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ABSTRACT 

A device has been designed f o r  automati-  
c a l l y  recondi t ioning a nickel-cadmium b a t t e r y .  
Ind iv idua l  c e l l  vol tage  de t ec to r s  and/or a 
b a t t e r y  te rmina l  vo l tage  a r e  u t i l i z e d  t o  
determine when recondi t ioning i s  necessary,  
Reconditioning i s  accomplished by discharging 
each c e l l  t o  nea r ly  0 v o l t s ,  then recharging 
t h e  b a t t e r y  a t  a small cur ren t .  Control led 
discharge of t h e  b a t t e r y  is accomplished by 
ind iv idua l  c e l l  shunt ing t r a n s i s t o r s  and a 
b a t t e r y  c u r r e n t  shunt t r a n s i s t o r .  C e l l  
r e v e r s a l  i s  prevented by c u t t i n g  o f f  t he  
b a t t e r y  dump c u r r e n t  when a ce l l  vol tage  
reaches a l o w  l i m i t .  
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N ICKEL -CADMIUM BATTERY W C  OND I T  I ONE R 

The U, S ,  Navy Marine Engineering Laboratory was requested 
by NASA (Goddard Space F l i g h t  C e n t e r  (GSFC)) a s  p a r t  of 
Contract  S-12730-G. Amendment 5 of 20 A p r i l  1965, t o  design and 
d e v e l ~ p  a device opera t ing  within a b a t t e r y  test  system f o r  
automatical ly  recondi t ion ing  nickel-cadmium c e l l s .  This r e p o r t  
p re sen t s  a d e s c r i p t i o n  of t h e  device designed t o  perform t h i s  
t a s k ,  

1.1 Development Task. When a nickel-cadmium b a t t e r y  i s  sub-  
j e c t e d  t o  ex tens ive  cyc l ing ,  degradation i n  t h e  ampere-hour 
capac i ty  of each c e l l  occurs.  Degradation takes  p lace  i n  t h e  
form of a "memory e f f e c t :  i , e .  a f t e r  r e p e t i t i v e  cycl ing of a 
nickel-cadmium t o  a given depth of discharge,  t h e  c e l l  

r e m e m b e r s "  t h i s  depth and w i l l  d e l i v e r  only t h a t  amount of 
ampere-hour capac i ty ,  i n s t ead  of its r a t e d  capac i ty .  The 
n-umber of cyc le s  t o  which a b a t t e r y  may be subjected before  
the  loss i n  ampere-hour capac i ty  i s  c r i t i c a l  v a r i e s  among 
b a t t e r i e s  of t h e  same capac i ty ,  and wi th  environment and 
depth of discharge.  When t h e  memory e f f e c t  has  taken p l ace ,  
it i s  ind ica t ed  by a low b a t t e r y  vol tage and/or a low c e l l  
vo l tage  n e a r  t h e  end of t h e  discharge c y c l e ,  Previous t es t s  
on nickel-cadmium ce l l s  have ind ica ted  t h a t  t h e  ampere-hour 
capac i ty  of a b a t t e r y  can be res tored  by  "bleeding" each c e l l  
down t o  approximately 0 v o l t s  and then recharging t h e  b a t t e r y  
z t  a current '  t h a t  i s  very low (approximately C/10 c u r r e n t % ) .  

11 

Thc "memory e f f e c t "  on each c e l l  v a r i e s  from c e l l  t o  c e l l  
and r e s u l t s  i n  c e l l  unbalance i n  a b a t t e r y  Reconditioning 
removes t h i s  capac i ty  unbalance by providing t h e  cel ls  with a 
c~mnori re ference  condi t ion  f o r  recharging-  

It i s  ev iden t  t h a t  recondi t ioning a b a t t e r y  pack of n i cke l -  
cadmium cel ls  r e s u l t s  i n  an extended l i f e  f o r  t he  b a t t e r y  and 
provides  f o r  g r e a t e r  u t i l i z a t i o n  of a b a t t e r y ' s  ampere-hour 
capaci ty . .  This g r e a t e r  e f f i c i e n c y  would permit  t h e  u s e  of 3 
sma l l e r  ampere-hour b a t t e r y  pack f o r  a given s a t e l l i t e  payload 

Referred t o  a s  recondi t ioning 

charging 
" C  = c e l l  capac i ty  i n  ampere-hours; 10 := number of hours f o r  
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c a p a b i l i t y ,  The u l t ima te  goa l  i n  developing t h i s  n i cke l -  
cadmium b a t t e r y  recondi t ioner ,  o r i g i n a l l y  designed t o  opera te  
i n  a labora tory  b a t t e r y  t e s t  system, i s  adapta t ion  t o  s a t e l l i t e  
power s y s t e m s .  

1 . 2  Problem Background. I_ I_ 

d i t i o n  nickel-cadmium b a t t e r i e s  i s  designed t o  count t h e  number 
of cycles t o  which a b a t t e r y  has  been subjec ted  and then au to-  
mat ica l ly  t o  discharge the  b a t t e r y  by p lac ing  a load r e s i s t o r  
across  each cell’. 

