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ABSTRACT 

T h i s  p a p e r  summar izes  t h e  pe r fo rmance  o f  t h e  power sys t em on 
t h e  S o l a r  Mesosphere  E x p l o r e r  (SWE) s i n c e  l a u n c h  and p r e d i c t i o n s  
f o r  c o n t i n u e d  o p e r a t i o n  f o r  t h e  r e s t  o f  t h e  p r o j e c t e d  m i s s i o n .  
The SME s a t e l l i t e 8 s  power sys t em was c h a r a c t e r i z e d  by  b o t h  
i n s u f f i c i e n t  l o a d i n g  and e x c e s s i v e  b a t t e r y  c h a r g i n g  d u r i n g  t h e  
f i r s t  y e a r  o f  t h e  m i s s i o n ,  These  c o n d i t i o n s  a f f e c t e d  b a t t e r y  
pe r fo rmance  and j e o p a r d i z e d  t h e  long- t e rm m i s s i o n .  I n c r e a s e d  
l o a d i n g  on s e l e c t e d  o r b i t s  h a s  improved b a t t e r y  pe r fo rmance ,  
Long term p r o j e c t i o n s  i n d i c a t e  s t e a d i l y  i n c r e a s i n g  t e m p e r a t u r e s  
f o r  t h e  r ema inde r  o f  t h e  m i s s i o n ,  

I N T R O D U C T I O N  

SME was l a u n c h e d  6 O c t  1981 i n t o  a  n e a r l y  c i r c u l a r ,  
sun-synchronous  e a r t h  o r b i t  a t  an  a l t i t u d e  o f  534 km, Each 95 
minu te  o r b i t  a t  l a u n c h  i n c l u d e d  6 5  m i n u t e s  o f  s u n l i g h t  ( b a t t e r y  
c h a r g i n g )  and 3B min o f  d a r k n e s s  ( d i s c h a r g i n g ) .  The a t t i t u d e  o f  
t h e  s p a c e c r a f t  is m a i n t a i n e d  w i t h  a  c o n s t a n t  s u n  a n g l e  o f  37  
d e g r e e s .  

DESCRIPTION OF SME'S POWER SYSTEM, - - -- ---- 
The main emphas i s  o f  t h e  d e s i g n  was t o  p r o v i d e  a  s i m p l e ,  

h i g h l y  autonomous power sys t em ( f i g  1 ) -  The s e c o n d a r y  g o a l  was 
t o  k e e p  c o s t  a s  low a s  p o s s i b l e ,  T h i s  was accompl i shed  by u s i n g  
f l i g h t  p roven  t e c h n o l o g y  and ha rdware .  SME was d e s i g n e d  t o  have  
e x c e s s  power c a p a b i l i t y  t h r o u g h o u t  t h e  f i r s t  18 months  o f  t h e  
m i s s i o n ,  

SME h a s  a n  u n r e g u l a t e d ,  d i r e c t  e n e r g y  t r a n s f e r  power s y s t e m ,  
Power is g e n e r a t e d  by f o u r t e e n  p a r a l l e l  d i o d e  p r o t e c t e d  s o l a r  
a r r a y  p a n e l s ,  t h r e e  o f  which c a n  b e  commanded on and o f f  l i n e ,  
The e n e r g y  is  s t o r e d  i n  two nickel-cadmium b a t t e r i e s  c o n t a i n i n g  
2 1  c e l l s  e a c h ,  Whi le  c h a r g i n g  t o  e a c h  b a t t e r y  c a n  b e  d i s a b l e d ,  
b o t h  b a t t e r i e s  c a n  d i s c h a r g e  t h r o u g h  a  d i o d e  even  when commanded 
o f f  l i n e ,  Ove rcha rge  p r o t e c t i o n  is p r o v i d e d  by a  s h u n t  r e g u l a t o r  



