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ABSTRACT 

Hughes has  developed a mathematical model which p r e d i c t s  l i f e  of n icke l -  
cadmium b a t t e r i e s  designed f o r  geosynchronous o r b i t  s a t e l l i t e s .  A s t a t i s t i c a l  
a n a l y s i s  technique c a l l e d  regress ' ion was used t o  analyze o r b i t a l  d a t a  on 
second-generation t r ickle-charged b a t t e r i e s .  

The model g ives  average c e l l  vo l t age  a s  a func t ion  of des ign  parameters,  
ope ra t i ng  parameters ,  and time. The vo l t age  model has  t he  p r o p e r t i e s  of 
providing a good f i t  t o  t he  da t a ,  good p r e d i c t i v e  c a p a b i l i t y ,  and agreement 
with known b a t t e r y  performance c h a r a c t e r i s t i c s .  Average c e l l  vo l t age  can 
almost always be pred ic ted  t o  w i t h i n  0.02 v o l t s  f o r  up t o  8 years .  

This modeling shows t h a t  these  b a t t e r i e s  w i l l  ope ra t e  r e l i a b l y  f o r  10 
years .  Third-generat ion b a t t e r i e s ,  which a r e  being used i n  the  l a t e s t  genera- 
t i o n  of Hughes s a t e l l i t e s ,  a r e  expected t o  ope ra t e  even longer .  

INTRODUCTION 

Over t he  p a s t  20 years  t he re  has  accumulated cons iderab le  in -orb i t  da t a  on 
b a t t e r i e s  i n  geosynchronous o r b i t  s a t e l l i t e s  designed and b u i l t  by Hughes 
A i r c r a f t  Company. These s a t e l l i t e s  began i n  1963 with Ea r ly  Bird,  the  f i r s t  
geosynchronous communications s a t e l l i t e ,  and cont inue through the  new HS 376 
s e r i e s .  This s e r i e s  inc ludes  the  SBS and Anik-C s a t e l l i t e s  r e c e n t l y  launched 
by t h e  Space T ranspo r t a t i on  System. S ince  launch of t he  I n t e l s a t  I V  s e r i e s  of 
s a t e l l i t e s  i n  t he  e a r l y  1 9 7 0 f s ,  one c e l l  manufacturer,  General E l e c t r i c  Company, 
h a s  been used almost exc lus ive ly  by Hughes f o r  p roduct ion  of s a t e l l i t e  b a t t e r i e s .  
Consequently, Hughes has  an ex t ens ive  d a t a  base of des ign  and in -o rb i t  d a t a  on 
General E l e c t r i c  b a t t e r y  c e l l s .  

These b a t t e r i e s ,  beginning wi th  the  I n t e l s a t  I V  ( r e f .  1) and t h e  Anik-A 
(Canada) ( r e f .  2 )  s e r i e s  of s p a c e c r a f t ,  can be convenient ly  d iv ided  i n t o  t h r ee  
genera t ions  of des igns .  The f i r s t  genera t ion  was-the I n t e l s a t  I V  (F2 through 
F7) and Anik A 1  and A2 s e r i e s  of s p a c e c r a f t  b a t t e r i e s .  The second genera t ion  
was the  I n t e l s a t  I V  F1 and F8, I n t e l s a t  IV-A, COMSTAR, Anik-A3, WESTAR I, 11, 
and 111, Palapa-A ( Indones ia )  and MARISAT des igns .  The t h i r d  genera t ion  is  the 



LUSAT and HS 376 design, which includes SBS ( s a t e l l i t e  business systems), 
Anik-C, WSTAR I V  and V, Palapa-B, T e l s t a r  1x1 (AT&T), Aussat (Aust ra l ia ) ,  
B r a s i l s a t  (Braz i l ) ,  Galaxy ( ~ u g h e s  Communications), and Morelos ( ~ e x i c o ) .  