The method p resen t ly  used t o  recon-, 

The disadvantage of t h i s  method i s  twofold,  F i r s t ,  s i nce  t h e  
number of cyc les ,  and not  a l o w  vol tage condition,,  i s  used 
t o  determine when recondi t ioning i s  t o  take  p l ace ,  t he  b a t t e r y  
w i l l  be reconditioned i r r e s p e c t i v e  of t h e  s t a t e  of degradat ion 
of the c e l l s ,  Secondly, t o  prevent  reverse  charging of a c e l l ,  
r e l ays  switch ind iv idua l  load r e s i s t o r s  ac ross  each ce l l  t o  
discharge the  b a t t e r y .  This r equ i r e s  r e l a y  con tac t s  i n  series 
wi th  each ce l l  of t h e  b a t t e r y ,  The new nickel-cadmium b a t t e r y  
recondi t ioner  i s  a vo l tage  de t ec t ion  device t h a t  u t i l i z e s  a 
low voltage condi t ion on t h e  b a t t e r y  te rmina ls  o r  on a ce l l  t o  
i n d i c a t e  when degradation of t h e  b a t t e r y  i s  such t h a t  recon-. 
d i t i o n i n g  i s  necessary.  Since t h e  number of cyc le s  t o  which a 
b a t t e r y  can be subjected be fo re  severe degradat ion occurs 
v a r i e s  widely with environment, t h e  vol tage  de t ec t ion  method i s  
super ior  t o  the  method of counting cyc le s .  The u s e  of t r a n s i s -  
t o r s  as a shunt load f o r  each ce l l  e l imina te s  t h e  need f o r  
r e l ays  and a s soc ia t ed  con tac t s  t o  switch load r e s i s t o r s  ac ross  
each c e l l ,  

2.0 OPERATION 

The following s e c t i o n  provides  a genera l  d e s c r i p t i o n  of t h e  
operat ion of t he  n i cke l  -cadmium b a t t e r y  r econd i t ione r  and t h e  
b a t t e r y  t e s t  system it i s  used with.  A d e t a i l e d  d e s c r i p t i o n  of 
each c i r c u i t  and i t s  opera t ion  may be found i n  Sec t ion  1 of 
Appendix A Sect ion I1 of Appendix A i s  a d e t a i l e d  d e s c r i p t i o n  
of component. Sect ion 111 con ta ins  t h e  recommended adjustment 
and c a l i b r a t i o n  procedure.  

2-  1 Functional Desc r ip t ion .  The nickel-cadmium b a t t e r y  recon- 
d i t i o n e r  can b e s t  be descr ibed  by t h e  f u n c t i o n a l  diagram shown 
i n  F igure  1, These func t iona l  u n i t s  a r e :  (1) b a t t e r y  under 
vol tage d e t e c t o r  and t i m e r  c o n t r o l ,  ( 2 )  c e l l  vo l t age  d e t e c t o r  

2 
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and con t ro l  c i r c u i t ,  ( 3 )  b a t t e r y  cur ren t  dump t r a n s i s t o r ,  
(4)  ind iv idua l  ce l l - shun t  t r a n s i s t o r s ,  and (i.5) a cyc le  number 
c o n t r o l .  The o r b i t  t i m e  c o n t r o l ,  shunt r egu la to r ,  charger ,  and 
spacec ra f t  load a r e  shown t o  i l l u s t r a t e  the  r e l a t i o n s h i p  of t h e  
b a t t e r y  recondi t ioner  t o  t h e  rest of the  b a t t e r y  tes t  system, 

The charger ,  spacec ra f t  load,  and shunt r egu la to r  a r e  connected 
i n  p a r a l l e l ,  Normally, t h e  power from t h e  charger  i s  suppl ied 
t o  t h e  b a t t e r y  and load during t h e  dayl ight  pe r iod  of o r b i t .  I n  
t h e  dark per iod ,  t h e  b a t t e r y  supp l i e s  t h e  power demands of t h e  
load,  
ampere-hour c a p a c i t y ) ,  a l o w  vol tage  condi t ion on a c e l l  o r  t h e  
b a t t e r y  w i l l  e x i s t  near  t h e  end of the  discharge per iod .  I f  
the vo l t age  of a ce l l  o r  t h e  b a t t e r y  f a l l s  below t h e  respec t ive  
p r e s e t  l i m i t ,  t h e  b a t t e r y  i s  switched from t h e  load t o  con- 
t r o l l e d  d ischarge ,  

I f  degradation of t h e  b a t t e r y  has taken p l ace  (loss of 

In c o n t r o l l e d  discharge,  t h e  ba t t e ry -cu r ren t  dump t r a n s i s  t o r  
discAiarqes the b a t t e r y ,  and t h e  c e l l - s h u n t  t r a n s i s t o r s  a r e  
b i a sed  "on" t o  discharge each cel l .  The c u r r e n t  i n  t h e  dump 
t r a n s i s t o r  i s  c o n t r o l l e d  by t h e  vol tage  of the lowest c e l l  of 
the  b a t t e r y ,  Cutoff i s  obtained when a c e l l  reaches a p re -  
s e l e c t e d  lower l i m i t ,  This  cu to f f  prevents  r eve r se  charging of 
t h a t  cell, The shunt  t r a n s i s t o r s  continue t o  dep le t e  each ce l l  
o f  t h c  remaining ampere-hour capaci ty ,  thereby assur ing  t h a t  t h e  
v o l t a g e  c f  a l l  cel ls  w i l l  be reduced t o  near  zero.  