t h a t  can  b e  commanded t o  s h u n t  a t  one o  f  f o u r  
v o l t a g e s - t e m p e r a t u r e  (VT) l e v e l s  ( f i g  2 ) .  These  VT l e v e l s  
d e t e r m i n e  c lamp v o l t a g e s  which a r e  based  on t h e  d e s i r e d  f u l l  
c h a r g e  c a p a c i t y  and t h e  t e m p e r a t u r e  o f  t h e  b a t t e r i e s .  The 
s p a c e c r a f t  c o n t a i n s  a n  a u t o m a t i c  c e l l  f a i l u r e  p r o t e c t i o n  sys t em.  
One o f  t h e  b a t t e r i e s  w i l l  b e  t a k e n  o f f  l i n e  i f  t h e  v o l t a g e  o f  i t s  
upper  t e n  c e l l s  d e v i a t e s  190 mV from t h a t  o f  i t s  lower  e l e v e n  
c e l l s .  U n d e r v o l t a g e  p r o t e c t i o n  i s  p r o v i d e d  by l o g i c  t h a t  w i l l  
t u r n  o f f  a l l  n o n - e s s e n t i a l  l o a d s  i f  t h e  v o l t a g e  d r o p s  be low 23.7 
v o l t s .  A d d i t i o n a l  l o a d i n g  is  p r o v i d e d  by  an  i n t e r n a l  r e s i s t i v e  
l o a d ,  c a l l e d  t h e  dummy l o a d ,  which d raws  1.4 amps. 

DEFINITION OF PROBLEM AT LAUNCH -.---.--.- - --- - --- 
Upon l a u n c h  t h e  r e c h a r g e  r a t i o s  (coulombs  oE c h a r g e  d i v i d e d  

by coulombs  o f  d i s c h a r g e )  were h i g h  enough t o  c a u s e  c e l l  v o l t a g e  
i n s t a b i l i t y  d u r i n g  t h e  clamped p o r t i o n  o f  c h a r g e .  Under i d e a l  
o p e r a t i n g  c o n d i t i o n s  t h e  upper  and lower  h a l v e s  o f  t h e  b a t t e r y  
would b e  b a l a n c e d ,  However, t h e  v o l t a g e  i n  t h e  upper  c e l l s  o f  
b a t t e r y  I soon  became 190mV g r e a t e r  t h a n  t h e  v o l t a g e  i n  t h e  lower  
c e l l s  and t h e  a u t o m a t i c  c e , l l  m o n i t o r  took  b a t t e r y  I o f f  l i n e .  
Because t h e  b a t t e r i e s  a r e  i n  p a r a l l e l  i t  is u n d e s i r a b l e  t o  s w i t c h  
t h e  b a t t e r i e s  on and o f f  l i n e .  To s o l v e  t h e  problem oE h i g h  c e l l  
imba lance  s e v e r a l  o p t i o n s  were a v a i l a b l e :  t h e  a u t o m a t i c  c e l l  
b a l a n c e  m o n i t o r s  c o u l d  b e  d i s a b l e d ,  b a t t e r y  I c o u l d  b e  k e p t  o f f  
l i n e  f o r  t h e  r ema inde r  o f  t h e  m i s s i o n ,  b o t h  b a t t e r i e s  c o u l d  b e  
used one a t  a  t i m e  by s w i t c h i n g  b a t t e r i e s  on and o f f  
p e r i o d i c a l l y ,  a d d i t i o n a l  l o a d i n g  c o u l d  b e  a p p l i e d  t o  b o t h  
b a t t e r i e s  i n  p a r a l l e l ,  b o t h  b a t t e r i e s  c o u l d  b e  k e p t  on l i n e  u n t i l  
one o f  t h e  b a t t e r i e s  became unba lanced  and t h e n  t h a t  b a t t e r y  
c o u l d  b e  d e e p  c y c l e d  by commanding a d d i t i c n a l  l o a d s  on w i t h  o n l y  
t h a t  b a t t e r y  on l i n e .  The d e c i s i o n  was made t o  min imize  t h e  
p o t e n t i a l  h a z a r d s  t o  t h e  s p a c e c r a f t  by m a i n t a i n i n g  c e l l  imba lance  
a s  low a s  p o s s i b l e ,  d i s a b l i n g  t h e  a u t o m a t i c  c e l l  m o n i t o r  f u n c t i o n  
and r e a c h i n g  a  minimum v o l t a g e  o f  24.5 v o l t s  a t  l e a s t  t w i c e  a  
day .  