The f i r s t -genera t ion  b a t t e r i e s  were s tored  open c i r c u i t  and had tempera- 
tures  c lose  t o  U°C, high ac t ive  ma te r i a l  loading i n  the pos i t ive  e lec t rode  
(12 t o  13 g/dm2), low leve l s  of e l e c t r o l y t e  (2.5 cm3/s-hr), and low p l a t e  
areas ,  r e s u l t i n g  i n  high current  d e n s i t i e s  (5.5 t o  5.9 mA/cm2). These 
b a t t e r i e s  did not reach t h e i r  design l i f e  of seven years  a t  50 t o  60 percent 
depth of discharge (DOD). Low ba t t e ry  vol tage  d ic ta t ed  removal of some of 
the spacecraf t  loads af t e r  5-1 /2 years. 

En order  t o  reduce e a r l y  degradation, second-generation b a t t r i e s  were 
s tored  trickle-charged i n  o r b i t  a t  15O t o  23OC. More e l e c t r o l y t e  was added t o  
the c e l l s  (3.0 cm3/~-hr) ,  and other  improvements were made. These changes 
resul ted  i n  b a t t e r i e s  which have now exceeded 7 years  of in-orbi t  operation 
without load reduction a t  DOD l eve l s  g r e a t e r  than 50 percent.  

Pr ior  t o  design of the HS 376 b a t t e r i e s ,  seve ra l  s i g n i f i c a n t  r e l a t ionsh ips  
were es tabl i shed and quan t i f i ed ,  such a s  separa tor  degradation as  a  function of 
time and temperature, the  e f f e c t  of e l e c t r o l y t e  quant i ty ,  and the e f f e c t  of 
pos i t ive  p l a t e  swell ing ( r e f .  3, 4). These d iscover ies ,  along with improve- 
ments in  the spacecraf t  power e l e c t r o n i c s ,  have resu l t ed  i n  a  third-generation 
design l i f e  of over 10 years .  The complete power system designs f o r  the HS 376 
s e r i e s  of spacecraf t  have been described e a r l i e r  ( r e f .  5, 6) .  

DATA BASE AND PARAMETERS 

The data  base used i n  the analys is  cons is ted  of telemetered data  from bat- 
t e r i e s  in  opera t ional  s a t e l l i t e s .  It included da ta  on f o r t y  b a t t e r i e s  on 
twenty s a t e l l i t e s  comprising ten d i f f e r e n t  programs. The longest operat ing 
time was 16 e c l i p s e  seasons, o r  8 years. A l l  b a t t e r i e s  were t r i c k l e  c h a ~ g e d ,  
The ba t t e ry  c e l l  s i z e s  ranged from 6 t o  24 A-hr, and were a l l  procured from 
General E l e c t r i c .  A l l  c e l l s  were of the second-generation type. 

The measure of b a t t e r y  performance used was average c e l l  voltage a t  end 
of discharge during the longest ec l ipse  each season. The end of ba t t e ry  l i f e  
i s  taken t o  be the time when t h i s  voltage drops below some spec i f i ed  value. 

The design and opera t ional  parameters tha t  appear i n  the f i n a l  model are:  
depth of discharge,  e c l i p s e  temperature, t r ickle-charge r a t e ,  e l e c t r o l y t e  
loading, and time i n  ec l ipse  seasons. The minimum, maximum, mean, and standard 
devia t ion  f o r  these parameters a r e  l i s t e d  i n  t ab le  I. In addi t ion ,  we a l s o  
studied the e f f e c t s  of s o l s t i c e  (non-eclipse) temperature, discharge current ,  
dens i ty ,  percent recharge, high charge r a t e ,  pezcent e l e c t r o l y t e ,  and cumula- 
t i v e  depth of discharge. 



METHODOLOGY 

We selected, evaluated, and then modified a statistical model that employs 
multiple regression for use in predicting the life of nickel-cadmium in geo- 
synchronous orbit satellites. Our goal was to obtain a model which provides 
good fit and predictive capability, for both the group of batteries aad indG 
vidual batteries. 

A set of parameters thought to influence battery life was identified. 
Relationships between these parameters were examined by looking at correlations. 
This information was used in later stages to help select potential variables 
for use in the model. 

