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ABSTRACT 

Tests  were per formed on an improved b a t t e r y  c h a r g e r  manufac tured by 
L e s t e r  E l e c t r i c a l  of Nebraska, I n c .  T h i s  c h a r g e r  was i n s t a l  l e d  i n  a  South 
Coast Techno1 ogy R a b b i t  No: 4, which was equ ipped w i t h  l e a d - a c i d  b a t t e r i e s  
produced by  ESB Company. The p r i m a r y  purpose o f  t h e  t e s t i n g  was t o  deve lop  
t e s t  me thodo log ies  f o r  b a t t e r y  c h a r g e r  e v a l u a t i o n .  To t h i s  end t e s t s  were 
deve loped t o  c h a r a c t e r i z e  t h e  c h a r g e r  i n  t e n s  o f  i t s  cha rge  a l g o r i t h m  and 
t o  assess t h e  e f f e c t s  o f  b a t t e r y  i n i t i a l  s t a t e  o f  charge and tempera tu re  on 
c h a r g e r  and b a t t e r y  e f f i c i e n c y .  Tes ts  showed t h i s  c h a r g e r  t o  , b e  a  c o n s i d e r -  
a b l e  improvement i n  t h e  s t a t e  o f  t h e  a r t  f o r  e l e c t r i c  v e h i c l e  cha rge rs .  
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The d e t a i l e d  c o n t e n t s  o f  t h i s  r e p o r t  would no t  have been p o s s i b l e  w i t h -  
o u t  t h e  d i l i g e n t  e f f o r t s  o f  severa l  people. D. Palmei r i  d i  rec ted  t h e  t e s t  
program i n  t h e  Automot ive Research F a c i l i t y  o f  t h e  C a l i f o r n i a  I n s t i t u t e  
o f  Technology (Cal t e c h ) ,  J e t  P ropu l s i on  Labora to ry  (JPL) ,  i n  Pasadena, 
C a l i f o r n i a ;  he was a s s i s t e d  by R. Bur leson and L. Johnson. Data and document, 
p r e p a r a t i o n  were done by B. Bonzo and T. McMil l i a n .  The au thors  a r e  y r a t e f u l  
f o r  t h e  c o n t r i b u t i o n  s u p p l i e d  by each o f  these people.  



CONTENTS 

. . . . . . . . . . . . . . . . . . . . . . . . . .  I . INTRODUCTION 1-1  

I 1  . SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-1  

A . CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . .  2-1  

B . RECOMMENDATIONS . . . . . . . . . . . . . . . . . . . . . . .  2 - 2  

111. CHARGER DESCRIPTION o . . . . . . . . . . . . . . . . . . . . . . .  3-1  

. . . . . . . . . . . . . . . . . .  A . PHYS I C A L  CHARACTERISTICS 3 - 1  

. . . . . . . . . . . . . . . . .  B . ELECTRICAL  CHARACTERISTICS 3 -1  

. . . . . . . . . . . . . . . . . . . . . .  . C CHARGE ALGORITHM 3 - 3  

I V  . TEST PROGRAM AND METHODOLOGY . . . . . . . . . . . . . . . . . .  4-1 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  V . DISCUSSION 5 - 1  

. . . . . . . . . . . . . . . . . . . . . .  A . CHARGE ALGORITHM 5 - 1  

B . E F F I C I E N C I E S  . . . . . . . . . . . . . . . . . . . . . . . .  5 - 4  

. . . . . . . . . . . . . . . . . . . . .  C . CHARGER WAVEFORMS 5-9 

. . . . . . . . . . . . . . . . . .  V I  . CONCLUSIONS AND RECOMMENDATIONS 6 -1  

. . . . . . . . . . . . . . . . . . . . . . . .  A . CONCLUSIONS 6 - 1  

. . . . . . . . . . . . . . . . . . . . . .  B . RECOMMENDATIONS 6-1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  REFERENCES 7-1  

APPENDIXES 

A . DATA SUMMARY OF TESTS ON LESTER CHARGER WITH  . . . . . . . . . . . . . . . . . . . . . . .  E X I D E B A T T E R I E S  A-1 