BATTERY O N E  DISABLED - -.- ---- 
Dur ing  t h e  f i r s t  215 o r b i t s  o f  t h e  m i s s i o n  ( 5  Oct  1981 - 21 

Oc t  1981)  t h e  l o a d i n g  on t h e  b a t t e r i e s  r e s u l t e d  i n  an a v e r a g e  
d e p t h  o f  d i s c h a r g e  (DOD) o f  1 AMP-HR o u t  o f  12 AMP-WR o r  9 %  o f  
t h e  name p l a t e  c a p a c i t y .  T h i s  r e s u l t e d  i n  a  minimum v o l t a g e  on 
t h e  s p a c e c r a f t  o f  26.5 v o l t s .  Dur ing  t h i s  t i m e  t h e  p o s i t i v e  c e l l  
imba lance  ( u p p e r  c e l l  v o l t a g e  g r e a t e r  t h a n  lower  c e l l  v o l t a g e )  on 
b o t h  b a t t e r i e s  r o s e  u n t i l  t h e  c e l l  m o n i t o r  l o g i c  d i s a b l e d  
c h a r g i n g  t o  b a t t e r y  I .  To c o n d i t i o n  t h e  b a t t e r i e s  t h e  dummy l o a d  
was t u r n e d  on f o r  2 f u l l  o r b i t s  w i t h  c h a r g i n g  d i s a b l e d  t o  b a t t e r y  
I .  The c lamp v o l t a g e  was a l s o  r educed  by s w i t c h i n g  t o  VT l e v e l  4 



f o r  t h e  r ema inde r  o f  t h e  m i s s i o n .  T h i s  r e s u l t e d  i n  a  TOD .>i 11%. 
On o r b i t  306  t h e  dummy l o a d  was t u r n e d  on f o r  7  c > n s e c u t i v e  
o r b i t s  w i t h  c h a r g i n g  d i s a b l e d  t o  b a t t e r y  11. T h i s  r e s u l k 5 d  i n  a  
DOD o f  14%.  The c e l l  m o n i t o r s  on b o t h  b a t t e r i e s  improved i n  b o t h  
t h e  n e g a t i v e  and p o s i t i v e  e x c u r s i o n s  Dur ing  t h i s  c o n d i t i o n i n g  
p e r i o d  i t  was n o t e d  t h a t  when t h e  dummy l o a d  was t u r n e d  on f o r  a  
f u l l  o r b i t  t h e  a v e r a g e  t e m p e r a t u r e  o f  t h e  b a t t e r i e s  r o s e  .75 
d e g r e e s  C p e r  o r b i t .  T h i s  d e v i a t e d  from t h e  optimum o p e r a t i n g  
t e m p e r a t u r e  o f  nickel-cadmium c e l l s .  

BATTERY HISTORY --- 
DISCHARGE 

Dur ing  t h e  c o u r s e  o f  t h e  m i s s i o n  t h e  maximum v o l t a g e  (FIG 3 
MIN-MAX EP28V) on t h e  SME b u s  h a s  v a r i e d  from 30 v o l t s  t o  2 9  
v o l t s .  The c u r r e n t  d r o p  i n  maximum v o l t a g e  is caused  by u s i n g  
t h e  l o w e s t  VT l e v e l  a s  t h e  t e m p e r a t u r e  o f  t h e  b a t t e r i e s  (FIG 4 
AVE TPBAT1) i n c r e a s e s .  The d e p t h  o f  d i s c h a r g e  o f  t h e  b a t t e r i e s  
(FIG 3 MIN-MAX EP28V) h a s  s t e a d i l y  d e c r e a s e d  from 25.5 v o l t s  t o  
t h e  c u r r e n t  24.5 v o l t s .  T h i s  h a s  been  a c h i e v e d  by i n c r e a s i n g  t h e  
amount and d u r a t i o n  o f  l o a d i n g  (FIG 5  MAX EPLOI) d u r i n g  e c l i p s e .  
C u r r e n t l y  t w i c e  e a c h  d a y  a l l  a v a i l a b l e  l o a d s  a r e  t u r n e d  on f o r  
t h e  d u r a t i o n  o f  two u n i f o r m l y  s e p a r a t e d  e c l i p s e s .  

CHARGE 

The c h a r g i n g  o f  t h e  b a t t e r i e s  h a s  been  c o n t r o l l e d  by t h e  
number o f  s o l a r  a r r a y  p a n e l s  t u r n e d  on (FIG 6 AVE EPSAST). Due 
t o  c h a n g e s  i n  t h e  s o l a r  i n t e n s i t y  (FIG 7  MAX EPSAI) i t  h a s  been  
n e c e s s a r y  t o  s w i t c h  some o f  t h e  a r r a y s  on and o f f  t o  a d j u s t  f o r  
i n c o r r e c t  c h a r g e  r a t e s  (FIG 8-11 EPRlcJ,EPB2C). The number o f  
s o l a r  a r r a y  p a n e l s  t u r n e d  on h a s  been  a d j u s t e d  from t h e  maximum 
of  1 3  p a n e l s  t o  t h e  minimum of  11. C u r r e n t l y  a l l  s w i t c h a b l e  
a r r a y s  a r e  o f f .  

