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SPACE STATION ELECTRIC POWER SYSTEM REQUIREMENTS AND DESIGN 

Fred  Teren* 
N a t i o n a l  Ae ronau t i cs  and Space A d m i n i s t r a t i o n  

Lewis Research Center  
C leve land,  Ohio 44135 

A b s t r a c t  

T h i s  paper g i v e s  an ove rv iew  o f  t h e  conceptua l  
d e f i n i t i o n  and d e s i g n  o f  t h e  Space S t a t i o n  e l e c t r i c  
power system (EPS), R e s p o n s i b i l i t i e s  f o r  des ign  
and development o f  t h e  EPS a r e  de f i ned .  The EPS 
requ i remen ts  a r e  l i s t e d  and d iscussed,  i n c l u d i n g  
average and peak power requ i rements ,  con t i ngency  
requ i remen ts .  and f a u l t  t o l e r a n c e .  The most s i g -  
n i f i c a n t  Phase 6 t r a d e  s tudy  r e s u l t s  a r e  summarized, 
and t h e  d e s i g n  s e l e c t i o n s  and r a t i o n a l e  a r e  g i ven .  
F i n a l l y ,  t h e  power management and d i s t r i b u t i o n  sys- 
tem a r c h i t e c t u r e  i s  p resented .  

Background 

NASA has been engaged i n  t h e  d e f i n i t i o n  and 
d e s i g n  o f  t h e  Space S t a t i o n  and p l a t f o r m s  s i n c e  
1984. Phase 6 c o n t r a c t s  were awarded by f o u r  work 
package (WP) c e n t e r s  f o r  d e f i n i t i o n  and p r e l i m i n a r y  
d e s i g n  o f  t h e  Space S t a t i o n  and p l a t f o r m s  and t h e i r  
v a r i o u s  systems. These c o n t r a c t s  were completed 
e a r l y  i n  1987. NASA p l a n s  t o  award c o n t r a c t s  f o r  
t h e  d e s i g n  and development o f  t h e  Space S t a t i o n  and 
p l a t f o r m s  i n  t h e  f a l l  o f  1987. The s u b j e c t  o f  t h i s  
paper i s  t h e  requ i remen ts  f o r ,  and des ign  o f ,  t h e  
Space S t a t i o n  e l e c t r i c a l  power system (EPS), as 
d e f i n e d  a t  comp le t i on  o f  t h e  Phase 6 e f f o r t .  

The Space S t a t i o n  EPS I s  t h e  r e s p o n s i b i l i t y  o f  
t h e  NASA Lewis Research Center ,  a l s o  known as work 
package-04 (WP-04) i n  t h e  Space S t a t i o n  program. 
WP-04 i s  r e s p o n s i b l e  f o r  t h e  end-to-end e l e c t r i c  
power system a r c h i t e c t u r e s  f o r  t h e  Space S t a t i o n  and 
p l a t f o r m s ,  i n c l u d i n g  p h o t o v o l t a i c  and s o l a r  dynamic 
power g e n e r a t i o n  and s to rage ,  and power management 
and d i s t r i b u t i o n  (PMAD) t o  t h e  f i n a l  use r  i n t e r f a c e .  
T h i s  r e s p o n s i b i l i t y  i n c l u d e s  end-to-end system 
des ign ,  and DDTaE and p r o d u c t i o n  o f  a l l  system hard-  
ware and s o f t w a r e .  I n  a d d i t i o n ,  WP-04 i s  respons i -  
b l e  f o r  t h e  p h o t o v o l t a i c  and s o l a r  dynamic power 
module e lements .  T h i s  element r e s p o n s i b i l i t y  
i n c l u d e s  OOTaE. p r o d u c t i o n  o f  un ique element hard- 
ware, and i n s t a l l a t i o n  and checkout  o f  a l l  hardware 
i n t o  t h e  modules.  WP-04 i s  a l s o  r e s p o n s i b l e  f o r  
t h e  i n t e g r a t i o n  o f  t h e  s o l a r  dynamic power module 
i n t o  t h e  NSTS f o r  launch.  The p h o t o v o l t a i c  power 
module and PMAD hardware a r e  packaged and d e l i v e r e d  
t o  t h e  a p p r o p r i a t e  s i t e  f o r  i n t e g r a t i o n .  F o r  the  
p l a t f o r m s ,  ORU and/or component l e v e l  hardware a r e  
d e l i v e r e d  t o  WP-03 f o r  i n s t a l l a t i o n  and i n t e g r a t i o n  
i n t o  t h e  p l a t f o r m  e lement .  