B . CALCULATED DATA: CHARGER AND BATTERY . . . . . . . . . . . . . . . . . .  THROUGHPUT EFF I C I E N C I E S  B -1  



C. CHARGER/BATTERY RECHARGE CHARACTERISTICS 
F O R S E V E R A L T E S T S  . . . . . . . . C-1 

D. T Y P I C A L  OSCILLOGRAPHS OR CHARGER ENPUT 
AND OUTPUT POWER VS. AMPERE-HOUR CHARGES . 0 - 1  

E.  CHARGER I N P U T  POWER WAVEFORM AND 
F O U R I E R  ANALYSES VS. CHARGER LOAD CURRENTS . . . . . . . . . E-1 

F. OPERATION MANUAL, PARTS L I S T ,  AND S C H M A T  I C  
FOR MODEL 9865 LESTER CHARGER . . . . . . . . . . . . . F-1 



SECTION I 

INTRODUCTION 

The Je t  Propuls ion Laboratory (JPL) conducts research and development 
a c t i v i t i e s  as wel l  as  veh ic le  and system-level t e s t i n g  f o r  t he  Department of 
Energy (DOE) E l e c t r i c  and Hybrid Vehic le (EHV) Program. Par t  o f  JPL's respon- 
s i b i l i  t y  i s  t h e  development and t e s t i n g  o f  b a t t e r y  chargers used on e l e c t r i c  
veh i c les  (EV). I n  response t o  t h i s  requirement, JPL contracted w i t h  Gould, 
Inc. , t o  devel op an advanced Ba t te ry  ChargerlState-of-Charge lnd ica  t o r  (BC/ 
SCI) (Reference 1 ). Subsequently, an attempt was made dur ing 1981 t o  compil e 
t e s t  data from o ther  chargers t o  use as a bas is  f o r  canpari son w i t h  t h e  Gould 
BC/SCI. However, due t o  unre l  i a b l e  c h a r a c t e r i s t i c s  of t he  b a t t e r y  chargers i n  
t h e  veh ic les  prev ious ly  t es ted  by JPL (Reference Z ) ,  t h i  s cou ld  no t  be done. 

La ter  i n  1981, JPL received several R-1 e l e c t r i c  veh i c les  from South 
coast Techno1 ogy (SCT), De t ro i t ,  Michigan. These cars were equipped w i t h  an 
improved charger. Rout ine use o f  these new SCT veh ic les  revealed these 
chargers t o  be r e l i a b l e  a f t e r  some e a r l y  problems were overcome. Because o f  
a general l ack  o f  o b j e c t i v e  b a t t e r y  charger performance data, one o f  t h e  
chargers manufactured by Lester  E l e c t r i c a l  o f  Nebraska, Inc., (Lester)  was 
i n s t a l l e d  i n  the  SCT veh ic les  and subjected t o  a b r i e f  s e r i e s  o f  tes ts .  The 
main ob jec t i ves  o f  t h i s  t e s t i n g  were t o  develop base l ine  data against which 
t h e  Gould charger cou ld  be canpared and t o  develop a methodol ogy f o r  de ter -  
mining b a t t e r y  charger performance. 

Th is  r e p o r t  presents these f ind ings.  It inc ludes  t h e  r e s u l t s  o f  a b r i e f  
t e s t  ser ies  t h a t  was developed t o  evaluate a charger 's  e f f i c i e n c y  when 
charging i s  i n i t i a t e d  a t  var ious  b a t t e r y  depths o f  d ischarge (DoD) and var ious 
b a t t e r y  temperatures. A d e s c r i p t i o n  o f  t h e  charger and i t s  c o n t r o l  a lgor i thm 
i s  a1 so included. No attempt i s  made t o  q u a n t i f y  t h e  charger 's  e l e c t r o -  
magnetic i n t e r f e r e n c e  o r  r a d i o  frequency i n te r fe rence  charac ter i  s t i  cs. 

Although the  pr imary o b j e c t i v e  o f  t h i s  t e s t i n g  was t o  develop an evalua- 
t i o n  methodol ogy, much usefu l  i n fo rma t ion  was a1 so gained about t h e  p e r f o r -  
mance o f  t h e  Lester  charger. 



SECTION I 1  

SUMMARY 

Tests  on t h e  L e s t e r  b a t t e r y  charger  were conducted a t  JPL as a path-  
f i n d e r  a c t i v i t y  i n  t h e  development o f .  a t e s t  method01 ogy t o  assess t h e  
developmental Gould charger.  The t e s t  program a l so  prov ided a da ta  base 
against  which t h e  Gould, o r  any o ther ,  charger  cou ld  be compared. Performance 
o f  t h e  charger  versus b a t t e r y  DoD and e l e c t r o l y t e  temperature was evaluated.  
However, problems w i t h  t h e  t e s t  setup seve re l y  l i m i t e d  t h e  in tended temper- 
a t u r e  v a r i a t i o n s ,  which precluded any meaningful  assessment o f  t h e  cha rge r ' s  
temperat ure-dependent p e r f o  rmance . 
A. CONCLUSIONS 

During t e s t i n g  , t h e  Les te r  charger  performed w l 1  and c o n s i s t e n t l y .  A f t e r  
an i n i t i a l  f a i l u r e  problem, which was q u i c k l y  r epa i red  by Les te r ,  ' t he  charger  
operated re1 i a b l y  f o r  more than 2 years.  The f o l l o w i n g  conc lus ions  were 
d e r i v e d  f rom t h i s  t e s t  program: 

( 1 )  L e s t e r ' s  charge a l g o r i t h m  represents  a cons iderab le  improvement ove r  
any commerc ia l ly  a v a i l a b l e  charge c o n t r o l s  known t o  t h e  au thors  t o  
date.  

( 2 )  The charger  i t s e l f  (F i gu re  2-1 ) i s  reasonably e f f i c i e n t .  A l though 
o t h e r  more e f f i c i e n t  chargers a r e  commerci a1 l y  a v a i l  ab le ,  t h e i  r 
l a c k  o f  a p rec i se  charge a l g o r i t h m  can r e s u l t  i n  a poo re r  o v e r a l l  
b a t t e r y l c h a  rge r  e f f i c i e n c y .  