All possible regression models with the selected parameters were examined 
(ref. 71, and several models were selected for further investigation. This 
selection was based on statistics that measure the models' ability to fit and 
predict observed phenomena well. The meaningfulness of physical relationships 
implied in the model was also considered. A reduced set of potential variables 
of interest was identified, and the process of model evaluation and selection 
was repeated. 

Our initial set of variables was ten battery parameters, time, time2, 
and time3. Based on the results obtained by an iteration using these var- 
iables, a set of eight main effects and all first-order iterations of these 
eight main effects were selected for further investigation. This process was 
repeated several times. Two models were selected as final candidates, These 
two were than compared by investigating the following relationships: voltage 
versus number of eclipse seasons, battery life versus depth of discharge, and 
R(t) (probability of surviving at least t eclipse seasons). Judging from the 
standpoints of overall fit, fit to individual battery performance, prediction, 
and agreement with known battery characteristics, we selected a model. 
Variables not listed did not significantly reduce the amount of unexplained 
variation and therefore were not included in the model. Although those var- 
iables may have a significant influence on voltage, their effect in modeling is 
minimal, owing to their correlation with other variables used in the model. 
Addition of a variable correlated with another variable already in the model 
does not produce a significant reduction in unexplained variability. 

RESULTS AND DISCUSSION 

The selected battery voltage model is as follows. 

Voltage = 1.12 - kl (D) + k2 (DIE-,+ kj (TCR) - kb (ET) TCR~ 

- kg (D)T + kg (T~) - k7 (ET) (~31, 



where : 

Voltage = Hinimum end of d i scharge  vol tage ,  averaged f o r  a l l  c e l l s  
i n  a  b a t t e r y  

D = Depth of discharge i n  percent  

E = E l e c t r o l y t e  i n  CC/A-hr 

TCR = T r i c k l e  charge r a t e  i n  A/A-hr 

ET Ec l ip se  temperature i n  OF 

'E = Time i n  e c l i p s e  seasons 

.k1 - k7 = S t a t i s t i c a l l y  determined c o e f f i c i e n t s  ( cons t an t s )  

The value of the c o e f f i c i e n t s  were, of course,  der ived  i n  the a n a l y s i s  bu t  a r e  
omitted he re  because of o the r  cons idera t ions ,  

Figure 1 shows vo l t age  a s  a  func t ion  of time f o r  a l l  o the r  v a r i a b l e s  s e t  
t o  t h e i r  means. Symmetric p red ic t ion  i n t e r v a l s  a r e  presented a t  t he  99, 95, 
and 75 percent  l e v e l s  f o r  a  response (vo l t age )  a t  a  spec i f i ed  s e t  of condi t ions .  
With a  given confidence, we can say t h a t  a f u t u r e  observat ion w i l l  be w i t h i n  
the spec i f i ed  i n t e r v a l .  

It is important t o  note  the  l a rge  e f f e c t  t h a t  depth of d i scharge  has  on 
vol tage  and consequently on b a t t e r y  l i f e .  The lower the  depth of d i scharge ,  
the longer the b a t t e r y  w i l l  l a s t .  (See f i g u r e  2 . )  This  r e l a t i o n s h i p  fol lows 
our expec ta t ions .  S imi la r  r e s u l t s  have been obtained f o r  b a t t e r i e s  on l i f e  
t e s t .  The model a l s o  ind ica t e s  t h a t  we could opera te  our b a t t e r i e s  a t  a  h igher  
depth of d i scharge  than i s  c u r r e n t l y  being done. An i n t e r a c t i o n  of D 2 o 3  with 
time (from r e s u l t s  obtained by previous Hughes b a t t e r y  r e sea rch )  was considered 
f o r  inc lus ion  i n  the model ( r e f  8) .  However, t h i s  r e l a t i o n s h i p  d id  not  provide 
r e s u l t s  a s  good a s  those obtained by using the  i n t e r a c t i o n  of D wi th  time. 

