Latches 

Cab1 e l g u i  de 
w i r e  r e e l  

Negator s p r i n g  
r e e l  

Cables 

Mast 

Longerons 
B a t  t e n s  
D iagona l  s 
Roll e r s  
P i v o t s  

C a n i s t e r  

Posi  t i o n i  ng 
mechanism 

B l a n k e t  

Cer ia-doped 

DC 93-500 

S i l i c o n ,  2 Q-cm 
base r e s i s t a n c e  
g r i d e d  back, r e a r  
c o n t a c t ,  s o l d e r l e s s  

Photo-etched copper 

P r o t e c t i v e  c o a t i n g  
Kapton 
P o l y e s t e r  adhes ive  
Kapton 
P r o t e c t i v e  c o a t i n g  

F l a t  conductor  c a b l e  
(copper or A l )  

SZ-glasslepoxy 

Graphi  t e l e p o x y  
Kapton 

S t e e l  

TBD 

S t e e l  

B l a n k e t  box 

6 m i l s  nominal  t h i c k n e s s  

2 m i l s  maximum t h i c k n e s s  

8 x 8 cm (60.4 cm2 
e f f e c t i v e  a rea)  
x 8 m i l s  

1 . 5  m i l s  t h i c k  

TBD 
1 m i l  
0 .5  m i l s  
1 m i l  
TBD 

3 m i l s  

TBD 

TBD 
TBD 

TBD 

TBD 

TBD 

P e r f o r a t e d  A1 
honeycomb c o r e  

Gr/Ep facesheets  

A1 umi num 

Magnesium 

164.1 x 14.7 i n .  
1 i n  A1 
36 m i l s  g r a p h i t e l e p o x y  

TBD 

TBD 

D e l r i n  

S t e e l  I ;:: 
A r r a y  deployment mechanism 

SZ-glasslepoxy 
S2-g lass lepoxy  
7 x 7 s t e e l  c a b l e  
Vespel 
7075 a1 umi num 

6061 a1 umi num 

6061 a1 umi num 

0.39 i n  p e r  s i d e  
0 .30  i n  p e r  s i d e  
0.10 i n  p e r  s i d e  
TBD 
TBD 

33.8 i n  max diam. 
x 61 i n  max l e n g t h  

TBD 
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37.5 KWE PV EPS ( I N I T I A L  DEPLOYMENT) 

75 KWE EPS ( I N I T I A L  OPERATING CONFIGURATION) - PHASE I DEPLOYMENT COMPLETED 
FIGURE 1. - SPACE STATION EPS PHOTOVOLTAIC (PV) POWER MODULE DEPLOYMENT SEQUENCE. 

r 2 5  KWE SOLAR 
\,DYNAMIC (SD) POWER MODULE 

\ 
\ 
\ 

\ 
\\ 

PHOTOVOLTAIC 
\ POWER MODULE 
\ 

\ 
\ (PV) 

I 

FIGURE 2. - SPACE STATION 125 KWE ELECTRIC POWER SYSTEM (EPS) UTILIZES PV AND SD POWER MODULES, 
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(TO 

BLANKET BOX COVER 

BLANKET PANEL 

INTEGRATED EQUIPMENT 
ASSEMBLY ( IEA)  

BETA GIMBAL AND 
MAST CANNISTER 

FT (DEPLOYED) 

k - 3 1 . 5  FT+ 
(9.6 M) 

DIMENSIONS TAKEN FROM NASA LERC POWER SYSTEM 
DESCRIPTION DOCUMENT (REF. 1) 

FIGURE 3. - 18 .75  KWE STATION PV POWER MODULE. 
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ARRAYS 

21.2 KWE DC/AC 
INVERTER 

1 KWE (DC BUS) 
t 

1.2 KWE - 
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FIGURE 4. - SPACE STATION PV MODULE POWER FLOW DIAGRAM 
(TYPICAL). 
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FIGURE 7. - SOLAR ARRAY MAST AND CANISTER. 
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