Requirements 

The ma jo r  EPS requ i remen ts  a r e  as f o l l o w s .  The 
EPS i s  r e q u i r e d  t o  have t h e  c a p a b i l i t y  t o  d e l i v e r  
87.5 kW o f  e l e c t r i c  power c o n t i n u o u s l y  t o  t h e  user  
l oads .  I n  a d d i t i o n ,  t h e  EPS must be a b l e  t o  d e l i v e r  
up t o  112.5 kW o f  peak power f o r  up t o  15  mln  each 
o r b i t .  S ince  t h e  power system opera tes  i n  l o w  e a r t h  
o r b i t  (LEO), t h e r e  i s  a s i g n i f i c a n t  amount o f  shade 

*Assoc ia te  Fe l l ow ,  A I A A .  

t i m e  when t h e  S t a t i o n  passes th rough  t h e  E a r t h ' s  
shadow d u r i n g  each o r b i t .  As a r e s u l t ,  a l a r g e  
amount o f  energy s to rage  c a p a c l t y  i s  r e q u i r e d ,  i n  
o r d e r  t o  p r o v i d e  t h e  87.5 kW o f  power c o n t i n u o u s l y  
d u r i n g  p e r i o d s  o f  shade as w e l l  as s u n l i g h t .  Fu r -  
thermore ,  as a r e s u l t  o f  t h e  LEO o p e r a t i n g  regime, 
t h e  aerodynamic d rag  f o r c e  r e s u l t i n g  f r o m  s o l a r  
c o l l e c t i n g  su r faces  i s  a ma jo r  d r i v i n g  requ i remen t .  
Other requ i rements  wh ich  r e p r e s e n t  s i g n i f i c a n t  
des ign  d r i v e r s  f o r  t h e  EPS a r e  as f o l l o w s :  

( 1 )  A minimum l e v e l  o f  power must be a v a i l a b l e  
d u r i n g  con t ingency  p e r i o d s ,  such as when c o n t r o l  has 
been l o s t  and t h e  EPS cannot  be p o i n t e d  a t  t h e  sun. 

( 2 )  C r i t i c a l  loads ,  r e q u i r i n g  t w o - f a u l t -  
t o l e r a n t  e l e c t r i c a l  power, may be l o c a t e d  anywhere 
on t h e  S t a t i o n ,  e i t h e r  i n s i d e  or  o u t s i d e  t h e  p res -  
s u r i z e d  modules. 

( 3 )  The power system des ign  must be capab le  o f  
accommodating l a t e r  g rowth  t o  a 300 kW power l e v e l .  

a b l e ,  t h rough  t h e  use of o r b i t a l  rep lacement  u n i t s  
(DRU) . 

( 4 )  The power system must be o n - o r b i t  m a i n t a i n -  

( 5 )  The S t a t i o n  power system d e s i g n  shou ld  min- 
i m i z e  I D C  cos t ;  i n  a d d i t i o n ,  l i f e  c y c l e  c o s t  (LCC) 
i s  an i m p o r t a n t  f a c t o r  and shou ld  a l s o  be k e p t  low. 

( 6 )  Low mass i s  very  i m p o r t a n t  f o r  t h e  p l a t f o r m  
power system. 

( 7 )  To m in im ize  cos t ,  maximum commonal i t y  
between S t a t i o n  and p l a t f o r m  PMAD components shou ld  
be sought .  

Design Opt ions  and S e l e c t i o n s  

The most i m p o r t a n t  des ign  c h o i c e  f o r  t h e  Space 
S t a t i o n  EPS was t h e  s e l e c t i o n  o f  t h e  power genera- 
t i o n  and s t o r a g e  system. The p o s s i b l e  o p t l o n s  a r e  
a l l  p h o t o v o l t a i c  (PV),  a l l  s o l a r  dynamic (SD) and 
h y b r i d  ( a  comb ina t ion  o f  PV and SO) .  

A PV system has s o l a r  a r r a y s  f o r  power genera- 
t i o n ,  and chemica l  energy s to rage  ( b a t t e r i e s  or f u e  
c e l l s )  t o  s t o r e  excess s o l a r  a r r a y  energy d u r i n g  
p e r i o d s  o f  s u n l i g h t ,  and p r o v i d e  power d u r i n g  p e r i -  
ods o f  shade. A PV system i s  g e n e r a l l y  c h a r a c t e r -  
i z e d  by l o w  development c o s t  and h i g h  r e c u r r i n g  cos 
(due t o  m a t u r i t y  o f  s o l a r  a r r a y  development and h i g  
c o s t  o f  s o l a r  c e l l s  and p a n e l s ) ;  l ow  e f f i c i e n c y  due 
t o  t h e  approx imate  1 0  pe rcen t  e f f i c i e n c y  o f  s o l a r  
c e l l s ;  and h i g h  d rag  f rom t h e  l a r g e  s o l a r  a r r a y  
pane ls  r e q u i r e d  t o  c a p t u r e  s u f f i c i e n t  s u n l i g h t  t o  
meet r e q u i r e d  use r  power l e v e l s .  