C E L L  IMBALANCE 

The c e l l  imba lance  m o n i t o r  (FIG 12 ,13  AVE EPBlCF,AVE EPB2CF) 
have  r e sponded  t o  c h a n g e s  i n  c h a r g i n g  and d i s c h a r g i n g .  Whi le  
b a t t e r y  o n e  was t h e  o n l y  b a t t e r y  t o  g o  o f f l i n e  b e f o r e  t h e  
a u t o m a t i c  c e l l  m o n i t o r i n g  was d i s a b l e d  b o t h  b a t t e r i e s  have  
e x p e r i e n c e d  h i g h  c e l l  i m b a l a n c e s  a t  v a r i o u s  t i m e s .  The ma jo r  
c o n t r i b u t o r s  t o  h i g h  c e l l  imba lance  seem t o  b e  t o o  h i g h  c h a r g e  
r a t e s ,  t o o  low c h a r g e  r a t e s ,  t o o  h i g h  a  d i s c h a r g e  r a t e  a t  DOD and 
t o o  s h a l l o w  DOD. 



FUTURE PREDICTIONS ---- 

FACTORS AFFECTING BATTERY LIFE 

The most  i m p o r t a n t  c o n s i d e r a t i o n  f o r  t h e  power sys t em is  t h e  
e x p e c t e d  b a t t e r y  l i f e .  SME was l a u n c h e d  w i t h  a  o n e  y e a r  m i s s i o n  
which h a s  now Seen  e x t e n d e d .  Due t o  c h a n g e s  i n  t h e  a s c e n d i n g  
node time t h e  power sys t em w i l l  e x p e r i e n c e  s e v e r a l  c h a n g e s  i n  t h e  
n e x t  few y e a r s .  The d u r a t i o n  o f  e c l i p s e  o f  e a c h  o r b i t  is 
s h o r t e n i n g  from a  maximum o f  32 m i n u t e s  d u r i n g  t h e  s econd  y e a r  o f  
m i s s i o n  t o  an e x p e c t e d  v a l u e  o f  z e r o  d u r i n g  t h e  n i n t h  y e a r  o f  
m i s s i o n  The d a y l i g h t  p o r t i o n  o f  e a c h  o r b i t  is  l e n g t h e n i n g  d u r i n g  
t h i s  same p e r i o d .  The change  is a  c o n t i n u o u s  one and h a s  c a u s e d  
t h e  f o l l o w i n g  problems:  

1 ) T e m p e r a t u r e  o f  t h e  b a t t e r i e s  i s  i n c r e a s i n g .  (FIG 1 4 )  

2 ) D u r a t i o n  o f  b a t t e r y  d i s c h a r g e  is  d e c r e a s i n g .  

3 ) R a t e  o f  d i s c h a r g e  a t  d e e p e s t  d i s c h a r g e  is  t o o  h i g h  

4 ) D u r a t i o n  o f  t r i c k l e  c h a r g e  t o  t h e  b a t t e r i e s  i s  t o o  l o n g ,  

5 ) C e l l  i m b a l a n c e s  i n c r e a s i n g ,  

6 ) L i f e  o f  t h e  b a t t e r i e s  is  d e c r e a s i n g .  

BATTERY MODELS FOR PREDICTING BATTERY LIFE 

T h r e e  b a t t e r y  mode l s  f o r  l i f e  p r e d i c t i o n  have  been  
c o n s i d e r e d :  McDermott model ,  Lander  model ,  J P L  f a i l u r e  m o d e l [ r e f  
71. The t e m p e r a t u r e  p r e d i c t i o n s  f o r  t h e  r ema inde r  o f  t h e  m i s s i o n  
a r e  a  l e a s t  s q u a r e s  f i t  o f  e m p i r i c a l l y  d e t e r m i n e d  f a c t o r s  t h a t  
a f f e c t  b a t t e r y  t e m p e r a t u r e .  These  f a c t o r s  i n  o r d e r  o f  t h e r e  
s i g n i f i c a n c e  a r e :  

2 ) D i s t a n c e  o f  s a t e l l i t e  from t h e  sun .  

3 )  E f f e c t i v e  s o l a r  a r r a y  s u r f a c e  a r e a ,  

4)Amount o f  l o a d i n g  on t h e  s a t e l l i t e  

The McDermott and Lander  mode l s  g i v e  s i m i l a r  r e s u l t s  f o r  t h e  
l i f e  o f  t h e  SME b a t t e r i e s  a t  t h e  p r e d i c t e d  b a t t e r y  t e m p e r a t u r e s  
(FIG 1 5 ) .  