( 3 )  Dur ing  c o n d i t i o n s  o f  sha l l ow  d ischarge,  t h e  combined charger  and 
b a t t e r y  e f f i c i e n c i e s  decrease because o f  t h e  f i xed ,  50-min p e r i o d  
a t  t h e  end o f  charge. It has been JPL's exper ience t h a t  t h e  f i n i s h -  
charge d u r a t i o n  can be shortened f o l l o w i n g  sha l l ow  d i  scharges. 

( 4 )  The l ack  o f  e l e c t r o l y t e  temperature compensation w i l l  impai r t h e  
q u a l i t y  and e f f i c i e n c y  o f  recharge when b a t t e r y  temperature dev ia tes  
f rom t h e  nominal 27OC (80°F) f o r  which t h e  charge a lgo r i t hm was 
developed. It i s  pos tu l a ted  t h a t ,  when t h e  temperature i s  above 
approx imate ly  46OC (115"F), b a t t e r y  v o l t a g e  w i l l  n o t  r i s e  t o  t h e  
124-1 l i d  a t  which c u r r e n t  t a p e r i n g  i s  i n i t i a t e d .  Therefore,  
charg ing  would cont inue a t  t h e  h i g h  32-A r a t e  u n t i l  t h e  v o l t a g e - r a t e  
change ( d v / d t )  charge t e r m i n a t i o n  c r i t e r i o n  i s  sa t i . s f ied .  The 
oppos i t e  problem wi 11 occur  a t  c o l d e r  b a t t e r y  temperatures. Both 
o f  these  temperat ure-re1 a ted  cha r g i  ng p rob l  ems a r e  de t r imen ta l  t o  
t h e  b a t t e r y ' s  1 i f e  and/or pe r f o  rmance. 

( 5 )  The techn ique  o f  reduc ing t h e  i s o l a t i o n  t r ans fo rmer ' s  f l u x  by 
i n c r e a s i n g  t h e  winding gap i s  an i n e f f i c i e n t  method o f  ach iev ing  
c u r r e n t  1 i m i t i n g .  



DEPTH OF DISCHARGE, ?& 

F i g u r e  2-1. Charger Energy E f f i c i e n c y  a t  Var ious Depths o f  Di scharge 

B. RECOMMENDATIONS 

The o b j e c t i v e s  o f  t h e  t e s t  program were n o t  f u l  l y  s a t i s f i e d  because t he  
e f f e c t  o f  b a t t e r y  temperature on b a t t e r y  chargeLdi scharge and charger e t ' t ' i c i -  
ency was no t  i n v e s t i g a t e d .  However, t h e  f o l  lowi  ng recanmendations a r e  va l  i d  
u n t i l  a d d i t i o n a l  t e s t i n g  , a t  d i  f f e r e n t  temperatures, proves o therw i  se: 

( 1  ) Charge a1 gor i thms,  f o r  lead-ac id  b a t t e r i e s  i n  p a r t i c u l a r ,  must com- 
pensate Yor b a t t e r y  temperature un less the1 r temperature I s eon- 
t r o l l e d  t o  a  s p e c i f i c  value. Unless recharge i s  compensated, t h e  
b a t t e r y  w i l l  p robably  be overcharged o r  undercharged. I n  e i t h e r  
case, b a t t e r y  performance, 1  i fe ,  and/or  mainta inance wi 11 s u f f e r .  

( 2 )  Some charg ing  t e s t i n g  should be performed a t  e l eva ted  and reduced 
b a t t e r y  temperatures t o  q u a n t i f y  t h e  s e v e r i t y  o f  t h e  problem f o r  
t h i s  p a r t i c u l a r  charge a lgor i thm.  



( 3 )  L e s t e r  c o u l d  i n v e s t i g a t e  an improved d e s i g n  f o r  t h e  c h a r y e r ' s  i s o -  
1  a t i o n  t r a n s f o r m e r .  Coup1 i ng e f f i c i e n c y  and power f a c t o r  c o u l d  
t h e r e b y  b e  enhanced, i m p r o v i n g  cha rge r  t h r o u g h p u t  e f f i c i e n c y .  

( 4 )  I n  g e n e r a l ,  t h e  whole a rea  o f  b a t t e r y  c h a r g i n g  r e q u i r e s  more a t t e n -  
t i o n .  C o n s i d e r i n g  t h e  r e l a t i v e  b e n e f i t s  o f  d e v e l o p i n g  improved 
charge a l g o r i  thrns ve rsus  t h e  c o s t  o f  development , charge a l g o r i t h m  
deve l  opment would be a  c o s t - e f f e c t i v e  and w o r t h w h i l  e  e f f o r t .  



SECTION I11  

CHARGER DESCRIPTION 

Lester was selected by SCT t o  provide an improved bat tery  charger f o r  
the R - 1  e l e c t r i c  vehicles. This charger was t a i l o r e d  t o  physical const ra in ts  
o f  the SCT veh ic le  and t o  the charging requirements d ic ta ted  by ESB Corpora- 
t i o n  f o r  i t s  XPV-23 battery. Each o f  these general charac te r i s t i cs  i s  d i s -  
cussed i n  separate subsections. Operation o f  the charger i s  discussed i n  
Appendix A. 

