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REPORT BRIEF 

RESULTS OF SYNCHRONOUS ORB I T  TESTING 
OF 

6.0 AMPERE-HOUR SEALED NICKEL-CADMI UM CELLS 
MANUFACTURED BY 

GENERAL ELECTRIC COMPANY 

Ref: (a) NASA Purchase Order Number W12-397 
(b) NASA ltr BRAIVBKlpad o f  25 September 1961 w/BUWEPS first 

end FQ-1 :WSK o f  2 October 1961 t o  CO NAD Crane 
(c)  NASA Work Sheet o f  A p r i l  1967 

I. TESTASSIGNMENTBRIEF 

A. I n  compliance w i t h  references (a) and (b), evaluat ion o f  
sealed nickel-cadmium c e l l s  was begun according t o  t he  program out-  
1 i ne o f  reference (c )  . 

B. The purpose o f  t h i s  evaluat ion program i s  t o  gather per for -  
mance informat ion concerning sealed nickel-cadmi um c e l l s  operat ing 
under a synchronous o r b i t  regime. Such a regime simulates a space 
s a t e l l i t e  maintaining a pos i t i on  over a f i x e d  p o i n t  on earth as t he  
ear th  rotates on i t s  axis and revolves about the sun. 

I I. SUMMARY OF RESULTS 

A. A temperature o f  40" C i s  very detr imental t o  c e l l s  i n  a 
synchronous o r b i t  regime. 

B. A temperature o f  -20" C resu l ts  i n  high c e l l  voltages dur ing 
charge, and an extremely low t ri ck le  charge (c/240) mus t be mai n- 
ta ined t o  keep the  voltage a t  o r  near 1.50 vo l ts .  I n  general as the  
envi ronmental temperature goes down, the charge vol tage goes up. 
Also a t  low temperature, the charge voltage f luc tuates more rad i ca l l y  
w i t h  s li gh t var i  a t i  ons o f  t e s t  condi t i  ons , such as capaci ty checks, 

C. CoulometeB "S e f f e c t i v e  charge control  devices (par t icu-  
l a r l y  a t  -20" C) when operative. However, they have shor ter  l i v e s  
t h m  a e  c e l l s  they control .  

D. The voltage balance, dur ing discharge, between the high and 
low c e l l s  o f  a synchronous pack i s  best  a t  25' C and worst  a t  40° C. 
Also age and greater depths o f  discharge r e s u l t  i n  greater degrada- 
t i o n  o f  pack voltage balance. 



E. The capacity checks performed during the middle o f  each 
ec l ipse season i n i t i a t e d  the following: 

1. A s l i g h t  increase i n  average discharge voltage gener- 
a l l y  occurs w i th in  1 o r  2 days fol lowing the capacity check except 
f o r  operation a t  40° C. The reverse i s  noted f o r  40" C. 

2. For non-coulometer control l ed  ce l l s ,  the average p s i -  
ti ve slope (discharge voltage) fol lowing the check s l i g h t l y  exceeds 
the negative slope preceding the check. 
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1% TEST COiJDIUa60NS 

A. To sirnulate the  conds" -Lions experienced by  the  space c e l l s  
aboard a synchmnous o r b i t i n g  s a t e l l i t e ,  t he  f o l l o w i n g  183-day t e s t  
wgime was adopted. 

1. Per i  ad simul ats'ng continuous sun1 i g h u  141 days) : 

a, The c e l l s  VdeR cont inuously  charged a t  200 m i  lli- 
amperes except t h e  c e l l s  i n pack 4B whose c o u l o m t e r  l i m i t e d  them 
t o  25 m i  I l i a w e y e s .  

2. Per iod  s i n ~ u l a t i n g  e c l i p s e  season (42 days): 

a. A l l  c e l l s  were discharged f o r  12 minutes the  first 
day o f  the e c l i p s e  season. The discharge t ime increased b y  3 t o  4 
m i  nutes p e r  day f s ~  1 8  days "e a anlaximum s f  1 hour and 12 minutes . 
This maxdmum discharge then occum once a day f o r  8 days (18 th  
thmugh 25th day s f  e c l i p s e  season) w i t h  one except ion--a capaci ty  
check was always run durs'ng the  middle o f  each e c l i p s e  season. 

b ,  The capaci ty  check was run on the  21s t da.y o f  t h e  
e c l i p s e  season, The capaci ty  clieck consis ted o f  a constant c u r r e n t  
disGharge ( r a t e  depending on t h e  depth o f  discharge) t o  an average 
vol tage o f  1.60 vs l  t p e r  c e l l  o r  0.50 v o l t  on the  low c e l l  , which- 
ever  came f i ~ t .  This d i f f e ~ d  from the  o t h e r  d a i l y  d i s d a r g e s  
du r ing  an e c l i p s e  only  i n  t h a t  the  low c e l l  was then al lowed t o  go 
as low as Q .QO v o l t  be fore  te rm ina t i on  o f  the  discharge. 