Temperature seems t o  a f f e c t  the b a t t e r i e s  l a t e  i n  l i f e ,  a s  might be 
expected. We f e e l  i t  i s  appropr ia te  t h a t  e c l i p s e  temperature r a t h e r  than 
s o l s t i c e  temperature appears i n  the model, s i n c e  e c l i p s e  temperature was the 
temperature a t  the time the  vo l t age  measurements were taken. Also, t h i s  i s  a  
case where two v a r i a b l e s  c l o s e l y  c o r r e l a t e  and t h e r e f o r e  only one of them needs 
t o  be i n  the model, 

These r e l a t i o n s h i p s  can be used, wi th in  the  ranges of the  parameters,  t o  
design and ope ra t e  nickel-cadmium b a t t e r i e s  t h a t  w i l l  have increased  longevi ty.  
Ext rapola t ion  beyond these  ranges should be avoided f o r  s eve ra l  reasons. 1) 
Pred ic t ion  e r r o r  i nc reases  with d i s t a n c e  f r K ' t h e  mean of the  da t a .  2 )  This 
model may be not a  t r u e  r ep re sen ta t ion  of the  underlying r e l a t i o n s h i p s  bu t  
r a t h e r  a  good approximation wi th in  the  range of our da ta .  By c r e a t i n g  a  model 
t h a t  i s  sound from an  engineering s tandpoin t ,  we have minimized t h i s  e f f e c t .  



3) Regression assumptions may no longer be valid outside the range of the 
data. An example of this fact is the occurrence of shorts late in life, which 
affects prediction error and could violate the assumption of constant var- 
iance over time. 4 )  Main effects and interactions omitted from the current 
model may be more influential outside the range of data used. 

Figure 1 shows prediction intervals about the regression line, The indi- 
vidual prediction lines can be used to estimate reliability versus time in the 
following way. First, note that the lowest prediction line is such that, for 
any given time, the voltage will exceed that value with 0,995 probability. 
Thus, for a given voltage and given probability, we can find the time which 
corresponds to the voltage and probability. For a fixed voltage, we can then 
construct a plot of probability versus time. The probability of exceeding a 
given voltage at a given time can be used as an approximation of reliability at 
that time. 

Reliability versus time was investigated for voltage values of 0.90 to 
1.10, because required voltage may vary, depending on specific satellite 
requirements. The probability that voltage, as defined in the model, is above 
the minimum.requirement of 1.00 is 1 for the number of eclipse seasons less 
than or equal to 23. This probability value was obtained from a relationship 
relating reliability to prediction intervals, as described above, when all 
variables except time are set to their means. At voltage = 1.05, the reliabil- 
ity is 1 for 20 eclipse seasons, and then drops quickly. This is illustrated 
in figure 3a. When voltage = 1.10, this drop in reliability occurs sooner, 
after 17 eclipse seasons. (See figure 3b.) These results correspond quite 
well to currently accepted estimates of mean battery life as being on the order 
of 12 years. In addition, these results agree favorably with mission duration 
and design lives of 7 to 10 years. 

The R~ value for this model is 0.68. Although not as high as we would 
have liked, it is a good value, given that the model uses actual orbital data 
and is not a controlled laboratory study. A designed, controlled study has 
certain advantages. It can highlight situations that occur late in life, by 
increasing the duration of the test; it can make predictions over a wider 
range by controlling the levels that parameters of interest take on; and it 
can study specific interactions. However, results obtained f r m  controlled 
laboratory environments are sometimes critized for being unrealistic or inap- 
propriate. A model based on orbital data has the advantage that the batteries 
have been operated in a real environment. 

One use of the model is to predict the performance of the new third- 
generation cell designs now with limited (up to five seasons) orbital exper- 
ience. The new HS 376 design improvements include increased electrolyte 
quantity, lower operating current density, and lower operating temperatures. 
This work is still in progress. 

The most prudent conclusion that can be dcdwn thus far from these results 
is that the HS 376 batteries can easily meet their design goal of 10 years 
at 50 percent DOD, since they are an improvement over those analyzed here. 