&-en t h e  L i m e  c o n t r o l  no tes  t h a t  s u f f i c i e n t  t i m e  has e lapsed 
fJr  a11 c e l l a  t o  d ischarge ,  t h e  t imer  removes the  b i a s  f r m  the  
cell s h m t  t r a n s i s t o r s ,  opens t h e  spacec ra f t  load c i r c u i t ,  and 
pLBces the b a t t e r y  i n  p a r a l l e l  with t h e  charger  and shunt  regu- 
l a t o r ,  The charger  provides  a constant  c u r r e n t  t o  recharge 
t h e  b a t t e r y  t o  a vol tage  l e v e l  determined by t h e  shunt regula-  
t o r ,  r e f e rence  (a). S u f f i c i e n t  time f o r  charging i s  p r e s e t  i n t o  
the t i m e r  c o n t r o l .  When t h e  b a t t e r y  i s  completely charged, t h e  
lo3d i s  re turned  t o  t h e  b a t t e r y  and charger.  Normal cyc l ing  of 
t h e  b a t t e r y  i s  resumed by t h e  'orbit  t i m e  c o n t r o l  with t h e  
b a t t e r y  r econd i t ione r  remaining i n  s tandby s t a t u s ,  The cyc le  
cumber  c o n t r o l  counts t h e  number of cyc les  campleted on the  
bs.tr.csl,. wkn a l o w  vol tage  condi t ion i s  reached, I f  des i r ed ,  
t h i s  device  may a l s o  be used t o  switch t h e  b a t t e r y  t o  c o n t r o i l e d  
d ischarge  a f t e r  a p re se l ec t ed  number of cyc le s  has been 
c 0m.p le t e d _I 

3 
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2.2 Discussion, Since t h e  i n i t i a l  purpose of t h e  design of 
t he  nickel-cadmium b a t t e r y  recondi t ioner  was t o  determine i t s  
f e a s i b i l i t y  through u s e  i n  a b a t t e r y  t e s t  system, a number of 
parameters and opera t ing  condi t ions  w e r e  made s e l e c t i v e  so  t h a t  
optimum condi t ions  f o r  system opera t ion  could be determined, 
Thebe include t h e  v a r i a b l e  parameter adjustments which a r e :  
(1) b a t t e r y  low-voltage t r i p  l e v e l  ( 3  t o  6 v o l t s ) ,  ( 2 )  minimum 
c e l l  vol tage f o r  zero-ba t te ry  dump c u r r e n t  (25 t o  500 m i l l i -  
v o l t s ) ,  
( 4 )  c e l l  shunt t r a n s i s t o r  c u r r e n t  (50 t o  750 mill iamperes a t  
1 v o l t ) ,  and (5)  s e n s i t i v i t y  of dump t r a n s i s t o r  t o  c o n t r o l  
c i r c u i t .  The following s e l e c t f v e  methods of switching t o  con- 
t r o l l e d  discharge a r e  provided: (1) low c e l l  vo l tage ,  ( 2 )  low 
b a t t e r y  vol tage ,  ( 3 )  cycle  number l i m i t ,  (4) low ce l l  vo l tage  
o r  cycle-number l i m i t ,  and (5)  e i t h e r  low c e l l  vo l tage ,  low 
b a t t e r y  vol tage ,  3r cycle-number l i m i t .  A means f o r  bypassing 
t h e  dump t r a n s i s t a r ,  and using only t h e  c e l l  shunt t r a n s i s t o r s  
t o  discharge t h e  b a t t e r y ,  is  also provided, 

( 3 ;  transistor-dump c u r r e n t  (0-1 t o  0 .5  amperes), 

The added v e r s a t i l i t y  obtained from these  f l e x i b l e  c h a r a c t e r i s -  
t i c s  allows t h i s  device t o  be used t o  obta in  i t s  own optimum 
operat ing condi t ions ,  a s  we l l  a s  those f o r  t h e  b a t t e r y  pack. 
Although t h i s  i n s t r u m e n t  i s  designed f o r  a 5-cel l  b a t t e r y ,  t h e  
concept can be expanded t o  opera te  wi th  any number of cells . .  

3.0 RESULTS 

The c h a r a c t e r i s t i c s  obtained from a t y p i c a l  b a t t e r y  recon- 
d i t i on ing  operat ion a r e  i l l u s t r a t e d  i n  Figure 2.(1) 
6 ampere-hour nickel-cadmium b a t t e r y  was being cycled i n  a 
b a t t e r y  t e s t  system The ce l l  vo l t age  of fou r  of t he  f i v e  
cel ls  was recorded. A low c e l l  vo l t age  on cell N o .  1 i s  noted 
during discharge of t he  b a t t e r y .  A t  t i m e  T c- 15 m i n u t e s  on t h e  
graph, t he  reconbi t ioner  switched t h e  b a t t e r y  t o  t h e  dump 
t r a n s i s t o r  (a , )  of Figure l C  The b a t t e r y  c u r r e n t  through t h e  
dump t r a n s i s t o r  i s  reduced t o  approximately 0 a s  t h e  vol tage  
of c e l l  N o .  1 i s  reduced t o  a p r e s e t  low l i m i t .  The remaining 
c e l l s  have t h e i r  r e s i d u a l  ampere-hour capac i ty  removed by t h e  
individual  c e l l  shunt t r a n s i s t o r s  (a, of F igure  1). The a r e a  
under the curves f o r  each c e l l  p rovides  a graphic  i l l u s t r a t i o n  
of c e l l  unbalance wi th in  t h e ' b a t t e r y .  