A. PHYSICAL CHARACTERISTICS 

Figure 3-1 shows the charger as i t  i s  i n s t a l  l ed  i n  the SCT vehicle. It 
can be seen t h a t  t h e  controls,  indicators,  and fuses are a l l  r e l a t i v e l y  
accessable. Figures 3-2 and 3-3 show d i f f e r e n t  views o f  the  charger i t s e l f .  
Table 3-1 provides t he  physical speci f i ca t i ons  f o r  t he  charger. 

B. ELECTRICAL CHARACTERISTICS 

Figure 3-4 shows the major e l ec t r i ca l  components o f  the Lester charger. 
The input  transformer i s  designed so t h a t  115-Vac o r  208/230-Vac power can be 
used. However, t h e  charger i s  designed p r ima r i l y  f o r  use w i th  a 208/230-Vac 
c i r cu i t .  The 115-Vac inpu t  c i r c u i t r y  i s  intended f o r  emergency use on ly  i f  
the higher voltage c i r c u i t s  are not  ava i l  able. Much o f  the automatic operation 

Tab1 e 3-1. Lester E lec t r i ca l  Charger Physical Speci f i c a t i o n s  

S i  ze 
Height 
Width 
Length (excludes fan)a 

Weight 
Total (i nc l  udes fan) 

27.9 an (11.0 in.) 
20.3 cm (8.0 in.) 
41 .9 an (16.4 in.) 

aAs shown i n  Figure 3-3, t h e  fan i s  mounted external t o  the charger chassis. 
It could be 1 ocated almost anyplace on the charger and i s ,  therefore,  no t  
i n c l  uded i n  t h e  dimensions. 



P i g u ~ e  3-1. Lester Charger Instal led i n  SCT Electr ic  Vehicle 

FIgure 3-2. Front View o f  Lester Charger 

3-2 



o f  the  charger (namely, charger shutdown) i s  not funct iona l  du r i  ng 115-Vac 
operation. I so l a t i on  between the bat tery  pack and the input  power1 i n e  i s  a1 so 
provided by t h i s  transformer. Bat tery  charge cur rent  and voltage are con- 
t r o l l e d  by s i l i con-con t ro l led  r e c t i f i e r s  (SCRs) i n  response t o  charge cont ro l  
l o g i c  t h a t  i s  propr ie tary  t o  Lester. I n  add i t ion t o  t h e  basic charging 
function, t h e  charger a lso cont ro ls  a  purge fan f o r  the ba t te ry  compartment. 
The purge fan i s  operated f o r  60 min fo l lowing charge terminat ion t o  ensure 
t h a t  hazardous gaseous e f f l uen t s  f ran  t he  bat tery  a re  purged from the  ba t te ry  
compartment. Operation o f  the  charger i s  in te r locked  w i th  the  purge fan as 
a  safety feature. Charging cannot take place unless the  fan i s  operating. 
Accessory ba t te ry  charging i s  a1 so done from the  Lester charger. This i s  
accomplished by supplying the dc-to-dc converter w i t h  power a t  108 Vdc, as 
would be the  case dur ing veh ic le  operation. I n  t h i s  manner, the  Lester 
charger i s  not  required t o  dup l ica te  the  hardware a1 ready i n s t a l  l ed  (e.g., 
dc-to-dc converter) f o r  normal vehic le operation. Table 3-2 li s t s  the charger 
e l  ec t r i ca l  speci f ica t ions.  

C. CHARGE ALGORITHM 

Operating i ns t r uc t i ons  f o r  the Lester charger provide l i t t l e  i ns i gh t  i n t o  
i t s  charge a1 gor i  t hm. Correspondence wi th  Lester personnel provided the basi s  
for  the f o l  1  owi ng descr ip t ion o f  the  charge character i  s t ics.  When operated 
a t  t he  normal 208/230-Vac mode, and assuming t he  ba t te ry  has been a t  l eas t  
p a r t i a l  l y  discharged, t h e  f o l  lowi ng charge sequence occurs: 



Figu-e  3-4. Block Diagram o f  Les te r  Charger 
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Table 3-2. L e s t e r  Charger E l e c t r i c a l  S p e c i f i c a t i o n s  

115 Vac-Mode 
Inpu t  Vol tage 
I npu t  Current  
Out pu t  Vo l t  age 
Output Current  

20812 30-Vac Mode . 

I n p u t  Vol tage 
I npu t  Current  
Output Vol tage 
Output Current  

115 Vac 
15 A  
150 Vdc max 
8  Adc max 

208 o r  230a Vac 
25 A 
150 Vdc max 
32 Adc max 

~- - - -  -~ 

aRequi res s e l e c t i o n  o f  app rop r i a te  t a p  on cha rge r ' s  i n p u t  t rans fo rmer .  

( 1 )  Charge a t  a  nominal f i x e d  c u r r e n t  o f  32 A  u n t i l  b a t t e r y  vo l t age  
r i s e s  t o  124 V (2.296 V l c e l l  ). 

( 2 )  Dec'rease charge c u r r e n t  l i n e a r l y  t o  approx imate ly  8  A as  b a t t e r y  
vo l t age  r i s e s  t o  127.5 V (2.361 V l c e l l ) .  I n  o t h e r  words, f rom 124 
t o  127 V, b a t t e r y  c u r r e n t  (32 t o  8  A) i s  i n v e r s e l y  p r o p o r t i o n a l  
t o  b a t t e r y  vo l tage.  