c. Fol lowing the  capac i ty  check, the c e l l s  cont inued 
the  d a i l y  d i s d a r g e  o f  1 hour and 12 niinutes through the 2 5 t h  day 
s f  t h e  season. From the 26th day t o  the  end o f  the  season, the  
discharge was shodened b y  3 t o  4 4 n u t e s  p e r  days The l a s t  day's 
discharge was was 12 minutes, t h e  sane as the  f i r s t  day. The c e l l s  
then re turned t o  continuous charge ( s u n l i g h t )  complet ing the  180- 
day cyc le .  

B .  The f o l l o w i n g  t a b l e  i d e n t i f i e s  t h e  synchmnous packs and 
gives the t e s t  para mete^ o f  each pack. 



Percent Charge Bis&arge 
Pack Tern Depth s f  Kate Rate Charge 

Number " C Discharge (ma) ( ~ P S )  Contrsl  

1  40 40 200 2 .0 None*" 

4 - 20 40 200 2 ,O None*" 

5 0 60 30 O* 3.0 Coul o w  t e r  

6  0  80 400" 4.0 Coulome t e r  

* These c e l l s  are charged a t  t he  s p e c i f i e d  rates u n t i  1 l i m i  t ed  
by  t h e i r  respect ive  coulorneters t o  25 m i  l l i a m e w s  (4B )  o r  2013 
m i l 1 i a ~ e i i ; e s  ( 5  and 6 ) .  

** The charge cur ren ts  are con t ro l  l e d  b y  regu la ted  power supp l ies  . 
I I I .  CELL DESCRI QTION 

A, The c e l l s  are n i  ckel-cadmi um, 6.0 avere-hour ,  manufactured 
by k n e r a l  E l e c t r i  c. They are rectangul a r  and he rme t i ca l l y  sealed 
w i t h  s t a i n l e s s  s t e e l  conta i  ners and covers. The separator  matepi a1 
i s  p e l l o n .  The t e r r i  nals are i n s u l a t e d  f rom' the  c e l l  cover by 
ceramic seals,  and t h e  terminals  p ro t rude through the  cover w i t h  
s o l d e r  tabs welded t o  the  top .  

I V .  TEST RESULTS 

A. The t e s t  r e s u l t s  are shown g raph ica l l y  i n  F iguws  1 t o  8. 
Explanat ions o f  t he  f i  rs t f o u r  graphs are considemd separa te ly  i n  
t h i s  sec t i on .  The f i r s t  t h ree  graphs show on ly  t h e  successive 
e c l i p s e  seasons and omi t the  140-day c o n t i  nuous charge between the  
e c l i p s e  seasons. Graph 4  shows t h e  e n t i  r e  s u n l i g h t  and e c l i p s e  
season cyc le f o r  synchronous pack 4  due t o  i t s  e r r a t i c  na ture  and 
s h o r t  l i f e .  F ive i tems are p l o t t e d  versus the  nu ther  o f  days on 
cyc le  : (1)  average end-of-charge vol tage (ooo) , ( 2 )  average end- 
of -d ischarge vo l tage (xxx)  , ( 3 )  h igh  c e l l  , end-of-dis&arge ( A A A )  , 
(4 )  low c e l l ,  end-of-discharge ( a r e ) ,  and ( 5 )  the  t ime on discharge 
( i n  houuu) as i t var ies  each day o f  each e c l i p s e  season. This  
l a t t e r  I k m  f o r m  a  l a r g e  pyramid curve f o r  each e c l i p s e  season 
below t h e  ottiier p l o t t e d  data. 



I .  The discharge data f o r  the  capacity check i s  omitted i n  
Figures "Ihmu@ l h e  The capacity ctleck da t a  i s  consi dewd sepa- 
ra te ly  i n  Figure 5 .  

2. The end-of-discharge (e .0 .d . )  voltage f o r  the  high o r  
low c e l l s  was p lo t t ed  only i f  i t  varied from the  average by 0.05 
vol t  o r  more. This value was a r b i t r a r i l y  s e t  t o  prevent the syn-bols 
from running together.  In a l l  applicable cases the low cel l  s h w s  
mch grea te r  deviat ion from the  man than the  high cel l  and t h i s  
devi a t ion shaqs up sooner and l as ts longer. 

3. The coulolneters o f  Syncs 4B, 5 and 6 a re  diode protected 
such t h a t  voltage on charge never goes above 0.703 vo l t .  Vol tage 
variat ions b e l w  0.703 volt  occur during discharge,  where the volt-  
age i s  negative,  and on charge when the cou lomter  is  shorted o r  
not f u l l y  recharged. 