S o l a r  dynamic systems use s o l a r  r a d i a t i o n  t o  
hea t  a work ing  f l u i d  i n  a c losed  l o o p .  The f l u i d  
does work on a t u r b i n e  wh ich  d r i v e s  an  a l t e r n a t o r ,  
c o n v e r t i n g  the rma l  energy t o  mechan ica l  t o  e l e c t r i -  
c a l  energy .  Heat i s  added t o  t h e  f l u i d  i n  a hea t  
r e c e i v e r  wh ich  absorbs  focused s o l a r  r a d i a t i o n  f r o m  
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a sun - t rack ing  c o n c e n t r a t o r  w i t h  a r e f l e c t l v e  s u r -  
face .  The r e c e l v e r  and c o n c e n t r a t o r  a r e  o v e r s i z e d  
t o  a l l o w  excess the rma l  energy t o  be s t o r e d  i n  a 
m e l t l n g  s a l t  as t h e  h e a t  o f  f u s l o n  when t h e  system 
i s  I n  t h e  sun. Dur ing  s o l a r  e c l i p s e ,  some o f  t h e  
s a l t  s o l i d i f i e s ,  r e l e a s i n g  hea t  t o  t h e  work ing  
f l u i d  wh lch  c o n t i n u o u s l y  powers t h e  t u r b o a l t e r n a t o r .  
R a d i a t o r s  a re  r e q u i r e d  by s o l a r  dynamic systems t o  
r e j e c t  t h e  waste c y c l e  hea t  t o  space. S o l a r  dynamic 
systems a r e  c h a r a c t e r i z e d  by h i g h e r  development 
c o s t s  (because t h e y  have never  f l own  i n  space 
b e f o r e )  b u t  lower  r e c u r r i n g  cos ts ;  s lower  pe r fo rm-  
ance degrada t ion  due t o  ag ing ;  much h l g h e r  e f f l -  
c l e n c y  t h a n  PV systems, and, consequent ly ,  much 
lower  d rag .  

Ex tens i ve  t r a d e  s t u d l e s  were conducted compar- 
i n g  PV. SD, and h y b r l d  EPS o p t i o n s  d u r l n g  t h e  Phase 
B e f f o r t .  The h y b r i d  o p t l o n  was judged t o  be supe- 
r i o r  t o  e l t h e r  a l l - P V  o r  a l l - S D  o p t t o n s ,  and was 
s e l e c t e d  f o r  development.  The f o l l o w l n g  a r e  t h e  
ma jo r  f a c t o r s  wh lch  c o n t r i b u t e d  t o  t h e  s e l e c t i o n  o f  
t h e  h y b r i d  EPS: 

( 1 )  An a l l -SO system was r u l e d  o u t  because t h e  
Space S t a t i o n  assembly p l a n  r e q u i r e s  t h e  S t a t l o n  t o  
f l y  I n  a low-drag f e a t h e r e d  mode f o r  t h e  f l r s t  sev- 
e r a l  s h u t t l e  launches. The SO system r e q u i r e s  f i n e  
p o i n t i n g ,  and w i l l  n o t  d e l i v e r  power when c o l l e c t o r s  
a r e  fea the red .  I n  a d d i t i o n ,  an SO system cannot  
p r o v l d e  cont lngency  power when p o i n t i n g  c a p a b i l i t y  
i s  l o s t .  

( 2 )  An a l l  PV system would have v e r y  h l g h  l i f e  
c y c l e  c o s t ,  e s p e c i a l l y  when t h e  requ i remen t  f o r  
g rowth  t o  300 kW I s  cons idered.  The h i g h  l i f e  c y c l e  
c o s t  r e s u l t s  p r i m a r i l y  f rom t h e  h l g h  c o s t  o f  s o l a r  
a r r a y s ,  and t h e  h i g h  d r a g  and r e s u l t l n g  l a r g e  amount 
o f  d r a g  makeup p r o p e l l a n t  wh ich  must be t r a n s p o r t e d  
f r o m  t h e  ground t o  t h e  Space S t a t i o n  o r b i t .  

( 3 )  The h y b r i d  P V / S D  system o f f e r s  Inc reased  
f l e x i b i l i t y  over an a l l - S D  system, and g i v e s  an  
overwhelming l l f e  c y c l e  c o s t  sav lng  compared t o  an 
a l l - P V  system. I n  t h e  s e l e c t e d  h y b r l d  power system 
approach, the  f l r s t  37.5 kW o f  power I s  s u p p l l e d  by 
a PV system. T h i s  a l l o w s  power a v a i l a b i l i t y  f o r  
e a r l y  S t a t l o n  b u i l d u p .  even when t h e  a r r a y s  a r e  n o t  
f i n e - p o i n t e d  a t  t h e  sun. I t  a l s o  p r o v l d e s  c o n t l n -  
gency power i f  s o l a r  p o l n t l n g  I s  l o s t  f o r  a p e r l o d  
o f  t i m e .  The a d d i t i o n a l  50 kW o f  power r e q u i r e d  by 
t h e  I O C  Space S t a t i o n  i s  s u p p l l e d  by add ing  two SD 
power modules, each o f  wh ich  can p r o v i d e  25 kW o f  
e l e c t r i c  power t o  the  user  l oads .  I n  a d d i t l o n ,  a l l  
g rowth  power a d d i t l o n s  w i l l  be p r o v l d e d  by add ing  
SD power modules. L l m l t i n g  t h e  amount o f  P V  power 
t o  t h e  i n i t i a l  37.5 kW a l l o w s  t h e  Space S t a t l o n  t o  
ach ieve  t h e  maximum r e d u c t l o n  i n  l i f e  c y c l e  c o s t  
compared t o  an a l l  PV system, by  m l n i m l z l n g  d r a g  and 
d r a g  makeup p r o p e l l a n t ,  as w e l l  as m l n l m l z i n g  t h e  
r e c u r r i n g  cos t  o f  a d d i t i o n a l  power modules r e q u i r e d  
f o r  S t a t l o n  growth .  The h y b r i d  system can opera te  
a t  a l ower  a l t i t u d e  t h a n  t h e  a l l - P V  system. T h i s  
p r o v i d e s  s i g n l f l c a n t  t r a n s p o r t a t i o n  c o s t  sav lngs  f o r  
t h e  l o g l s t l c s  supp ly  t o  t h e  S t a t i o n .  