( 3 )  Ma in ta i n  charge c u r r e n t  a t  about 8  A u n t i l  b a t t e r y  vo l t age  r i s e s  
l e s s  t h a n  0.036 V (67 pV /ce l l )  i n  a  50-min per iod .  

( 4 )  Terminate charge automat ica l  ly.  

F igu re  3-5 shows t h e  b a t t e r y  cha rge r ' s  vo l t age -cu r ren t  c h a r a c t e r i s t i c  des- 
c r i b e d  above. Fro111 t h i s  f i g u r e  i t  can be seen t h a t ,  even when i n  t h e  two 
cons tan t  c u r r e n t  c o n t r o l  modes (32 A o r  8  A),  t h e r e  i s  a  s l  i g h t  decrease i n  
c u r r e n t  as b a t t e r y  vo l t age  increases.  L e s t e r  consu l ted  w i t h  ESB Company i n  
t h e  development o f  t h i s  charge a lgor i thm.  As such, some o f  t h e  c o n t r o l l e d  
parameters (e.g ., 8-A f i n i s h  c u r r e n t )  r e f l e c t  t h e  needs o f  t h e  XPV-23 b a t t e r y ,  
as de f i ned  by ESB. While t h e  L e s t e r ' s  charge a l g o r i t h m  may n o t  be t h e  
u l t i m a t e  procedure, i t  i s  a  cons iderab le  s tep  i n  t h e  r i g h t  d i r e c t i o n .  



Figure 3-5. Vol tage and Cur r e n t  Charac te r i  s t i c s  
Dur i  ng Charge 



SECTION I V  

TEST PROCRAM AND METHODOLOGY 

Ten charge ld ischarge  c y c l e  t e s t s  were performed a t  t h e  JPL Automot ive 
Research F a c i l i t y  from J u l y  6 th rough  J u l y  23, 1981. The b a t t e r i e s  were 
charged from va r i ous  i n i t i a l  DoDs under t h e  automat ic  c o n t r o l  p rov ided  by 
t h e  Les te r  charger. The b a t t e r i e s  were t h e n  d i  scharged t o  a  p resc r i bed  1  eve1 , 
based on i n i t i a l  capac i t y  t e s t s  a t  a  s tandard r a t e  o f  75 A i n  p r e p a r a t i o n  f o r  
t h e  nex t  cha rge ld i  scharge t e s t s .  Data from t h e  cha rge ld i  scharge t e s t s  were 
manual l y  recorded,  graphed on a  r e a l  - t ime  X - Y  p l o t t e r  and logged on a  da ta  
acqui s i  t i o n  system f o r  l a t e r  reduc t ion .  The data taken d u r i  ng charge i n c l  uded 
t e s t  number, da te ,  i n i t i a l  DoD, charge t ime,  b a t t e r y  t e rm ina l  vo l tage ,  b a t t e r y  
charg ing  c u r r e n t ,  w a l l  power, and temperatures a t  t h r e e  l o c a t i o n s  i n  t h e  
b a t t e r y  pack. From these  i npu t s ,  I n t e g r a t e d  Data Acqui s i  t i o n  and Cont ro l  
( I  DAC) system da ta  r educ t  i o n  computat ions gave ou tpu t s  o f  . b a t t e r y  charger  
e f f i c i e n c y ,  energy i n t o  t h e  b a t t e r y ,  energy i n t o  t h e  charger ,  and b a t t e r y  
ampere-hour (Ah) recharge v a l  ues. Di scharge data i n c l  uded b a t t e r y  d i  scharge 
Ah, d ischarge  energy, and est imated DoD. 

The da ta  f o r  a1 1  t e s t s  a r e  g i ven  i n  Appendix A and summarized i n  Table 
4-1. The f i r s t  column i n  t h e  t a b l e  shows t h e  t e s t  number and da te  o f  t h e  
charge cyc l e ,  f o l l owed  i n  t h e  second column by t h e  es t imated  DoD a t  t h e  
beg inn ing  o f  .recharge. Values shown i n  t h e  t h i r d ,  f o u r t h ,  and f i f t h  columns 
were taken from t h e  r e a l  - t ime  p l o t s ,  showing t imes  spent i n  each o f  t h e  auto-  
m a t i c a l l y  c o n t r o l l e d  charge modes ( h i g h  r a t e ,  t a p e r ,  and f i n i s h )  b u i l t  i n t o  
t h e  charge l o g i c ,  as  w e l l  as t h e .  b a t t e r y  t e rm ina l  v o l t a g e  a t  t h e  end o f  each 
mode. The s i x t h  th rough  t e n t h  columns summarize Ah and energy da ta  recorded 
du r i ng  t h e  charge and d ischarge  cycles.  The symbol d e f i n i t i o n s  a r e  as f o l l o w s :  

ABO = Pmperage - B a t t e r y  Out - (Di scharge) 
( B a t t e r y  ampere hours  e x t r a c t e d  p r i o r  t o  t h e  recharge c y c l e ) .  

ABIR = Pmperage - B a t t e r y  I n  - Recharge 
( B a t t e r y  ampere hours  suppl i e d  by t h e  charger  d u r i n g  recharge).  

EBO = Energy - B a t t e r y  Out (Di scharge) 
( B a t t e r y  k i  1  owat t  hours  e x t r a c t e d  p r i o r  t o  t h e  recharge c y c l  e). 