A 5-cel l ,  

1Data obtained from G S F C ,  E r e  enbe 1 t , Maryland 

4 
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Two pro to types  of t h e  nickel-cadmium battery recondi t ioner  
have been b u i l t  and de l ive red  t o  NASA, GSFC, Greenbelt ,  Marylando 
The f i r s t  prototype Gas used to determine t h e  f e a s i b i l i t y  of 
such a device,  while t h e  second one was b u i l t  t o  se rve  as a 
model f o r  production of the device,  
c n i t  a r e  shown i n  Figures  3 1  4, and 5" 

Photographs of t h e  second 

The f i r s t  prototype has  been operat ing s a t i s f a c t o r i l y  i n  a 
b a t t e r y  t e s t  system s i n c e  December 1965. 
t h e  vo l t age  method of determining when a b a t t e r y  should be 
recondi t ioned i s  f a r  supe r io r  t o  t h e  number-of-cycles method. 

Resul t s  i n d i c a t e  t h a t  

5 
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Appendix A 
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Sect ion  I 

Descript ion 

The re ference  cha rac t e r s  used i n  t h i s  d e s c r i p t i o n  r e f e r  t o  
Figure 1-A The b a t t e r y  te rmina l  under-voltage d e t e c t o r  con- 
s is ts  of T r a n s i s t o r  Q,, Res i s to r s  RIe,  R i s ,  and ho. Res i s to r s  
Rle and Rls  form a vol tage  d i v i d e r  across  t h e  b a t t e r y  t e q i n a l s ,  
with t h e  vo l t age  drop r a t i o  being determined by potent iometer  Rle 
This  potent iometer  i s  ad jus t ed  t o  provide s a t u r a t i o n  of Tran- 
s i s t o r  Qs when t h e  b a t t e r y  vol tage i s  above t h e  des i r ed  l e v e l  
(approximately 5 v o l t s ) .  
level, T r a n s i s t o r  Q, comes ou t  of s a t u r a t i o n ,  t hus  providing an 
increas ing  vol tage  a t  i t s  c o l l e c t o r .  Diode D, becomes forward 
b iased ,  and allows t h e  c o l l e c t o r  vo l tage  t o  appear a t  Poin t  B,  
Res i s to r  rC,, c u r r e n t  l i m i t s  T r a n s i s t o r  Qe when i n  s a t u r a t i o n  
and forms a vol tage  d i v i d e r  with Res i s to r  Rz1 when T r a n s i s t o r  Qs 
rmes ou t  of s a t u r a t i o n .  

I f  t h e  b a t t e r y  vol tage  drops below t h i s  

The S i l i c o n  Control led R e c t i f i e r  ( S C R , )  and Relay K, provide 
the  switching a c t i o n  necessary t o  p lace  t h e  b a t t e r y  on c o n t r o l l e d  
d ischarge ,  Switch S, provides  an ‘lor” connection from t h e  low 
cell voftage d e t e c t o r ,  low b a t t e r y  vol tage  d e t e c t o r ,  and t h e  
cyc ie  number counter  t o  SCR,. The wiring of t h i s  switch i s  such 
t h a t  a l o w  cel l ,  o r  low te rmina l  vol tage,  o r  cycle-number l i m i t ,  
o r  low c e l l  and cycle-number l i m i t ,  o r  l o w  c e l l  and low t e rmina l  
and cycle-number l i m i t ,  w i l l  determine when t h e  b a t t e r y  i s  t o  
be placed on c o n t r o l l e d  discharge.  When any one of t hese  condi- 
tioris E x i s t ,  a s i g n a l  appears a t  Point  D,  ga t ing  SCR, on and 
t.?Ergizing t h e  c o i l  of Relay K i ,  thus c los ing  t h e  normally open 
corltFcts a s soc ia t ed  with Relay K,.  Three func t ions  a r e  performed 
b y  these con tac t s :  (1) The b a t t e r y  is placed across  t h e  Discharge 
YLansistor,  Q6; (2)  The 10 v o l t s  d-c supply i s  connected t o  the  
l invcrter c i r c u i t  which b i a s e s  t h e  c e l l  shunt  t rans is tD rs, Q1 , 
an: ( 3 )  The t i m e r  motor, M, , i s  energized from t h e  a-c l i n e  t o  
s t a r t  the d ischarge  t i m e r .  

With t h e  b a t t e r y  te rmina ls  shunted by T r a n s i s t o r  Qs,  t h e  
b a t t e r y  d ischarge  c u r r e n t  i s  con t ro l l ed  by the  b i a s  condi t ion  
set on T r a n s i s t o r  Q5 by Res i s to r s  Rl l  and R13 and Potentiom- 
e t e r  RIa  Since T r a n s i s t o r  Q4 is  normally cu to f f  when a l l  c e l l  
voltages are  above t h e  l e v e l  set f o r  d e t e c t o r  c o n t r o l ,  t h e  cur -  
r e n t  a v a i l a b l e  through Res i s to r  &, becomes t h e  base c u r r e n t  of 
T r a n s i s t o r s  Qe and Q6 , t h e  co l l ec to r - to -emi t t e r  cu r ren t  ( b a t t e r y  
c u r r e n t ;  of is  a d i r e c t  funct ion of base c u r r e n t  of T rans i s -  
t3r Q B .  Potent iometer  R,, provides an adjustment f o r  s e t t i n g  
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t h e  maximm discharge cu r ren t  from t h e  b a t t e r y  Switch S, 
provides a manual c o n t r o l  t o  preilent discharge of t h e  b a t t e r y  
by Trans i s to r  a, when i t  i s  dE j i r ab le  t o  use an ly  t h e  c e l l  
shunt  t r a n s i s t p r  f o r  a 125dm 