P h o t o v o l t a i c  System S e l e c t i o n s  

Hav ing  se lec ted  a h y b r i d  Power system and t h e  
power s p l i t  between P V  and SD, t h e  n e x t  s t e p  I s  t o  
choose t h e  PV and SD system des lgn .  Ma jo r  des ign  
o p t i o n s  f o r  t h e  PV s o l a r  a r r a y  I n c l u d e d  t h e  s o l a r  

ment o f  t h e  e lement  I n  wh ich  i t  I s  b e l n g  used. 

P h o t o v o l t a i c  power modules a r e  l o c a t e d  on t h e  
t r a n s v e r s e  boom, ou tboard  o f  t h e  t r u s s  e lement  a l p h a  
g imba ls .  Each one c o n s i s t s  o f  s o l a r  a r r a y s ,  b e t a  
g imba ls .  r a d l a t o r  pane ls ,  a s t o r a g e  and c o n t r o l  bay 
( I n c l u d e s  energy s t o r a g e  and the rma l  c o n t r o l  assem- 
b l i e s ) .  and t r u s s  members as shown I n  F i g .  3. The 
module i n t e g r a t e s  hardware t h a t  serves  t h e  e l e c t r i c  
power system f u n c t l o n s  o f  energy c o l l e c t i o n ,  s t o r a g e  
and convers ion .  system p r o t e c t i o n  and d l s t r i b u t i o n ,  
and power management and c o n t r o l  f o r  t h e  Space S ta -  
t i o n .  A module i n t e g r a t i n g  power system hardware 
I s  n o t  d e f i n e d  f o r  t h e  p l a t f o r m s .  

S o l a r  Dynamlc System S e l e c t l o n s  

The most s i g n i f i c a n t  SO des ign  c h o i c e  i s  
between t h e  o r g a n i c  r a n k i n e  c y c l e  (ORC) and t h e  
c l o s e d  Bray ton  c y c l e  (CBC) f o r  t h e  thermodynamic 
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c y c l e .  The O R C  system uses an o r g a n l c  f l u l d .  t o l u -  
ene, f o r  t h e  u o r k l n g  f l u i d  wh ich  e x l s t s  I n  t h e  sys- 
tem i n  two  phases, l l q u l d  and vapor .  An o rgan lc  
f l u i d  was s e l e c t e d  because I t  r e s u l t s  I n  an l n c r e a s e  
I n  c y c l e  e f f l c l e n c y  over  i n o r g a n i c  f l u i d s  o p e r a t i n g  
between t h e  same h i g h  and l o w  tempera tures .  The 
h l g h  tempera tu re  l s  l l m t t e d  by  t h e  chemica l  s t a b i l -  
i t y  o f  t h e  o r g a n l c  f l u i d ,  w i t h  a maxlmum f l u l d  tem- 
p e r a t u r e  o f  755 O F  f o r  t h e  b a s e l i n e  ORC system. 

The b a s e l l n e  CBC system uses a s tng le -phase,  
gas w o r k l n g  f l u l d ,  wh ich  i s  a m l x t u r e  o f  h e l i u m  and 
xenon. The w o r k l n g  f l u l d  m l x t u r e  was s e l e c t e d  f o r  
I t s  d e s l r a b l e  t h e r m a l - f l u i d  p r o p e r t l e s .  The peak 
c y c l e  tempera tu re  o f  t h e  CBC system i s  about  
1420 O F .  w i t h  a n e t  c y c l e  e f f l c l e n c y  s l i g h t l y  
h i g h e r  t h a n  f o r  t h e  ORC. 