B .  As the  individual synchmnous (sync) packs are presented, 
some comparisons are noted bebeen  Syncs 1 through 4 because they 
were a l l  operated a t  40 percent depth of discharge and without 
coulonleter control . Thus the differences a re  a function of teriiper- 
a ture  only. Also sorne comparisons a re  made between Syncs 45,  5 and 
6 because these packs a l l  contain coulorneters. References t o  volt- 
age r e f e r  t o  the  average f o r  each pack unless spec i f i ed  as the  
high o r  low ce l l  of t he  pack. 

1. The successive ec l i p se  seasons f o r  t h i s  pack 
are  s h w n  i n  1 .  

a. End-of-Charge ( e  .o.c. ) Voltage : The e .o.c. voltage 
tends t o  increase by 0.01 volt  from the beginning of one ec l ipse  
season t o  t he  next. Also the  e.0.c.  voltage o f  the c e l l s  showed a 
s l i g h t  lack of s t a b i l i t y  i n  the  l a s t  two ec l ipse  seasons as 
exemplified i n  Figure 1 by a small undulation of the plot ted  e.0.c.  
voltage. This undulation and the  small increase i n  voltage with 
time i s  f e l t  due simply t o  aging. 

b .  End-of-Discharge (e.0.d.)  Voltage: Without excep- 
t i on ,  the  e.0.d. voltage of the  c e l l s  drops following the capacity 
check during the  middle of each ec l ipse  season. This i s  shown i n  
Figure 1 as a dip i n  the  average e.0.d. voltage, This occurs even 
though the  time on discharge lacks a few minutes of going the fu l l  
1.2 houw due t o  the low ce l l  reaching 0.00 vo l t .  Thus the capacity 
check f o r  Sync 1 (40' C) indicates  an immedi a t e  detrimental e f f e c t  
on t he  ce l l s  a b i l i t y  t o  de l ive r  p w e r .  tbwever, as the time on 
discharge i s  decreased during the  l a s t  ha l f  of the ec l ipse  season, 



t h e  c e l l  k a a b l i t y  t o  d e l i v e r  power i s  increased over  t h a t  o f  t he  
f l ~ t  hair '  or" t he  season. For example, the f o i l o w i n g  sketch i s  
t y p i c a l  o f  t h e  e.o.d. curves o f  Sync 1, Figure 1. 

Line I T * x g *  

X 
x Cawacit v ..* 9' L i n e  

L ine  1 i s  drawn from the  e.0.d. vo l tage o f  t he  f i  r s t  day t o  t h a t  o f  
t h e  day p r i o r  t o  t h e  capaci ty  check. L ine  2 i s  drawn from the  
e .o.d. vo l tage on t h e  day f o l l c w i n g  capaci ty  check t o  t h a t  o f  the  
l a s t  day o f  t h e  e c l i p s e .  By observat ion and c a l c u l a t i o n  t h e  pos i -  
t i v e  s lope o f  l i n e  2 i s  g rea te r  than the  negat ive s lope o f  l i n e  1. 
Thus w i t h  a constant discharge cu r ren t  b u t  i nc reas ing  c e l l  vo l tage 
t h e  data i n d i c a t e s  a s l i g h t  inc rease i n  the c e l l s  ' c a p a b i l i t y  t o  
d e l i v e r  power d u r i n g  t h e  l a s t  h a l f  o f  each e c l i p s e  season f o l l o w i n g  
a capaci ty  check. The percent  d i f f e r e n c e  i n  t he  average slopes f o r  
the  s i x  e c l i p s e  seasons o f  Sync 1 i s  5.0 percent  as shown i n  the  
t a b l e  below. The data f o r  t h i s  t a b l e  were taken d i r e c t l y  from the  
graphs o f  Figures 1 through 4. 



Sync Avg Neg Slope Avg Pos Slope D i  f.Femnce o f  Pe rw  n t  
Pack L i n e  1 L ine  2 Avg Slopes D i  f .Fea rence 

( X  vol ts/day y) L i n e  2 - L i n e  1 

* No conclusive data generated f o r  pack 4. 

c. Capacity:  The c e l l s  o f  Sync 1 have never de l i ve red  
t h e  manufacturer 's ra ted  capaci ty  o f  6 anpere-hours by a f a c t o r  o f  
3. The capaci ty  checks are p l o t t e d  i n  F igure 5. The t a b l e  below 
gives the  capaci ty  a t  each e c l i p s e  season. 