For a p red ic t ion  a t  the 65 percent  DOD extreme of the  d a t a  base, a  d i f f e r e n t  
s t a t i s t i c a l  approach should probably be used. 

The d a t a  base includes d a t a  on two b a t t e r i e s  on two d i f f e r e n t  s a t e l l i t e s ,  
having two shor ted  c e l l s  each. A l l  four  s h o r t s  occurred l a t e  i n  l i f e  and 
caused complete l o s s  of vo l t age  i n  t he  four  c e l l s .  The remaining c e l l s  a r e  
func t ioning  a s  expected, i n  view of the a d d i t i o n a l  loads being imposed on them. 
The f a c t  t h a t  the d a t a  base included s h o r t s  which occurred l a t e  i n  l i f e  had a  
s t rong  e f f e c t  on the  model, making the  time3 term more s i g n i f i c a n t .  (Note, 
however, t h a t  i n  our e a r l i e r  paper ( r e f .  91, t he  time3 term was a l s o  p re sen t ,  
and the re  were no shor ted  c e l l s  i n  the d a t a  base a t  t h a t  t ime.) 

Because the e f f e c t  of s h o r t s  i s  included i n  the  vol tage  model, i t  is 
included i n  the r e l i a b i l i t y  p l o t s  a s  wel l .  This has  important impl ica t ions  f o r  
r e l i a b i l i t y  a n a l y s i s  a s  prac t iced  i n  r e l i a b i l i t y  engineering.  The c e l l  s h o r t  
f a i l u r e  mode has  been t r e a t e d  a s  having a  cons tan t  f a i l u r e  r a t e .  However, t h i s  
treatment may now be inappropr ia te  i n  view of the f a c t  t h a t  the  s h o r t s  occurred 
l a t e  i n  l i f e .  Future r e l i a b i l i t y  a n a l y s i s  should address  t h i s  mat te r .  

The model is  der ived  from aggregate  d a t a  on a  l a r g e  number of b a t t e r i e s .  
I n  such cases ,  t he  r e s u l t i n g  model o f t e n  f a i l s  t o  accu ra t e ly  p r e d i c t  the per- 
formance of an ind iv idua l  member. However, a s  shown i n  f i g u r e s  4 and 5, our 
model does accu ra t e ly  p r e d i c t  t he  vo l t age  versus  time of i nd iv idua l  b a t t e r i e s .  
(F luc tua t ions  i n  vo l t age ,  both f o r  a c t u a l  and predic ted  values,  a r e  explained 
by adjustments  t o  depth of d i scharge . )  These p l o t s  of a c t u a l  versus predic ted  
vol tage  a r e  t y p i c a l  of t he  f i t s  which were obtained.  Figure 5 shows the  
model's f i t t i n g  of the  performance of a  b a t t e r y  experiencing two s h o r t s  a t  t he  
s ix t een th  e c l i p s e  season. Since some b a t t e r i e s  a t  t h i s  time had s h o r t s  and 
o the r s  did not ,  t h e  model tends t o  overpredic t  vo l t age  i n  the  presence of 
sho r t s .  When s h o r t s  occur ,  depth of d i scharge  is  reduced a t  the ground s t a t i o n  
t o  increase  remaining l i f e .  This f a c t  expla ins  the increase  i n  pred ic ted  
vol tage  a t  the  s ix t een th  e c l i p s e  season. 

CONCLUSIONS 

The model descr ibed i n  t h i s  paper has  many important f ea tu re s .  F i r s t ,  
i t  f i t s  the o r b i t a l  da t a  and provides accu ra t e  p red ic t ions .  (Although the  f i t  
t o  t he  d a t a  i s  no t  a s  good a s  one t y p i c a l l y  s ees  with labora tory  d a t a ,  we f e e l  
the  model i s  more r e a l i s t i c ,  being based on o r b i t a l  da t a . )  It is a  u se fu l  t o o l  
i n  designing and opera t ing  b a t t e r i e s  f o r  longer l i v e s .  The e f f e c t  of s h o r t s  
has  been included,  making t h i s  model more complete than i t s  predecessors .  
F ina l ly ,  t h e  model p r e d i c t s  t h a t  a  t y p i c a l  second-generation b a t t e r y  w i l l  l a s t  
wel l  beyond t en  years .  We be l i eve  t h a t  a  t y p i c a l  th i rd-genera t ion  b a t t e r y  
could l a s t  even longer.  This  is t r u e  even a t  dqpth of d i scharge  l e v e l s  h ighe r  
than those p re sen t ly  used. 