Bo th  systems use a h l g h l y  r e l i a b l e  s l n g l e  s h a f t  
arrangement w l t h  t u r b i n e ,  a l t e r n a t o r  r o t o r ,  and pump 
(ORC) or compressor (CBC) d l r e c t l y  connected. The 
a l t e r n a t o r  f o r  b o t h  CBC and ORC I s  a s o l i d  r o t o r ,  
b ru5h less  R ice -Lunde l l  t ype .  The t u r b a l t e r n a t o r  l s  
p a r t  o f  t h e  power convers ion  u n i t  (PCU) wh lch  
I n c l u d e s  t h e  r o t a t l n g  mach inery ,  hous lngs  and con- 
t r o l s .  The PCU a l s o  I n c l u d e s  a r e g e n e r a t l v e  heat  
exchanger wh ich  recove rs  energy f r o m  t h e  f l u l d  t h a t  
e x l s t s  f r o m  t h e  t u r b l n e  and p rehea ts  t h e  f l u i d  
b e f o r e  i t  e n t e r s  t h e  r e c e i v e r ,  b o o s t i n g  c y c l e  
e f f i c i e n c y .  

Incoming s o l a r  energy  I n t o  t h e  r e c e l v e r .  An o f f s e t  
p a r a b o l t c  c o n c e n t r a t o r  was s e l e c t e d  ove r  a symmetr ic 
des ign  because o f  mass moment o f  i n e r t i a  cons lde ra -  
t i o n s .  minimum c o s t ,  mass. and b lockage.  The con- 
c e n t r a t o r  i s  made up o f  hexagonal  pane ls  t h a t  a r e  
fas tened  t o g e t h e r  o n - o r b i t .  The c o n c e n t r a t o r  des ign  
f o r  ORC and CBC I s  a lmos t  i d e n t i c a l .  w l t h  t h e  ORC 
c o n c e n t r a t o r  s l l g h t l y  l a r g e r  t o  account  f o r  t h e  
d l f f e r e n c e  i n  c y c l e  e f f l c l e n c y .  

The hea t  r e c e i v e r  n o t  o n l y  heats  t h e  work lng  
f l u l d  b u t  a l s o  s t o r e s  the rma l  energy t o  a l l o w  t h e  
SO system t o  p r o v i d e  e l e c t r i c a l  power d u r i n g  s o l a r  
e c l l p s e .  I n  t h e  CBC r e c e i v e r ,  t h e  f l u i d  tubes  a r e  
ar ranged around t h e  c l  rcumference o f  t h e  c y l l n d r l c a l  
c a v l t y ,  sur rounded by me ta l  r i n g s  t h a t  a r e  f l l l e d  
w l t h  phase change m a t e r l a l .  The O R C  r e c e i v e r  uses 
hea t  p l p e s  w l t h  I n t e r n a l  phase change m a t e r l a l  can- 
l s t e r s .  The h e a t  p i p e s  smooth o u t  t h e  f l u x  d l s t r l -  
b u t i o n  w l t h l n  t h e  r e c e l v e r ,  e l m l n a t l n g  p o t e n t l a l  
h o t  spo ts .  

Two concepts  a r e  proposed f o r  t h e  hea t  r e j e c -  
t l o n  r a d i a t o r s ;  hea t  p l p e  pane ls  and pumped f l u i d  
l o o p  pane ls .  A l though  b o t h  ORC and CBC can accom- 
modate e i t h e r  system, t h e  b a s e l i n e  O R C  uses hea t  
p i p e s  and t h e  CBC uses a pumped f l u l d  l o o p  concept  
p r o v l d i n g  o p t l m a l  ma tch ing  between c y c l e  r e q u l r e -  
ments, mass, c o s t ,  and r e l i a b i l l t y  c o n s l d e r a t i o n s .  

F l g u r e  4 shows an exp loded v iew o f  a s o l a r  
dynamlc module (CBC) and F l g .  5 shows an assembled 
module (ORC). The systems a r e  v e r y  s l m l l a r  i n  l a y -  
o u t ,  w l t h  t h e  r e c e l v e r  and PCU mounted near  t h e  
t r a n s v e r s e  boom and t h e  r a d i a t o r  mounted i n  f r o n t  
o f  t h e  c o n c e n t r a t o r ,  edge-on t o  t h e  sun. I n -dep th  
comparlsons have been made, and c o n t t n u e  t o  be made 
between t h e  ORC and CBC systems. The s e l e c t l o n  o f  
ORC versus  CBC w l l l  be made as p a r t  o f  t h e  Phase C/D 
s e l e c t i o n  p rocess .  