Ec l ipse Season 1 2 3 4 5 6 

Capacity (ah) 1.74 1.80 1.74 1.66 2.00 1.70 

2. The successive e c l i p s e  seasons f o r  t h i s  pack 
are s h w n  i n  1 below the  heavy, dark l i n e .  The h igh  and 1 ow 
c e l l  was n o t  p l o t t e d  because, a t  no t ime, was the  d i f f e rence  more 
than 0.03 v o l t  f r o m  t h e  average. 

a. End-of-Charge Voltage: The e c l i p s e  seasons had no 
v i s i b l e  e f f e c t  on t h e  charge voltage as s h w n  i n  Figure 1 . The 
e.0.c. vo l tage dur ing  t h e  e c l i p s e  remained constant and was the  same 
as t h e  s t a b i l i z e d  charge voltage o f  t h e  s u n l i g h t  pe r iod  on e i t h e r  
s ide  o f  each e c l i p s e  season ( n o t  shawn) . Compari ng Sync 2 w i t h  
Sync 1, the  e.0.c. voltage o f  t h e  f i r s t  e c l i p s e  season f o r  Sync 2 
i s  0.05 v o l t  greater .  This d i f f e rence  diminishes w i t h  t ime as t h e  
e.0.c. vo l tage o f  Sync 2 remains constant and t h a t  o f  Sync 1 
increases as noted i n  paragraph 1V.B. 1 .a. Thus Sync 2 a t  25' C 
does n o t  g ive  t h e  i n d i c a t i o n  o f  aging t h a t  was noted f o r  Sync 1. 

b. End-of-ilischarge Voltage: The c e l l s  o f  Sync 2 
shmed a s l i g h t  increase i n  e.0.d. voltage (0.01-0.02 v o l t )  f o l l ow-  
i n g  the  capaci ty  check o f  each e c l i p s e  season. This i s  i l l u s t r a t e d  



in Flgure 4 and indicates a s l i g h t  rejuvination of the cel ls  as a 
wsu'lt of the capacity check, Also the ce l l s  of Sync 2  main 
evenly matched, Phis i s  observed in Figuw 1 , i n  tha t ,  the high 
o r  low cell has never vai.ied a suf f ic ien t  amunt from the average 
to  wqui re plotting (see paragraph IV.B.2 .). Furthermore Sync 2 
discharged the maximum time for  each eclipse season wi Lh no cutoff 
for  low average voltage or low cell  voltage. Finally the average 
decent and ascent slope (see paragraph 1V.B .> ,b  .) of the plotted 
e .o.d. voltages on e i the r  side of each capacl ty check vary by an 
average of 7.6 percent; the ascent s lope fol lowing the capaci ty 
heck i s  greater than the descent slope preceding the check. This 
i s  consistent with the data noted fo r  Sync 1 though less  obvious. 

c. Capacity : Figure 5 indicates only eclipse seasons 
5 and 6 droppi ng be lw  the 6 avew-hour rated capaci ty . The 
following table  gives the capacity a t  each eclipse season fo r  Sync 2 .  

Eclipse Season 1 2 3 4 5 6 

3. : The successive eclipse seasons for  th is  pack 
are shown in  2 above the heavy, dark l ine .  The high and 
low ce l l s  did not vary from the average cell voltage on discharge 
by more than 0.03 vol t ,  and therefore,  they were not plotted. 

a. End-of-Charge Voltage : 

( 1 )  The voltage of the cel ls  during sunlight periods 
(constant charge) gradually taper downward from 1 .55 volts , preced- 
ing the f i r s t  eclipse season, to  1.48 v o l e  preceding tlie sixth 
eclipse season--a decline of about 0.01 volt per 180 days. The 
f i r s t  two seasons have no noticeable e f fec t  on th is  decline. That 
i s ,  the e.0.c. voltage during the f i r s t  two eclipse seasons matches 
the s tab i l ized ,  sunlight voltages on e i the r  s ide of the eclipse 
seasons. However the third eclipse season through the sixth ecl ipse 
season i n i t i a t e s  increases of 0.04 to  0.05 volt in the e.o.c. volt- 
age, within these seasons, over that  of the sunlight period on 
e i the r  s ide of the season. Thus the e.o.c. voltages of Figure 2 ,  
eclipses 3 t o  6 ,  average about 0.04 volt above the sunlight charge 
voltage between the eclipse seasons. 

( 2 )  During some of the ecl ipses ,  particularly 
eclipse 5 ,  the cel ls  shgw a low e.o,c. voltage at  the beginning of 
the ecl ipse.  This i s  i n i t i a t ed  by the eclipse season because i t  
s tab i l izes  out within 5 t o  6 days a f t e r  the beginning of the season 



and the  s u n l i g h t  vo l tage i s  stable b e f o w  and a f t e r  t he  e c l i p s e  
season. This: w s u l t s  f r s m  aging. Also dur ing  the  successive 
e c l i p s e  seasons, t he  e.o,c, vo l tage of t h e  c e l l s  drops approximately 
0.15 vol t o n  the  day o f  t he  capaci t y  check. (See F i  gure 2. ) The 
vol tage w t u r n s  t o  i t s  l e v e b ~ r i o r  t o  the  capaci ty  check w i t h i n  2 
o r  3 days. This  i s  due t o  i n s u f f i c i e n t  t im t o  recharge a t  the  
cyc le  r a t e  f o r  0 "  C. 