The individual  c e l l  vo l tage  d e t e c t o r  c o n s i s t s  of R e s i s - -  
t o r s  R, -.R7 2 i d e . s  3.. . D, , T r a n s i s t a r s  Ql and *a3;: I Capaci tor  Cl 
and Torgicl2l  Transformer T, T h i s  s ec t ion  1 s  repeated f o r  
each c e l l  The squ3re w a v e  s igna l  t o  d r i v s  each d e t e c t o r  i a  
provided by a zanventional f ree- running  m u l t i v i b r 3 t o r *  This  
c o n s i s t s  of Res is tors  Ri 4-aR, ,  + Trans i s to r s  Q7 and Qe I and 
Capaci tors  C, =in3 c', T r a n s i s t o r  QsS provides  f o r  an impedance 
t ransfomtat ion Sctween multiTribrator and input t o  d e t e c t o r ,  The 
output  af t h e  m u l t i v i b r a t o r  i s  approximately 500 cps ,  5 -vol t  
square wi\'e, referenced t o  ground Diode E,, reduces the  supply 
voltage ti? t h e  m u l t i v i b r a t o r  and may be used t o  s h i f t  t h e  opera- 
t i n g  range of 311 the  de te -+  - -9rs 

Each cell i s  connected t o  the  input  of a d e t e c t o r ,  R e s i s - -  
t o r  R, and 3io32 D, A s  a c e l l  \7oltage decreases ,  t h e  d-c 
c u r r e n t  through DioCie  D, decreases ,  r e s u l t i n g  i n  an incre3s ing  
dynamic impedance of t h e  diode. This change i n  dynamic impe- 
dance i n  t h e  J-c s i d e  of Transformer TI, which i s  p a r t  of the  
vol tage  divider ;  formed w i t h  Res i s to r s  R, and R,. When a c e l l  
vo l tage  a t  t h e  d e t e c t o r  i npu t  i s  high,  t h e  r e f l e c t e d  dynsmic 
impedance i n  t he  a . c  s i d e  of Transformer T, i s  very small ,  
thereby supporting l i t t l e  vo l tage  drop ac ross  t h e  windings.  
With no c b s r t n t  3va i lab le  t o  the  base of T r a n s i s t o r  Q1, i t  1s 
i n  t h e  cut-off region. As the  vo l t sge  l e v e l  a t  Point 3 i nc reases  
(decreasing ce l l  v5ltaqe')  3iode D, becomes forward b i a sed  afid 
allows energy t o  be s t o r e d  i n  Capacitor C l p  A n  i nc reas ing  
vol tage  leve l  on C, causes  Transisttor Q1 t o  come out of cu to f f  
and i n t o  the  a c t i v e  region The c o l l e c t o r  vo l tage  of T rans i s -  
t o r  Q1 i s  then a func t ion  of t he  v2 l t age  l e v e l  a t  Poin t  3 -  The 
vol tage  a t  t he  d e t e c t o r  i npu t  t h a t  determines when Q1 comes out 
of cutoff  can be s e t  by Potent iometer  R,. 

Sir,cF- t Y L t  va l tage  a t  t he  c o l l e c t o r  of T r a n s i s t o r  Q3 i s  
high w h e n  t he  input t o  the  d e t e c t o r  i s  high (h igh  c e l l  v o l t a g e ) ,  
an inversion is  necessary i n  o rde r  t o  form an "o r "  connection 
t o  the  cont ro l  c i rcu i t . .  T r a n s i s t o r  Q2 with Bias Res i s to r s  R,, 
% .  and R,  provide f o r  t h i s  i nve r s ion .  Diode D, from each 
d e t e c t o r  forms the  "or" zannection t o  t h e  inpu t  of t h e  con t ro l  
c i r c u i t .  With a high c e l l  vo l tage  a t  t h e  i n p u t  t o  each de tec-  
t o r ,  a l l  d e t e c t o r  outputs  a r e  nea r  ze ro ,  
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The output  of each d e t e c t o r  is connected t o  t h e  g a t e  of t h e  
f i e l d  e f f e c t  t r a n s i s t o r ,  Q 3 #  t h e  input t o  t h e  c o n t r o l  c i r c u i t .  
A s  t he  output  vo l tage  of a d e t e c t o r  increases ,  t h e  vol tage  a t  
t h e  ga t e  (and t h e  source)  of t h e  f i e l d  e f f e c t  t r a n s i s t o r ,  Q3, 
i nc reases  t o  Bias T r a n s i s t o r  Q4 i n t o  t h e  a c t i v e  region. The 
f i e l d  e f f e c t  t r a n s i s t o r ,  being almost an i d e a l  vo l tage  c o n t r o l ,  
prevents  summing e f f e c t  from t h e  "or"  c i r c u i t ;  i .e .  t h e  d e t e c t o r  
with t h e  h ighes t  output  vo l tage  w i l l  be t h e  c o n t r o l l i n g  d e t e c t o r ,  
i r r e s p e c t i v e  of t h e  lower vol tage  l e v e l  of o the r  de t ec to r s .  
Res i s to r  G, and Res i s to r s  R, and R1, are b i a s  r e s i s t o r s  f o r  
T rans i s to r s  Q3 and Q4, r e spec t ive ly .  With T r a n s i s t o r  Q4 b iased  
ir,to t h e  conducting s t a t e  and eventua l ly  i n t o  t h e  s a t u r a t i o n  
region ( a s  ce l l  vol tage  decreases)  T rans i s to r s  Q5 and Q, a r e  
gradual ly  c u t o f f ,  thus  reducing t h e  cu r ren t  from t h e  b a t t e r y  
t o  zero ,  Res i s to r  R,, al lows t h e  band of a c t u a l  c o n t r o l l e d  
cu to f f  t o  be ad jus t ed  f o r  sharp c u t a f f ,  o r  a l i n e a r  c u t o f f .  