A p a r a b o l l c  c o n c e n t r a t o r  I s  used t o  focus  t h e  

Power Manaqement and D l s t r i b u t l o n  System S e l e c t i o n s  

The most s i g n l f l c a n t  PMAD d e s l g n  d e c l s i o n  I s  
t h e  s e l e c t i o n  o f  t h e  p r i m a r y  d i s t r l b u t l o n  system 
f requency .  Bo th  dc and ac o p t l o n s  were cons idered,  
and b o t h  h i g h  f requency  ( t y p i c a l l y  20 kHz) and l o w  
f requency  ( t y p l c a l l y  400 Hz) ac o p t i o n s  were con- 
s i d e r e d .  dc d i s t r l b u t l o n  was n o t  s e l e c t e d  because 
i t  had much h i g h e r  w e i g h t  and c o s t  t h a n  e l t h e r  o f  
t h e  ac o p t i o n s .  T h i s  I s  because: (1) s o l i d  s t a t e  
dc sw l t chgear  I s  much h e a v l e r  and more complex t h a n  
ac swi tchgear ;  ( 2 )  ground i s o l a t i o n  f o r  pay loads  
r e q u l r e s  t h e  use  o f  dc-dc c o n v e r t e r s ,  wh ich  a r e  
much h e a v l e r  and lower  I n  e f f l c l e n c y  t h a n  t r a n s -  
fo rmers ,  wh ich  can be  used f o r  i s o l a t i o n  I n  ac sys- 
tems; ( 3 )  I f  power i s  d l s t r l b u t e d  a t  s o l a r  a r r a y  
v o l t a g e  (1.e.  150 Vdc), t h e  cab les  a r e  v e r y  heavy. 
On t h e  o t h e r  hand. i f  t h e  v o l t a g e  1s stepped up t o  
a h l g h e r  v o l t a g e  ( t y p l c a l l y  440 Vdc). heavy and 
l n e f f l c l e n t  dc-dc c o n v e r t e r s  must be u t i l l z e d .  

The performance o f  t h e  cand lda te  ac systems was 
r e l a t l v e l y  s i m i l a r  and t h e  c h o l c e  was d l f f l c u l t .  
A l l  r e a c t l v e  components (1.e. I n d u c t o r s .  c a p a c i t o r s ,  
t r a n s f o r m e r s )  a r e  much l i g h t e r  f o r  t h e  20 kHz system 
t h a n  f o r  t h e  400 Hz system, because t h e  energy  s t o r -  
age c a p a c i t y  o f  a r e a c t l v e  component I s  p r o p o r t l o n a l  
t o  t h e  square o f  t h e  f requency .  A s  a r e s u l t ,  t h e  
h i g h  frequency, system components a r e  l l g h t e r  and 
l e s s  expens ive  than  t h e  co r respond ing  l o w  f requency  
components. On t h e  o t h e r  hand, t h e r e  i s  e x t e n s i v e  
exper lence  w i t h  h l g h  power, 400 Hz  systems on a l r -  
c r a f t ,  wh lch  would t e n d  t o  m i n i m i z e  t h e  development 
r i s k  o f  a 400 Hz Space S t a t l o n  power d l s t r l b u t l o n  
system. There i s  e x t e n s l v e  20 kHz component deve l -  
opment exper lence.  b u t  system development exper lence  
has been l i m i t e d  t o  l o w  power. 

The ma jo r  d l s c r l m l n a t o r  between 20 kHz and 
400 Hz was e l e c t r o m a g n e t l c  i n t e r f e r e n c e  ( E M I ) .  
Space S t a t l o n  exper imen ts  a r e  s e n s i t i v e  t o  conducted 
and r a d i a t e d  EM1 f r o m  a 400 Hz system, i n c l u d i n g  a l l  
of t h e  harmonics up t o  abou t  10  kHz. The w e i g h t  o f  
s h i e l d i n g  and f i l t e r l n g  r e q u l r e d  t o  reduce t h e  EM1 
f r o m  a l l  o f  t hese  f r e q u e n c l e s  t o  accep tab le  l e v e l s  
I n  a 400 Hz system I s  p r o h i b i t i v e .  The EM1 I n  a 
20 kHz system I s  expected  t o  be a more t r a c t a b l e  
problem: EM1 l e v e l s  a r e  l o w  t o  b e g i n  wi th ;  harmonlc 
c o n t e n t  I s  v e r y  low because t h e  20 kHz resonan t  sys- 
tem d e s l g n  produces a l o w  d l s t o r t i o n  s i n e  wave; and 
users  a r e  n o t  s e n s i t i v e  t o  EM1 a t  30 kHz and h l g h e r  
f r e q u e n c i e s .  I n  a d d i t i o n  t o  EM1 c o n s l d e r a t l o n s .  
a u d i b l e  n o l s e  f r o m  a 400 Hz system may be o b j e c t i o n -  
a b l e  t o  t h e  crew. As a r e s u l t  o f  t h e s e  cons lde ra -  
t l o n s ,  20 kHz was s e l e c t e d  as t h e  p r i m a r y  d i s t r i b u -  
t l o n  f requency .  