( 3 )  As the temperature goes dwn,  the  charge vol tage 
goes up. This i s  t r u e  f o r  synchronous packs. Sync 3 (0"  C) aver- 
aged 0.15 v o l t  h ighe r  than Sync 2 (25" C) ; and Sync 2 s t a r t e d  0.05 
v o l t  h i g h e r  than Sync 1 (40" C). 

b. End-of-Discharge Voltage: A s l i g h t  increase i n  
e.o.d. vo l tage (0.02-0.03 vol t )  was not iced,  always on the  second 
day f o l  low ing t h e  capaci t y  check. This i ndi  cates a s l i g h t  r e j u v i  na- 
t i o n  as a r e s u l t  o f  t h e  capac i ty  check f o r  c e l l s  opera t ing  a t  0' C. 
Also, a t  t h i s  temperature, t h e  c e l l s  remai n w e l l  balanced du r ing  
discharge and they have always discharged the  maximum t ime (1.2 
hours pe r  day) f o r  t h e  8-day p e r i o d  each e c l i p s e  season correspond- 
i n g  t o  t h i s  maximum. Fur ther ,  t he  average decent and ascent s lope 
(see paragraph IQ,B.l . b e )  of t h e  p l o t t e d  e.o.d. vol tages on both  
s ides o f  each capaci ty  check vary by an average percent  d i f f e r e n c e  
o f  9.6 percent  i n  accordance w i t h  the s a w  t rend  noted i n  the 
p w v i  ous paragraph. 

c. Capacity:  F igure 5 i nd i ca tes  the  usual dec l i ne  i n  
capaci ty  w i t h  age. Hawever Sync 3 has maintained the  6 anqsere-hour 
r a t e d  capaci t y  longer  than any o t h e r  pack--f  a i  li ng t o  meet o r  exceed 
i t  only i n  the  s i x t h  e c l i p s e  season, t o  date. The f o l l o w i n g  t a b l e  
gives the  capaci ty  a t  each e c l i p s e  season f o r  Sync 3. 

Ec l ipse  Season 1 2 3 4 5 6 

4.  This  w i t s  the  most e r r a t i c  pack du r ing  i ts 
r e l a t i v e l y  s Pe o f  any o f  t he  o r i g i n a l  s i x .  It f a i  l e d  du r ing  
charge on t h e  second day o f  the  second e c l i p s e  season due t o  one 
c e l l  shading. For comparative purposes, t he  f i r s t  and on ly  com- 
p l e t e d  e c l i p s e  season along w i t h  the  f i r s t  th ree  days o f  the  second 
season a m  s h w n  i n  F igure 2, lower l e f t  corner.  However due t o  i t s  
e r r a t d c  behavior ,  t h e  e n t i r e  h i s b w  o f  Sync 4 ( i n c l u d i n g  the  sun- 
l i g h t  t r i c k l e  c h a q e  on both sides o f  t h e  completed e c l i p s e  s e a o n )  
i s  contained i n  F igure 4. 



a. Charge Val tage: The charge vol tage o f  t he  c e l l s  
durl'ng t h e  s u n l i g h t  p e r i o d  preceds'ng the  f i r s t  e c l i p s e  season w i l s  
excessively  h igh  f o r  Sync 4 a t  -20' 6 .  Figure 4 shms  an i n i t i a l  
vol  tag@ o f  1.63 v o l t s  and a peak vo l tage o f  2.11 vol t s  j u s t  p r i o r  
t o  t he  f i r s t  e c l i p s e  season. The e c l i p s e  season had a s t a b i l i z i n g  
e f f e c t  on t h e  e.o,c, vo l tage w i t h i n  the  season causing i t  t o  average 
ou-t approximately 1.67 v o l t s ,  Fol lowing the  f i  rs t  ee l  ipse  season 
the  vol tage dur ing  sun1 i g h t  agai n i ncreased t o  a peak o f  1.75 v o l t s  
5 days p r i o r  t o  t he  second e c l i p s e  season. Thus a charge cu r ren t  
o f  200 m i  l l iamperes was e n u r e l y  too  h igh  f o r  a Sync pack opera t ing  
a t  -20' C.  Th is  pmblem was cor rec ted  f o r  Sync 4B--see Table o f  
paragraph I I .B. 