The output  of f i e l d  e f f e c t  t r a n s i s t o r ,  ir, i s  a l s o  connected 
~a t h e  g a t e  of SCR, t o  provide f o r  con t ro l l ed  discharge of t h e  
b a t t e r y ,  i f  a cell vol tage  comes w i t h i n  t h e  a c t i v e  region of 
the d e t e c t o r  before  an under-voltage condi t ion  occurs on t h e  
b a t t e r y ,  This  prevents  a c e l l  from being reversed charged. 
Fie.13 e f f e c t  diode, D 1 9 ,  i s  a c u r r e n t  l i m i t i n g  diode t o  prevent  
1333ing the  m t p u t  of T r a n s i s t o r  Q s n  whi le  zener Diode D, pro- 
\?ides a doc l e v e l  s h i f t  t o  compensate f o r  t h e  o f f - s e t  vo l tage  
a t  t h e  soxrce of t h e  f i e l d  e f f e c t  t r a n s i s t o r ,  Q,. Diode D, i s  
p a r t  of the "or"  c i r c u i t  t o  SCR, and prevents  i n t e r a c t i o n  from 
3 t k r  c i r c u i t s  feeding t h e  'lor" connection. 

23  CSE t h e  cyc le  number counter t o  switch t h e  b a t t e r y  t o  
c m t r o l  d i scharge ,  it i s  necessary t o  obta in  a s i g n a l  from a 
s e t  of ~ o r r n a l l ~  open-normally closed con tac t s  wi th in  t h e  counter .  
Res i s to r  R,, , Transformer T, I and Capacitor C, form a pulse  
shaping network t h a t  opera tes  from t h e  counter  power supply,  

resets and a p u l s e  appears a t  t h e  "or" connection, formed by 
Diodes D,, .. D,, and D,. With Switch S2 i n  Pos i t i on  3 ,  4, o r  5,  
S C X r  w i l l  be energized,  switching the b a t t e r y  t o  con t ro l  d i s -  
charge,  Ei3de D,, i s  an a r c  supprcssor t 3  p r o t e c t  t h e  con tac t s  
of the co1-1nter. 

T I  ,PO_? campleting a predetermined number of cyc le s ,  t h e  counter  
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The c i r c u i t  t o  d r ive  t h e  ind iv idua l  c e l l  load t r a n s i s t o r s  
c o n s i s t s  of an i n v e r t e r ,  a r e c t i f i e r ,  and shunt t r a n s i s t o r  f o r  
each c e l l  The i n v e r t e r  c o n s i s t s  of T rans i s to r s  Q L 1  and Q, 
Resis tors  R,,-R24 Transformers T, and T, and Diode D l o  . This  
i s  a conventional two-transformer i n v e r t e r  with t h e  except ions 
of Diode Di, and Res i s to r  R,, which were added t o  ensu re  a pos i -  
t i v e  s t a r t  when power i s  appl ied.  The secondary of Trans- 
former T, c o n s i s t s  of f i v e  sepa ra t e  windings (one f o r  each c e l l )  
so t h a t  camplete i s o l a t i o n  i s  maintained between c e l l s ,  The 
br idge r e c t i f i e r ,  Diodes D,-D, along with Capaci tor  C, provides  
a d-c vol tage from the  i n v e r t e r  t o  d r ive  the  c e l l  shunt t r a n s i s -  
t o r .  Res i s to r  R,, i s  a c u r r e n t  l i m i t i n g  r e s i s t o r F  w h i l e  R e s i s -  
t o r  R,, provides f o r  adIustmEnt of c e l l  discharge c u r r e n t s  ( 5 0  t o  
750 maj by c o n t r o l l i n g  the b i a s  c u r r e n t  of t h e  shunt t r a n s i s t o r .  
Each shunt t r a n s i s t o r  discharges i t s  respec t ive  c e l l  t o  approxi- 
mately 0 v o l t s  The improtant c h a r a c t e r i s t i c  of T r a n s i s t o r  Q; 
is one having a low s a t u r a t i o n  vol tage .  A switching-type t r a n -  
s i s t o r  s e r v e s  t h i s  app l i ca t ion  very w e l l  

A f t e r  s u f f i c i e n t  t i m e  has been allowed f o r  a l l  c e l l s  t o  be 
completely discharged, t h e  mechanical ac tua t ed  switch a s soc ia t ed  
with T i m e r  M, c l o s e s  t h e  normally open con tac t  and a p p l i e s  t h e  
a-c l i n e  vol tage  t o  t h e  c o i l  of Relay K,. The con tac t s  a s soc ia -  
t e d  with Relay K, perform t h r e e  func t ions :  (1) de-energizes t h e  
r e l a y  c o i l ,  K, (all con tac t s  r e t u r n  t o  normally c losed  p o s i t i o n ) ;  
( 2 )  opens c i r cu i t - to . . -ba t t e ry  load;  ( 3 )  s t a r t s  t h e  charge pe r iod  
t imer ,  M, ,  and energ izes  Relay K3 t o  bypass o r b i t  t i m e  c o n t r o l ,  
The b a t t e r y  i s  now charged a t  a c u r r e n t  r a t e  determined by t h e  
s e t t i n g  of Timer M, A t  t h e  end of t h e  charge t ime, t he  r e l a y  
c o i l  of K, i s  de-energized and t h e  b a t t e r y  i s  re turned  t o  nor- 
mal cyc l ing ,  Standby s t a t u s  i s  maintained a s  long a s  Switch S, 
i s  on with t h e  mode of opera t ion  being determined by t h e  p o s i t i o n  
of Switch S a c  