Other  ma jo r  PMAD d e c i s i o n s  i n c l u d e d  t h e  source  
o f  power f o r  t h e  PMAD c o n t r o l l e r s ;  and a d e d i c a t e d  
PMAD d a t a  bus ve rsus  use o f  t h e  S t a t l o n  d a t a  manage- 
ment system (DMS) f o r  t r a n s m i s s i o n  o f  PMAD c o n t r o l  
da ta .  Power must  be  p r o v i d e d  t o  t h e  PMAD c o n t r o l -  
l e r s  p r l o r  t o  s t a r t u p  or r e s t a r t  o f  t h e  power system 
t o  ensure  a l l  sw i t chgear  I s  p r o p e r l y  s e t .  T h i s  can 
be accompl ished by h a v i n g  sma l l  p r i m a r y  or secondary 
b a t t e r i e s  c o l o c a t e d  w i t h  t h e  c o n t r o l l e r s ,  or by use 
o f  a l ow  power. l ow  v o l t a g e  dc c o n t r o l  power bus t o  
p r o v i d e  c o n t r o l l e r  power f r o m  t h e  main  PV b a t t e r i e s .  
The c o n t r o l  power bus was s e l e c t e d ,  based on 
d e t a i l e d  t r a d e  s tudy  r e s u l t s  t o  wh ich  conc luded t h a t  
t h l s  method i s  t h e  l o w e s t  c o s t  and mass s o l u t i o n .  
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A ded lca ted  PHAD d a t a  bus was s e l e c t e d  i n s t e a d  
o f  t h e  use o f  t h e  DMS. T h l s  c h o l c e  l e a d s  t o  minlmum 
c o s t  o f  t h e  o v e r a l l  d a t a  system. Lower c o s t  ne twork  
i n t e r f a c e  hardware and s o f t w a r e  may be u t l l l z e d  i n  
a d e d l c a t e d  PHAD d a t a  bus, because t h e  r e q u i r e d  d a t a  
r a t e s  a r e  lower than those r e q u i r e d  f o r  t h e  DMS. 
Fur thermore,  a d e d i c a t e d  PHAD d a t a  bus g r e a t l y  slm- 
p l l f l e s  t h e  process o f  s t a r t u p  and r e s t a r t  o f  t h e  
power system. 
f i r s t  p rov ided t o  PMAD c o n t r o l l e r s  t o  a l l o w  s w l t c h -  
gear  t o  be p r o p e r l y  s e t .  Next ,  t h e  power system i s  
s t a r t e d .  Then, power I s  p r o v l d e d  t o  t h e  DMS. 
F i n a l l y ,  the  user  and subsystem loads  a r e  s t a r t e d .  
W l t h  an I n t e g r a t e d  PMAD/DMS ne twork ,  t h e  DMS must 
be powered up p r i o r  t o  t h e  power system, wh ich  
g r e a t l y  Increases t h e  c o s t  and c o m p l e x l t y  o f  t h e  
PMAD c o n t r o l  power bus. 

Wlth a d e d l c a t e d  PMAD bus, power l s  

Reference PMAD Svstem A r c h l t e c t u r e  

F igure  6 shows t h e  I O C  S t a t i o n  h y b r i d  source  
a r c h l t e c t u r e .  The SD system I s  r e g u l a t e d  t o  p ro-  
duce 208 V, 3-phase, 1200 Hz ac power. A f requency  
changer conver ts  t h e  power t o  440 V ,  1-phase, 
20 kHz. The s o l a r  a r r a y s  a r e  r e g u l a t e d  t o  produce 
160 Vdc; the use o f  an a r r a y  clamp i n s t e a d  o f  a 
r e g u l a t o r  1 s  an o p t l o n .  The c h a r g i n g  o f  t h e  N I - H z  
b a t t e r l e s  I s  c o n t r o l l e d  by t h e  l n d l v l d u a l  charge and 
d i s c h a r g e  r e g u l a t o r s .  The maln I n v e r t e r s  r e c e i v e  
approx imate ly  160 Vdc f r o m  t h e  a r r a y s  and b a t t e r i e s  
and c o n v e r t  i t  t o  r e g u l a t e d  440 V ,  1-phase. 20 kHz 
ac power. The i n v e r t e r  s l z i n g  I s  such t h a t  t h e  
t r a n s m l s s l o n  o f  peak power (1 .3 t imes average power) 
r e q u i r e s  the f u l l  c a p a c i t y  o f  two I n v e r t e r s .  The 
power I s  t r a n s m l t t e d  across  t h e  a l p h a  j o i n t  by r o l l  
r l n g s ,  which a r e  s i z e d  t o  hand le  peak power r e q u l r e -  
ments f o r  a 300 kW growth  S t a t i o n  (-400 kW t o t a l ) .  

The d i s t r i b u t i o n  o f  power t o  t h e  upper and 
l o w e r  S t a t l o n  I s  shown i n  F i g .  7 .  A d u a l  r i n g  d l s -  
t r l b u t i o n  system I s  used f o r  b o t h  t h e  upper and 
lower  k e e l s .  R a d l a l  d l s t r l b u t l o n  i s  a l s o  an o p t l o n .  
There a r e  maln bus s w i t c h i n g  assembl ies (MBSA) a d j a -  
c e n t  t o  each a l p h a  j o i n t  and i n - l i n e  power d l s t r l b u -  
t l o n  and c o n t r o l  assembl ies (PDCA) a t  t h e  v a r i o u s  
l o a d  l o c a t l o n s .  