b. End-of-Discharge Voltage: The average e.0.d. v o l t -  
age o f  t he  c e l l s  tapers dowward near  t he  end o f  t he  f i r s t  e c l i p s e  
season. This  i s  a t y p i c a l  o f  a l l  o ther  Sync packs discussed i n  t h i s  
r e p o r t  and i s  accompanied b y  a wide d i  vergance between the  h igh and 
low c e l l s .  Even though the  c e l l s  a l l  went t he  maximum t ime on d i s -  
charge, these i r r e g u l a r i t i e s  i n d i c a t e  t h a t  -20' C i s  a harsh envi ron- 
m n t  f o r  c e l l s .  Charge ra tes  t h a t  a re  s a t i s f a c t o r y  a t  h ighe r  temper- 
atures,  prove damaging t o  the  c e l l s  and r e s u l t  i n  imbalance and low 
capaci ty d u r i  ng subsequent discharges. 

c .  Capacity:  F igure 5 shows 4.05 ampem-hours as the  
pack's capac i ty  du r ing  t h e  first, and on ly ,  e c l i p s e  season. The 
1 .OO v o l t  average and 0.50 v o l t  l o w - c e l l - l i m i t  were reached s imu l ta -  
neously a f t e r  2 hours and 2 minutes. 

5. : Th is  pack replaced Sync 4 a t  the  t ime corres- 
ponding t o  t h e  beginning o f  the t h i r d  e c l i p s e  season f o r  t he  o the r  
Sync packs. Thus Sync 48 lags the  o r i g i n a l  s i x  packs by  two e c l i p s e  
seasons--approximately 1 year .  Sync 4B i s  equipped w i t h  a coulom- 
e t e r  which cu ts  t h e  charge cu r ren t  from 200 m i  lli amperes t o  25 mi 11 i - 
anQeres a t  t h e  t r i p  l e v e l ;  t h i s  i s  the on ly  d i f f e r e n c e  i n  packs 4 
and 45. Sync 4B i s  i l l u s t r a t e d  i n  F igure 2 on the  lower  r i g h t  h a l f  
o f  t he  page. 

a. End-of-Charge Voltage: The e .o.c. vo l tage i s  kep t  
a t  approximately 1.50 v o l t s  w i t h  much less o v e r a l l  v a r i a t i o n  than 
seen i n  Sync 4. The previous d i f f i c u l t y  o f  too  much charge a t  low 
temperature i s  e f f e c t i v e l y  e l i m i  nated b y  the  coulometer. However 
F igure 2 s h w s  t h e  e.o.c, vo l tage o f  t he  c e l l s  continues t o  be more 
ragged and suscep t i b le  t o  va r i  a t i  ons o f  t e s t  condi t i o n s  , such as 
capaci ty checks , a t  low temperatures ( -  20' C) , 



b ,  End-of-Discharge Voltage: The high and low ce l l s  of 
Sync 4.8 have never varied mow than 0.84 volt fmm the average and 
a11 the ce l l s  have gone the maximum time an discharge, The ascent 
and descent slope i nfomation explained in paragraph 1V.B .I . b .  s h w s  
a revel-sal i n  the trend noted -For the f i r s t  three Sync packs. The 
&scent slope averages 26 percent over that  of the ascent slope. 
As an additional notation, a trend niay be forming in the fourth 
ecl ipse season. Here the e.0.d. voltage seem t o  be dropping t o  a 
minimum following the capacity check. This has not been observed 
in the previ ous capaci ty checks and i s  Si kely due t o  agi ng. 

c. Coulometer Characteris t ics  : The coulometer voltage 
at  the e.0.d. i s  very e r r a t i c  fo r  Sync 4B. In par t icu lar ,  the f i r s t  
10 days each eclipse season show the most fluctuation of the coulon+ 
e t e r  e.0.d. voltages as i l l u s t r a t ed  by Figure 2 .  Figure 6 gives 
the ampere-hou~ returned t o  the respective Sync packs (48,  5 and 6 )  
just pr ior  t o  the couloineter t r i p  voltage. I f  the coulometer i s  
functioning properly, the graph wi 11 closely r e s e h l e  the discharge 
time pyrami ds of Figures 1 and 2 .  Thus , Figure 6 shws  tha t  the 
coul ometer of Sync 4B has mai ntai ned i t s  i ntegri ty through four 
eclipse seasons. 

d .  Capacity: Figure 5 shows % h i t  Sync 48 has never 
delivered the rated capacity of 6.0 ampere-hpurs. The cel ls  shcwed 
a s l i g h t  gai n in  capacity during eclipse season 2 over that  of 
ecl ipse season 1 , and only eclipse season 4 has shown a large loss.  
The capacity check of eclipse season 4 was debmined by a low cell  
1 inii t of 0.50 volt rather than a pack average of 1 .OO vol t . The 
following table  gives the capacity a t  each eclipse season for  
Sync 4B. 