EBIR = Energy - B a t t e r y  I n  - Recharge 
( B a t t e r y  k i l o w a t t  hours  supp l i ed  by t h e  charger  d u r i n g  r e -  
charge).  

EBCIR = Energy - B a t t e r y  Charger I n  - Recharge ( W a l l )  
(Wa l l -p lug  energy supp l l ed  t o  t h e  charger  a t  i t s  i n p u t  d u r i n g  
t h e  recharge cyc l e ) .  

Columns 11 th rough  13 show b a t t e r y  and charger  e f f i c i e n c i e s  c a l c u l a t e d  from 
t h e  da ta  recorded i n  Columns 6 th rough  10. The s t a r t i n g  and ending temperatures 
a t  t h r e e  l o c a t i o n s  i n  the,  b a t t e r y  pack ' a r e  shown i n  t h e  l a s t  two columns. 



T a b l e  4-.l. D a t a  Summary 

Test Charqe-Mode Times 
No. I n i t i a l  !Mode ~ e r r n i  n a t i  on V o l t s )  Charge;Di scharge Data i f f i c i e n c i e s  Terpera tu res  
and 000. Hish 8a:tery Charger 
Date %  ate Taper F i n i s h  ABO ABIR E8O EBIR EBCIR Ah Wh ~ h -  S t a r t  End 

84 104 

aCharger te rm ina ted  charg ing p r e m a t u r e l j .  Data i s  n o t  represen ta t ion .  



T e s t s  18 t h r o u g h  21 were r e p e t i t i o n s  o f  T e s t s  11, 12, 15, and 1 6  and were 
made t o  v e r i f y  t h e  r e s u l t s  o f  t h e  e a r l i e r  t e s t s .  D u r i n g  t h e s e  t e s t s ,  l o n g e r  
r e s t  p e r i o d s  were a1 lowed between charge and d i s c h a r g e  t o  p e r m i t  t h e  b a t t e r i e s  
t o  r e a c h  more un i  f o rm temperatures .  



SECTION V 

DISCUSSION 

Observat ions and analyses assoc ia ted w i t h  t h e  L e s t e r  charger  t e s t s  a r e  
d i v i d e d  i n t o  t h r e e  t o p i c s :  t h e  charge a1 ogr i thm,  charger  e f f i c i e n c y ,  and 
charger  .waveshapes. 

A. CHARGE ALGORITHM 

The manner i n  which t h e  charger  operates w i t h  t h e  b a t t e r y  i s  il l u s t  r a ted  
i n  F i g u r e  5-1. The data shown i n  F igu re  5-1 a r e  reproduced f rom t h e  o r i g i n a l  
graphs taken  du r i ng  Test 11 f o r  a  complete recharge from 100% DoD. The 
c h a r a c t e r i s t i c s  d i sp layed  i n  t h e  f i g u r e  a re  t y p i c a l  o f  t hose  ob ta ined  i n  a l l  
t e s t s ,  regard less  o f  t h e  i n i t i a l  s t a t e  o f  charge (SoC). These a re  bes t  
i l l u s t r a t e d  by t h e  b a t t e r y  c u r r e n t  and vo l t age  t r a c e s  ( s o l  i d  l i n e s ) .  Dur ing  
t h e  i n i t i a l  h i g h - r a t e  charge per iod ,  t h e  charger  ma in ta ins  a  constant -charge 
c u r r e n t  o f  32 A. B a t t e r y  vo l tage  c l imbs  f rom an i n i t i a l  va l  ue o f '  113 t o  124 V 
du r i ng  t h i s  mode. 

F i g u r e  5-1. B a t t e r y  Charge P r o f i l e  f o r  Test 11 



The charger  t h e n  proceeds i n t o  a  t a p e r  mode i n  which t h e  c u r r e n t  decreases a t  
a  n e a r l y  l i n e a r  ra te ,  Dur ing  t h i s  pe r i od  t h e  b a t t e r y  v o l t a g e  r i s e s  s l i g h t l y  
and then  l e v e l s  o f f  a t  approx imate ly  127 V a t  t h e  end o f  t h e  t ape r  mode. A t  
t h e  conc lus i on  o f  t h i s  pe r i od ,  t h e  charge c u r r e n t  has dropped t o  t n e  f i n i s h i n g  
l e v e l  o f  approx imate ly  7.5 t o  8 A and remains a t  t h i s  va lue  throughout  t h e  
f i n i s h  charge per iod.  Dur ing  t h i s  mode, t h e  b a t t e r y  t e r m i n a l  v o l t a g e  c l imbs  
s h a r p l y  t o  a  va l ue  o f  143 t o  147 V, approaching t h i s  1  eve1 asympto t i ca l  l y  a t  
f i n a l  charge t e r m i n a t i o n .  