F l g u r e  8 shows t h e  d i s t r l b u t l o n  o f  power t o  t h e  
modules. Two main d i s t r i b u t i o n  cab les  a r e  p r o v l d e d  
t o  each o f  resource  nodes 1 and 2, and one d i s t r i b u -  
t l o n  c a b l e  each t o  resource  nodes 3 and 4. The d l s -  
t r l b u t l o n  c a b l l n g  f o r  t h e  e n t l r e  S t a t l o n  i s  s l z e d  t o  

accommodate a g r o w t h  power l e v e l  o f  175 kW. I n  
a d d l t l o n  t o  c a b l e s  t o  t h e  r e s o u r c e  nodes, t h e r e  i s  
a c a b l e  f o r  t h e  a t t a c h e d  p r e s s u r l z e d  pay load.  

F l g u r e  9 shows t h e  module p r i m a r y  d i s t r l b u t l o n  
a r c h i t e c t u r e .  A t o t a l  o f  10  PDCA's a r e  p r o v l d e d  
f o r  t h e  US Hab and Lab modules, and two a d d l t l o n a l  
PDCA's f o r  t h e  nodes. No P D C A ' s  a r e  p r o v i d e d  f o r  
t h e  JEH or ESA modules. I s o l a t i o n  t r a n s f o r m e r s  a r e  
used a t  each o f  t h e  module p e n e t r a t l o n s ;  t h e y  a l s o  
s t e p  t h e  v o l t a g e  down t o  208 V .  

The PDCA a r c h i t e c t u r e  i s  shown I n  F i g .  10. 
Each PDCA c o n s i s t s  o f  two P D C U ' s .  The PDCA's a r e  
n e a r l y  i d e n t i c a l  I n s i d e  and o u t s l d e  t h e  modules; t h e  
e x t e r n a l  PDCA's a l s o  I n c l u d e  t r a n s f o r m e r s  f o r  l s o -  
l a t l o n  and stepdown t o  208 V .  Each PDCU c o n t a i n s  
about  10  RPC's f o r  c o n n e c t l n g  t o  l o a d s  w l t h  a t o t a l  
c a p a c i t y  o f  about  1 8  kW. Each PDCU a l s o  c o n t a l n s  
t h r e e  p r l m a r y  f e e d e r  R B I ' s  and a PDCU c o n t r o l l e r .  
The feeder  R B I ' s  a l l o w  a t h r e e - f a u l t - t o l e r a n t  pay- 
l o a d  c o n n e c t t o n  w l t h  a s i n g l e  PDCA. However, o n l y  
t w o - f a u l t  t o l e r a n c e  I s  r e q u i r e d  f o r  s a f e t y  c r i t i c a l  
l o a d s .  The PDCU c o n t r o l l e r s  a r e  powered by t h e  main 
bus, and a l s o  by a 150 Vdc c o n t r o l  power bus wh ich  
p r o v l d e s  power f o r  s t a r t u p  and r e s t a r t .  The con- 
t r o l l e r s  exchange I n f o r m a t i o n  w l t h  o t h e r  components 
o f  t h e  power management c o n t r o l  system on a d u a l -  
redundant  d e d l c a t e d  power management d a t a  bus. 

The power management a r c h i t e c t u r e  I s  shown i n  
F l g .  11. The d u a l  redundant  power management d a t a  
bus runs  t h r o u g h o u t  t h e  S t a t i o n  and connects  t o  each 
PDCA. b o t h  o u t s l d e  and I n s i d e  t h e  modules. The d u a l  
redundant  power management c o n t r o l l e r s  (PMC) each 
I n t e r f a c e  t o  t h e  DHS a t  a s i n g l e  p o l n t .  Ded lca ted  
p o i n t - t o - p o i n t  d a t a  l i n e s  c r o s s  t h e  a l p h a  j o i n t  v i a  
r o l l  r l n g s  and connect  t o  power source  c o n t r o l l e r s  
ou tboard  o f  t h e  a l p h a  j o l n t .  

Conc lud ing  Remarks 

The o v e r v l e w  o f  t h e  Space S t a t l o n  e l e c t r l c  
power system conceptua l  d e s l g n  has been presented ,  
l n c l u d l n g  requ l rements .  d e s i g n  o p t i o n s  and s e l e c -  
t i o n s .  The d e s l g n  meets a l l  o f  t h e  requ l rements ,  
i n c l u d l n g  87.5 kW average power, peak and c o n t i n -  
gency power a v a l l a b l l i t y .  and t w o - f a u l t - t o l e r a n t  
power. Work package 4 (managed by NASA Lewis)  i s  
ready t o  proceed w l t h  Phase C/D.  t h e  f i n a l  d e s i g n  
and development o f  t h e  Space S t a t i o n  e l e c t r i c  power 
s ys tem. 
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CONTAINER h 

FIGURE 1. - TWO-BLANKET FLEXIBLE SOLAR ARRAY. 

FIGURE 2. - REPRESENTATIVE NI-H2 BATTERY PACK. 
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FIGURE 3. - PHOTOVOLTAIC POWER MODULE CONFIGURATION. 
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FIGURE 4. - EXPLODED VIEW OF A SOLAR DYNAMIC MODULE (CBC). 
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FIGURE 5. - ASSEMBLED SOLAR DYNAMIC MODULE (ORC). 
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