A 115-vDlt” 60-cps a-c vo l t age  i s  requi red  t o  opera te  t h i s  
instrument ,  T i m e r s  M, and M,, and Relays K, and K3 a r e  energized 
d i r e c t l y  from t h e  l i n e  of vo l t age ,  while  Relay K, i s  operated 
from the  output of t he  br idge  r e c t i f i e r ,  The d-c power supply 
c o n s i s t s  of a br idge r e c t i f i e r ,  Diodes D 1 6 - D P 8 ;  a f i l t e r ,  Choke T, 
and Capacitor C,; and t h e  s e r i e s  vo l tage  r e g u l a t o r ,  Res i s to r s  R,, - 
R30 , Diodes D, and D,, and T r a n s i s t o r s  Q13 and Q1,. The 
l l 5 - k l O  percent l i n e  vol tage  i s  converted t o  10 v o l t s  +1 percent  
d-c and is  regulated f o r  a 100 p e r c e n t  load charge,  
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P a r t s  L i s t  

Nickel-Cadmium Bat te ry  Reconditioner 

1/4-watt, 25-turn potent iometer ,  w i r e  
wound (panel  mount) 

1/4-wa tt , 25 - turn potent iometer  , 
( c i r c u i t  board) 

1/4-watt, 25-turn potent iometer ,  carbon 
o r  metal  f i l m  (pane l  mount) 

2 wat t  

1 / 4 - w a t t ,  25-turn potent iometer ,  carbon 
o r  metal  f i h  (pane l  mount) 

'K = thousand 
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2.70 

220 

5 . 6 ~  

5600 

4300 

6200 

5600 

2 K  

1000 

2 K  

2OOK 

10 m f l  

33 mf  

-033 mf 

22 m f  

10 mf 

68 m f  

1500 mf 

1 m f  

’Abbreviations used i n  
1959, u n l e s s  otherwise 

1/4 -watt , s ing  1 e - turn  p o t e n t  i ome t e  r , 
carbon, ( c i r c u i t  board) 

1-watt ,  s i n g l e - t u r n  poten t iometer  
( IRC series 100) 

A l l  r e s i s t o r s  1/2 w a t t  5 p e r c e n t  un le s s  
otherwise noted 

Capac i tors  

I 

i 

10-v dc (Spraque Type 150D) 

20-v dc 

20-v dc 

15-v dc 

10-v de 

20-17 dc 

25-v dc 

200-v dc 

t h i s  t e x t  are from the GPO S t y l e  Manual, 
noted, 
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Dl 6 

rr 
u20 

SCRi 

Transistors 

2 N 3 3 8  

2~1613 

2N2609 

2~1720 

164 -04 (West inghouse ) 

2 N 1 3 0 3  

2~1302 

2 ~ 2 1 9 2 ~  

2x1308 

Diodes 

1N457 

1 ~ 7 5 1 ~  

2 ~ 2 1 9 2 ~  

1W52 

1 ~ 7 4 6  

1N4002 

MCL 1300 (yotorla) 

1N4005 

2N2324 
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Transformers and Chokes 

I 

T l  

T2 

T3 

T4 

K l  

K2 

Spraque Elec t r ic  C o r n  R l l l l  

C o r e ,  Arnold Engrg- CO. 5504D-1 
Primary ( 2 )  47 Turns  Bif i lar ' ;  No, 27 w i r e  
Secondary (S,) (5)  15 Turns ,  N o ,  34 w i r e  

' Secondary (S,)  (1) 15 T u r n s d  N o .  34 w i r e  

Core, Arnold Engrg. C o .  5515D-1 
Primary (1) 50 Turnsl NO. 34 w i r e  
Secondary (2) 35 Turns ,  B i f i l a r ,  No, 34 wire 

Filament Transfer  
Primary: 117 v o l t s f  50/60 cps 
Secondary:: 2 6 - 5  v o l t s ,  center tapped a t  6 amp 
(Knight N o ,  b - ~ - 4 8 ~ ~ )  

Choke 2 H' a t  200 ma 
600 d-c r e s i s t a n c e  
(Stanco No. C-2325) 

P u l s e  Transformer, U+c H - 5 1  

Relays 

P o t t e r  and Brumfield, KRP 14 DG, 24-v d-c Co i l  

P o t t e r  and Brumfield, KRP 14 A E ,  115-v d-c Coil 

T i m e r s  

I n d u s t r i a l  T i m e r  Corporation, Model CM 10 

Lights  

Leecraf t ,  N o ,  3 6 ~ ~ 2 1 1 1  RED 

Leecraf t ,  No, 36EN2113 A m b e r  

I 

' H  = Henry 
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I 

i 
I 
I 
I 

Jl 

f - r  
“ 2  -L-4 

JS 

S: 

s2 

s3 

Wakef ield 

Wake f i e l d  

W3ke f i e l d  

k l d e n  N 
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Connectors 

Amphenol, No .  MS 3102A-20-33S, with  mating plug 

Superior  Electr ic  Co,, N o .  RP25GR ( 3 )  

Amphenol, N o .  M S  3102~-28-14P, w i th  mating socket  

Switch 

DPST - Toggle, lo-amp contac ts  

3 po le  - 5-pos i t ion ;  nonshort 

SPST Toggle 

Heat Sink 

NO. JW 209 

No, NC 4 0 3 ~  

No, XC 3olM 

l7408-S, 3 wire ,  8 f t  
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Sect ion 111 

Adjustment and Ca l ib ra t ion  Procedure 

Note: I t  i s  recommended t h a t  a l l  adjustment procedures be read 
before  proceeding with ind iv idua l  adjustments.  