The ope ra t i ng  i n s t r u c t i o n s  p rov ided  w i t h  t h e  Les te r  charger  do no t  
' s c r i b e  t h e  charge a l g o r i t h m  employed i n  i t s  c o n t r o l .  However, conversa t ions  
t h  Les te r  personnel  have c l a r i f i e d  any .areas o f  u n c e r t a i n t y .  The f o l  l ow i  ng 

d e s c r i p t i o n  o f  t h e  charge a l g o r i t h m  i s  based on t h e  conve rsa t i ons  w i t h  Les te r  
personnel ,  da ta  from Columns 3  th rough  5  o f  Table  4-1, and t h e  v o l t a g e  and 
c u r r e n t  t r a c e s  o f  F i g u r e  5-1: 

( 1  H i g h - r a t e  charge-mode t imes  v a r y  w i t h  t h e  ' i n i t i a l  SOL, as  would be 
expected. However, t h e  v o l t a g e  a t  t h e  t e r m i n a t i o n  o f  t h i s  mode 
v a r i e s  o n l y  s l i g h t l y  f rom 124 t o  125 V. Th i s  smal l  v a r i a t i o n  m igh t  
be a t t r i b u t e d  t o  meesurment  e r r o r  o r  t m p e r a t u r c  c f f c c t s  i n  t h c  
charger .  A s l i g h t  d rop  o f f  o f  t h e  cons tan t  charge c u r r e n t  can be 
seen i n  F i g u r e  5-1. Th i s  c u r r e n t  r o l l  o f f  was designed by  Les te r  
t o  i nc rease  t h e  t ime  spent i n  t h i s  h i g h - c u r r e n t  mode by de lay i ng  
t h e  onset  o f  gassing. 

( 2 )  Dur ing  t h e  t a p e r  mode, F i g u r e  5-1 shows t h a t  t h e  b a t t e r y  v o l t a g e  
r i s e s  t o  127 V. As shown i n  Table  4-1, t h i s  mode t e r m i n a t i o n  
v o l t a g e  i s  canmon t o  a1 1  charges rega rd l ess  o f  t h e  i n i t i a l  SoC. 
H O W O V P ~ ,  Tahle 4-1 a l s o  shows t h a t  t h e  t a p e r  mode t i m e  v a r i e s  
s i g n i f i c a n t l y  a s  a  f u n c t i o n  o f  i n i t i a l  s t a t e  o f  charge. Thus, t h e  
r a t e  o f  change-of-charge c u r r e n t  w i t h  t i m e  v a r i e s  as a  f u n c t i o n  o f  
i n i t i a l  b a t t e r y  s t a t e  o f  charge, T h i s  i s  because t h e  b a t t e r y  
c u r r e n t  i s  a  f u n c t i o n  o f  b a t t e r y  v o l t a g e  d u r i n g  t h e  t a p e r  mode. As 
can be seen i n  F i gu re  5-2, b a t t e r y  c u r r e n t  decreases from 32 t o  8 A 
as b a t t e r y  v o l t a g e  inc reases  from 124 t o  127 V. It has been JPL's 
exper ience  t h a t  a t  t h e  onse t  o f  gasslng, b a t t e r y  v o l t a g e  r i s e s  
f a s t e r  f o l l o w i n g  s h a l l  ow d i  scharges. It i s  pos tu l a ted  t h a t  d u r i n g  
sha l l ow  d ischarges,  t h e  i n d i v i d u a l  c e l l s  have l e s s  o p p o r t u n i t y  t o  
become unbalanced. As such, each c e l l  approaches gass ing  p o t e n t i  a1 
i n  un ison  and b a t t e r y  v o l t a g e  r i s e s  more r a p i d l y .  

( 3 )  The l a s t  mode o f  t h e  charge i s  a  cons tan t  7.5 t o  8 A. Th i s  c u r r e n t  
i s  ma in ta i ned  u n t i l  t h e  r i s e  i n  b a t t e r y  v o l t a g e  i s  1  ess t han  36 mV 
d u r i n g  a  50-min per iod.  Th i s  r e l a t i v e l y  h i g h  f i n i s h  c u r r e n t  was 
s p e c i f i e d  by t x i d e  t o  m in im ize  e l  e c t r o l y t e  s t r a t i  f i c s t i o n .  I n  o the r  
words, e l e c t r o l y t e  m i x i  ng i s  achieved by t h e  a g i t a t i o n  assoc ia ted  
w i t h  heavy gassing. It has been JPL's exper ience  t h a t  t h e  p e r f o r -  
mance o f  t h e  Ex ide b a t t e r y  i s  n o t  canpromi sed b y  a  l e s s  strenuous 
f i  n i  sh c u r r e n t .  The 1  ower f i  n i  sh-charge c u r r e n t  and reduced amount 
o f  overcharge p r e v i o u s l y  r e p o r t e d  by JPL had no d i sce rnab le  e f f e c t  
on b a t t e r y  performance (see Reference 2). It can t h e r e f o r e  be 
reasonably  pos tu l a ted  t h a t  b o t h  charge e f f i c i e n c y  and b a t t e r y  1  i fe 
can be improved by a  l e s s  strenuous charge. 
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F i g u r e  5-2. Charger Cont ro l  Schedule (Source: L e s t e r  
E lec t r - i ca l  o f  Nebraska, Inc  .) 