6 .  : The successive eclipse seasons of th i s  pack 
are shavn in  3 above the heavy, dark l ine .  The time pyramids 
do not accompany Sync packs of Figure 3.  

had 
du r i  
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ng t h  

I tant  

a. End-of-Charge Voltage: After the cel ls  of Sync 5 
(beginning with eclipse season 3 ) ,  the e.0.c. voltage 
e ecl ipse averaged nearly 0.10 volt higher than the 
current, sunlight voltage (not shown) before and a f t e r  the 

successive ecl ipse seasons. 

b . End-of-Discharge Voltage: During a1 1 eclipse 
seaons  b u t  the s ix th ,  the cel ls  experienced a s l igh t  increase i n  



the e .o.d. voltage fallowing the day o f  t t ~ e  capacity check, Phis 
i nd9" cates an imwdi ate  rejuvinati on of the cells by the capaci ty 
checks as noted i n previous Syncs. Hmever the descent and ascent 
In.fomation of paragraph 1V.B.l .b.  gives a percent difference of 
25 percent in  which the descent slope i s  greater,  This would indi - 
cate an overall decmase in  the c e l l s '  ab i l i ty  to  deliver pwer  
following the capacity check. Also, the greater d e p ~  of discharge 
(60 percent) f o r  Sync 5 caused an i h a l a n c e  t o  develop i n  the cel ls  
of t h i s  pack. This imbalance was not noti ced i n  Sync 3 (same temper- 
ature b u t  40 percent depth). The ef fec t  i s  always greatest  on the 
low cell and i s  greatly aggravated as the cel ls  age. Even with t h i s  
irnba'l; ance , there were no premature cutoffs during discharge ; the 
ce l l s  a l l  d i scham4 the maximum time (1.2 hours per day) during 
the m i  dportion of each ecl ipse season. 

c. Coulometer Characteris t ics  : Fi guws 3 and 6 s h w  
the coulomter of Sync 5 t o  be functioning properly except during 
eclipse seasons 3 and 6 ,  These exceptions correspond to  a coulom- 
e t e r  change in  eclipse seassn 3 and a ma1 functioning coulomter in  
eel ipse season 6. During th is  l a t t e r  season, the coulometer did 
s t a r t  funeti oning properly the l a s t  few days of the season. However 
for  t h i s  temerature (0° C) and depth of discharge (60 percent),  the 
trend thus established, indicates that  the 1 i f e  of a coulorneter, 
control l i ng a synchronous regime, i s  only two complete cycles. 

d.  Capaci ty : Figure 5 shms graphi cal ly the capaci ty 
degradation of Sync 5 with time. The following table  gives the 
capacity a t  each eclipse season for  Sync 5. 

Eclipse Season 1 2 3 4 5 6 

Capacity (ah) 6.30 6.21 5.94 5.55 5.55 3.51 

7. : The successive ecl ipse seasons of Sync 6 are shown 
in  Figu the lower half  of the page. 

a. End-of-Charge Voltage: The e .o.c. voltage characteris- 
t i c s  during each of the eclipse seasons are essentially the s a w  as 
those noted f a r  Sync 5 i n  paragraph IV.B.6.a. The only difference 
i s  that  the increase in e.0.c. voltage above the sunlight charge 
voltage on e i the r  s ide of an eclipse season i s  less that  previously 
observed in  Sync 5. The average increase was approximately 0.05 
volt .  

b. End-of-Discharge Vol tage: Begi nning with ecl ipse season 
4 ,  the average e.0.d. voltage of the ce l l s  gradually dmps lower 
w l ~  successive eclipses,  Also the high depUi of discharge (80 



percent) causes the e.0.d. voltage t o  drop t o  a much lower value 
durlng the ni l  ddle of each eclipse season than i n Syncs 3 and 5 ,  
these Syncs operated a t  the same temperature (0' C )  b u t  l esser  
dep$hs of di scharge--40 and 60 percent respectively. However 
Sync 6 has always discharged the fu l l  time? each eclipse season with 
no cutoffs f o r  the low cell  reaching 0.0 vol t even a t  80 percent 
depth of discharge. The high depth of discharge does account for  
the high amount of imbalance among the cell voltages of th is  pack. 
This l a t t e r  point i s  shwn i n  Figure 3 by observi ng the wide range 
i n  the voltages plotted fo r  the high and low ce l l s .  For Sync 6 ,  
the descent and ascent i nfoomation of paragraph 1V.B .l . b .  shows 
the same trend developed by the f i r s t  three Sync packs--an increased 
capability of the cel ls  t o  deliver power following the capacity 
check. The average ascent slope exceeds the descent slope by 21 
percent. 

c .  Coulometer Characteristics : The coulometer voltage 
a t  e.o.d. i s  constant for  the f i r s t  two eclipse seasons, Coulom- 
e t e r  fai lure occurred in  the th i rd  eclipse season (though replace- 
m e n t  was effected i n  the fourth eclipse season) resulting i n  a drop 
in the e .o.d. coulometer voltage (see Figure 3) .  A corresponding 
fa i lure  of the coulometer to  reach the t r i p  voltage on charge i s  
noted in  Figures 3 and 6 .  Similar e.0.d. voltage drops have 
occurred in eclipse seasons 5 and 6 signifying impending coulometer 
fa i lure  though th i s  has not occurred and i s  so indicated i n  Figure 6 .  

d. Capacity: Figure 5 shows graphically the capacity 
degradation of Sync 6 with time. The following table gives the 
capacity a t  each eclipse season fo r  Sync 6 .  