Hughes intends t o  update t h i s  a n a l y s i s  pe r iod ica l ly .  
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T a b l e  I 

Summary of t h e  D a t a  B a s e  

Variable 

Average cell voltage 

Time 

Depth of discharge 

Electrolyte 

Eclipse temperature 

Trickle-charge rate 

Standard 
deviation 
value 

0.018 

3.8 

8.0 

0.31 

3.1 

- 

Unit 

volts 

eclipse seasons 

% 

cc /A-hr 

OF 

AIA-hr 

Minimum 
value 

1.08 

1 

24 

2.9 

50 

C/62 

Maximum 
value 

1.23 

16 

62 

4.2 

66 

C/36 

Mean 
value 

1.18 

6.6 

43 

3.2 

5 5 

C/50 
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Figu re  1. Vol tage  v e r s u s  
t i m e  . 
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Figu re  2 .  Expected l i f e  
v e r s u s  dep th  of d i s c h a r g e .  
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b) VOLTAGE = 1.10 VOLTS 

Figu re  3 .  R e l i a b i l i t y  v e r s u s  t i m e .  
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Figure  4. Voltage ve r sus  t ime for t y p i c a l  bat ter ies .  
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Figure  5. Vol tage v e r s u s  t i m e  
f o r  a b a t t e r y  con ta in ing  two 
s h o r t e d  cells.  



Q. Unidentified: Did your survey include the launch handling of bat ter ies  
a t  a l l  o r  i s  t h i s  a f t e r  launch l i f e ?  

A. Broderick, GTE S a t e l l i t e  Corporation: No th i s  was jus t  data. I would 
assume tha t  many of these t e s t  points that  i n  o rb i t  performance would 
include integration and t e s t .  

Q.' Unidentified: Some of them l ike  you mentioned TRW do not use f l i g h t  
bat ter ies  for  integration testing? 

A. Broderick, GTE S a t e l l i t e  Corporation: Okay, i t  never has been. Ford 
I think has presented information before tha t  he thinks tha t  i n  o rb i t  
or integration in t e s t  will age a t  about twice the r a t e  of i n  o rb i t  
performance. So i f  you assume 3 months of integration and t e s t  
double that  then you might lose 6 months of performance on the ground. 

Q. Unidentified: Did you include anything l ike  the differences of the 
depth of discharge during reconditioning in orbi t?  

A. Broderick, GTE S a t e l l i t e  Corporation: What I 've  assumed i s  t ha t  a l l  
of these will be deep discharge reconditioning and tha t  i s  one of 
the reasons why we've been able to  make such improvements on l i f e .  

Q. Rogers, Hughes Aircraft: You emphasized tha t  the newer MOS devices 
used have lower internal resistance have lower voltage drive than 
the older ones. 

A. Sullivan, APL: Yes, t h a t ' s  r ight .  

A. Rogers, Hughes Aircraft: That may be the part icular  devices b u t  t h a t ' s  
contrary to  normal devices. 

A, Sullivan, APL: Contrary to  normal devices? 

A. Rogers, Hughes Aircraft: In other words, for  the same area or same 
weight device chip you'll get considerably lower resistance in a 
newer device and that  i s  not what you want. 

A. Sullivan, APL: Well a l l  I was referring to  i s  the older t rans is tor  
which they had l ike  6/10 of a vol t  drop s i l icon devices as compared 
to  the newer devices tha t  we look a t .  I was looking a t  l i ke  
2/10th1s of an ohm resistance in t h e i r  on-stage. 