EFFORTS TO EXTEND BATTERY LIFE 

The f i r s t  two f a c t o r s  a r e  o u t s i d e  o f  o u r  c o n t r o l .  D he 
e f f e c t i v e  s o l a r  a r r a y  s u r f a c e  c a n  b e  p a r t i a l l y  c o n t r o l l e d  and 
c u r r e n t l y  a l l  s w i t c h a b l e  s o l a r  a r r a y s  a r e  o f f  and t h e  s a t e l l i t e  
is t o r q u e d  t o  p r o v i d e  t h e  minimum p o s s i b l e  e f f e c t i v e  s o l a r  a r r a y  
s u r f a c e  a r e a .  The amount and d u r a t i o n  o f  l o a d i n g  is t h e  o n l y  
v a r i a b l e  o v e r  which w e  have  d i r e c t  c o n t r o l  a t  t h i s  t i m e .  

C u r r e n t l y  t w i c e  p e r  d a y  a t  a p p r o x i m a t e l y  1 2  h o u r  i n t e r v a l s  
a l l  a v a i l a b l e  l o a d s  a r e  t u r n e d  on and t h e  l o a d  c u r r e n t  is 
i n c r e a s e d  t o  a  maximum v a l u e  f o r  t h e  d u r a t i o n  o f  e c l i p s e  (FIG 
1 6 , 1 7 ) .  T h i s  d i s c h a r g e s  t h e  b a t t e r i e s  t o  w i t h i n  - 8  v o l t s  o f  t h e  
u n d e r v o l t a g e  c u t o f f ,  Dur ing  t h i s  p e r i o d  w e  s e e  two ominous s i g n s  
from t h e  b a t t e r i e s .  The f i r s t  is a n  i n c r e a s e  i n  t h e  c e l l  
imba lance  i n  e i t h e r  o f  t h e  b a t t e r i e s  some t imes  t o  l e v e l s  i n  
e x c e s s  o f  .5 v o l t s .  T h i s  imba lance  h a s  o c c u r r e d  a t  v a r i o u s  t i m e s  
on b o t h  o f  t h e  b a t t e r i e s  and  e i t h e r  just b e f o r e  o r  j u s t  a f t e r  t h e  
t r a n s i t i o n  from e c l i p s e  t o  d a y l i g h t  (FIG 1 8 , 1 9 ) .  T h i s  h i g h  
imba lance  d o e s  n o t  o c c u r  when t h e  v o l t a g e  is above  25.0 v o l t s .  
The second  problem is  a n  uneven s h a r i n g  be tween  b a t t e r y  I and 11 
n e a r  t h e  end o f  d i s c h a r g e  p e r i o d  below 25 v o l t s  t h e  c u r r e n t  from 
b a t t e r y  I i n c r e a s e  w i t h  a  c o r r e s p o n d i n g  d e c r e a s e  from b a t t e r y  two 
(FIG 2 0 , 2 1 ) .  T h i s  uneven s h a r i n g  h a s  been  a  f e a t u r e  o f  t h e  
b a t t e r i e s  s i n c e  t h e  second  y e a r  o f  m i s s i o n .  

SUMMARY - 
The t e m p e r a t u r e  o f  t h e  SME b a t t e r i e s  w i l l  b e  i n c r e a s i n g  o v e r  

t h e  n e x t  5 y e a r s ,  T h i s  w i l l  d e g r a d e  t h e  pe r fo rmance  o f  t h e  
b a t t e r i e s  and s h o r t e n  t h e i r  l i f e .  The l i f e  o f  t h e  b a t t e r i e s  may 
b e  e x t e n d e d  beyond t h e  p r e d i c t s  i f  t h e y  c a n  b e  c o n d i t i o n e d  
s u f f i c i e n t l y  and i f  t h e  s h o r t e n e d  e c l i p s e  p u t s  i n c r e a s i n g l y  l e s s  
demand on t h e  them. 
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Figure 2. SME Voltage-Temperature Control Levels 
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Figure 7. 
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Figure 10. 

Figure 1 1. 
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Figure 1 2. 
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Figure 1 5 .  
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TELEHETERED DRTR EP 2 8V vs T r nE 
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TELEMETERED DRTR EPB2CF VS TIHE 
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