The following instruments a r e  necessary f o r  adjustment and 
c a l i b r a t i o n :  

1 - Multirange vol tmeter  ( d i g i t a l  vol tameter  p r e f e r r e d )  

2 - Power supply; 0-5 v o l t s ,  0-750 milliamps 

3 - P o w e r  supply; 0-10 v o l t s ,  0-5 amperes 

4 - A m m e t e r ;  mul t i range cl ip-on,  5 amperes maximum 

A .  Power Supply Voltage Adjustment 

1 - Plug i n s t r u m e n t  i n  ac  (115 v o l t s ,  60 cps)  and p l a c e  
Switch S, i n  "on" p o s i t i o n .  

2 - With a vol tmeter  across  Capac i tor  C,, a d j u s t  R e s i s -  
t o r  Ra0 (on c i r c u i t  board) f o r  10 v o l t s  on meter. 

B. Ba t te ry  Low-Voltage Trip-Level Adjustment. 

Note: Complete A above before  preceeding. 

1 - S e t  cams on T i m e r  M, and M, a t  beginning of lobe (cams 
r o t a t e  c lockwise) .  

2 - S e t  S e l e c t o r  Switch S, t o  " l o w  b a t t e r y , "  

3 - Connect power supply t o  b a t t e r y  te rmina ls  and s e t  vo l tage  
t o  des i r ed  t r i p  l e v e l .  

4 - Adjust b a t t e r y  vol tage  t r i p  adjustment s c r e w  ( R l e )  u n t i l  
Relay K, i s  energized (d i scha rge  l i g h t  comes on ) .  

5 - Reset of Relay K, may be accomplished by moving t h e  cam 
Of T i m e r  M, t o  i t ' s  f lank .  

A-10 
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C .  

Note: Complete A and €3 above before  preceeding. 

E a t t e q -  Dump T r a n s i s t o r  Current Adjustment. 

1 -- Place c e l l  d e t e c t o r  (J1) inputs  i n  p a r a l l e l  and c m n e c t  
t o  approximately 2-vol t  power supply. 

2 - Place dump t r a n s i s t o r  switch ( S , )  i n  ''on" p o s i t i o n .  

3 - Adjust dump a i r r e n t  adjustment s c r e w  (Ria) f o r  des i r ed  
cu r ren t .  A cl ip-on ammeter may be used t o  measure t h i s  
c u r r e n t  

I D ,  M i n i m u m  C e l l  Voltage f o r  Zero Dump Current  Adjustment. 

Note: This  procedure may be a cont inuat ion of C above. 1 
1 - Connect one d e t e c t o r  input  t o  a power-supply vol tage  s e t  

a t  t h e  l e v e l  des i r ed  f o r  zero dump c u r r e n t .  
d e t e c t o r s  a r e  i n  p a r a l l e l  across  t h e  2-vol t  supply.)  

(The o t h e r  

2 - S e t  cu to f f  band adjustment screw ( R I D )  a t  midrange of 
adjustment.  This may be var ied  t o  o b t a i n  des i r ed  cu to f f  
band i n  conjunct ion with t h e  following s t e p s :  

(a) Adjust t h e  d e t e c t o r  c a l i b r a t i o n  screw, corresponding 
t o  t h e  d e t e c t o r  connected t o  t h e  v a r i a b l e  power 
supply for zero  dump cu r ren t  using a s e n s i t i v e  
ammeter ( c l ip -on  type)  t c  i n d i c a t e  zero cu r ren t .  

(b:) Vary t h e  input  t o  t h e  d e t e c t o r  and a d j u s t  cu to f f  
band adjustment u n t i l  des i r ed  "ac t ive"  band of 
d e t e c t o r  control. over t r a n s i s t o r  dump c u r r e n t  i s  
obtained.  

( c )  Repeat S teps  ( a )  and (b )  above f o r  each d e t e c t o r  
u n t i l  a l l  5 de t ec to r s  a r e  c a l i b r a t e d .  
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E. Ind iv idua l  C e l l  Discharge Adjustment. 

Note: This  adjustment  may be made i n  conjunct ion  wi th  D - 1  above. 

1 - S e t  t h e  v o l t a g e  i n p u t  t o  t h e  sing1.e d e t e c t o r  t o  1 v o l t .  

2 - Connect a c l ip -on  ammeter on a l e a d  t o  t h e  d e t e c t o r  i n p u t  
2 f o r  c u r r e n t  measurement. 

3 - Adlust  Poten t iometer  Ra2  (on c i r c u i t  board)  f o r  c o r r e -  
sponding d e t e c t o r  t o  o b t a i n  t h e  d e s i r e d  c u r r e n t  l e v e l  t o  
be shunted by t h e  i n d i v i d u a l  c e l l  shunt  t r a n s i s t o r .  

4 - Repeat S t eps  (I), ( 2 ) ,  and ( 3 )  above f o r  a11  f i v e  de t ec -  
t o r s  o r  shun t  t r a n s i s t o r s .  

A - 1 2  
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