Eclipse Season 1 2 3 4 5 6 

C .  Voltage Cross-Sections Versus Temperature or Depth of 
L)i scharge: 

1 . Voltage Versus Temperature: Fi gure 7 depi c ts  average , 
high, and low cell  voltages as the temperature varies fo r  Syncs 1 , 
2 ,  3 ,  4 and 4B. These Sync packs are representative of the four 
different  temperature regimes. The cross-sections are taken a t  
three points : ( 1 )  Sunlight charge voltage 1 day pr ior  t o  each 
ecl ipse season ( top  section of graph), (2)  e.0.d. voltage 2 days 
pr ior  to  the capacity check during the mi dportion of each eclipse 
season (middle section of graph) , and ( 3 )  e .o.d. voltage 2 days 
a f t e r  the capacity check a t  the mi dportion of the ecl lpse season 
(lower section of graph). The different  ecl ipse seasons are nunbered 
acmss the page. 



a ,  Sunlight Charge Voltage: From Figure 7 ,  an obvious 
effe"ec top" temperature -is a general lowering of the sunlight charge 
vo1 tage as the teniperature i s  increased. Furthermore the i ni t i  a1 
voltage diffemnce between the high and low cell i s  generally more 
ex"cme a t  the low temperatum (-20" C), b u t  this  difference i s  a lso 
noticed a t  the o a e r  higher temperatures as the cel ls  age, 

b . End-of-Discharge Vol tage : 

(1 )  Befow and a f t e r  the capacity check, a s l i g h t  
peak i n vol tage i s  noted a t  0' C in  mos t cases. The vo1 tage drops 
sharply a t  40' C. 

( 2 )  The balance bebveen the high and low cell i s  
be t te r ,  overal l ,  a t  25' C. The balance i s  worst a t  40' C. 

( 3 )  The average voltage values are the same or 
s l ight ly greater (by 0 .01 t o  0.03 vol t)  2 days a f t e r  the capaci ty 
check as opposed t o  2 days pr ior  t o  the capaci ty checks. This i s  
true of a91 temperatures except 40' C. A t  40' C the voltage 
averages consi derably more preceding the capaci ty check than fol low- 
ing i t  (difference ranges from 0.01 t o  0.26 vol t s ) .  This trend 
begins a t  the second eclipse and the differences are greatest  in 
the l a s t  three ecl ipse seasons. 

(4 )  The e.0.d. voltage of the low cell  a t  40' C 
shws a def ini te  increase with each successive eclipse beginning 
with the fourth season. The reading 2 days pr ior  t o  capacity check 
increases more rapidly per eclipse season than i ts correspondi ng 
reading 2 days a f t e r  the capacity check. 

2 .  Voltage Versus Depth of Discharge: Figure 3 i s  s imilar  
to  Mguw 7 except the independent variable i s  dept'n of discharge 
instead of temperature. 

a.  Sunlight Charge Voltage: The depth of discharge 
indicates l i t t l e  e f fec t  on the average sunlight vol %age of the 
ce l l s  just pr ior  t o  the eclipse seasons. However the voltage 
range (bebeen the high and lew ce l l s )  during the sunlight charge 
increases in the f i  r s t  two eclipse seasons and then remains rela- 
tively constant through the sixth eclipse season. The range fo r  
the 60 percent depth i s  s l ight ly  greater,  i n ,  most cases, than for 
the 40 o r  80 percent deplhs. I 

b. End-of-Discharge Vol tage: Regardless of the depth 
of discharge, the e.0.d. voltage i s  0.01 to  0.03 volts greater 2 
days a f t e r  the capacity check than 2 days pr ior  to  the check. 



Hswever the range bebeen the high and low cells vary noticeably-- 
increases with i ncreasing depWl of discharge. Mi t h  each successive 
eclipse season this  difference i s  amplified due largely to the low 
cell ' s  much more rapid decline in voltage . 



* Average Charge Vol tage T i  rne pyrami ds show dai l y  t ime var i -  
X Average D i s l a r g e  Voltage ance on discharge. Dots a t  apex 
A Discharge Voltage, High Ce l l  r \ ind l  cate e a r l y  c u t - o f f  t ime when 
A Discharge Voltage, Law Ce l l  low c e l l  reached 0.00 vo l t .  
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