As shown i n  F i g u r e  5-1, b a t t e r y  vo l t age  a c t u a l l y  s t a r t s  t o  decrease 
d u r i n g  t h e  l a s t  h a l f  hour  o f  charge. Th is  i s  a  r e s u l t  o f  t h e  
b a t t e r y ' s  vo l t age  s e n s i t i v i t y  t o  temperature.  P r i o r  t o  t h e  l a s t  
h a l f  hour, t h e  b a t t e r y ' s  vo l tage  s e n s i t i v i t y  t o  SoC has been domi- 
nant ,  and any s e n s i t i v i t y  t o  temperature i s  no t  r e a d i l y  d i s c e r n i b l e .  
Because t h e  Les te r  cha rge a l g o r i t h m  does no t  account f o r  tempera- 
t u r e ,  i t  i s  p o s s i b l e  t h a t  charg ing  w i l l  be te rmina ted  due t o  t h e  
b a t t e r y  t h e  rmal , env i  ronment r a t h e r  than  t o  t h e  b a t t e r y ' s  charge 
needs. On t h e  o t h e r  hand, t h e  p o s s i b i l i t y  o f  t he rma l .  runaway i s  
almost nonex is ten t .  Any r i s e  i n  b a t t e r y  temperature w i l l  r e s u l t  i n  
a  decrease i n  b a t t e r y  charqe vo l t aqe  and t h e r e f o r e  co .n t r ibu te  t o  the  
i n i t i a t i o n  o f  t h e  t e r m i n a t i o n  c r i t e r i a .  

I n  t he  event  t h a t  a d d i t i o n a l  charge i s  des i r ed  a f t e r  automatic shutdown, 
t h e  c o n t r o l l e r  can be r e i n i t i a l i z e d  by i n t e r r u p t i n g  power e i t h e r  by  removing 
and rep lac ing  t h e  power p l u g  o r  by t u r n i n g  t h e  main power sw i t ch  o f f  and on. 
On r e a p p l i c a t i o n  of power, t h e  c o n t r o l l e r  s t a r t s  th rough  a  complete cyc le ,  
i n i t i a l l y  charg ing  a t  t h e  32-A r a t e  and then p rogress ing  i n t o  t h e  t a p e r  and 



f i n i s h i n g  charge modes. Because t h e  b a t t e r y  i s  a1 ready f u l l y  charged, t h e  
t e r m i n a l  v o l t a g e  r i s e s  r a p i d l y ,  caus ing  t h e  c o n t r o l l e r  t o  t r a n s i t i o n  q u i c k l y  
t h rough  t h e  h i g h - r a t e  and taper-charge modes and i n t o  t h e  f i n i s h i n g  charge 
mode. Under t h i s  c o n d i t i o n ,  t h e  r a t e  o f  change o f  v o l t a g e  w i l l  be smal l ,  and 
t h e  c o n t r o l  l e r  wi 11 proceed almost immed ia te ly  i n t o  t h e  50-min shutdown 
sequence. Thus, b y  r e i n i  t i  a1 i z ing  t h e  charger ,  an a d d i t i o n a l  50-min o f  over-  
charge a t  7.5 t o  8  A w i l l  be ob ta ined  b e f o r e  t h e  charyer  again  shu ts  down 
a u t o m a t i c a l l y .  

The curves  o f  F i g u r e  5-3 were p l o t t e d  based on da ta  i n  Columns 3, 4, and 5  
o f  Table  4-1 f o r  a l l  t e s t s .  The s o l i d - l i n e  cu rves  rep resen t  da ta  f o r  t h e  
f i r s t  t e s t  s e r i e s  (Tes t s  11 th rough  16),  whereas t h e  dashed- l i ne  cu rves  app l y  
t o  Tests  18 t h rough  21. ( I t  w i l l  be no ted  t h a t  t h e  l a t t e r  t e s t s  produced data 
p o i n t s  w i t h  l e s s  s c a t t e r . )  I n  F i g u r e  5-3(a) ,  t h e  h i g h - r a t e  charge t i m e  i s  
p l o t t e d  as a  f u n c t i o n  o f  t h e  t o t a l  number o f  Ah a p p l i e d  th roughou t  t h e  e n t i r e  
charge schedul e. The t r e n d  shows a  general  l y  1  i n e a r  re1 a t i o n s h i  p  between 
t h e  two w i t h  a  s lope  o f  approx imate ly  1 h  o f  h i g h - r a t e  charge t i m e  f o r  each 
50 Ah o f  u l t i m a t e  recharge. Thus, t h e  t ime  r e q u i r e d  t o  recharge t o  124 V i s  
c l o s e l y  r e p r e s e n t a t i v e  o f  t h e  i n i  t i  a1 DoD. I n  F i g u r e  5-3(b) ,  t h e  taper-charge 
t i m e  i s  n o t  d i  r e c t l y  r e l a t e d  t o  t h e  h i g h - r a t e  charge t ime,  d? spl ayl ng an o f f -  
s e t  o f  app rox ima te l y  1  t o  1.5 h  f o l l owed  by  a  r a t h e r  non - l i nea r  r e l a t i o n s h i p  
t o  h i g h - r a t e  charge t ime.  S i m i l a r l y ,  F i gu re  5 -3 (c )  shows t h e  f i n i s h i n g  r a t e  
t i m e  t o  have a 1 t o  2  h  o f f s e t  b e f o r e  r e f l e c t i n g  a  n e a r - l i n e a r  r e l a t i o n s h i  
t o  t h e  h i g h - r a t e  charge t ime.  I n t e r p r e t a t i o n  o f  these  curves i s  i n  genera P 
agreement w i t h  t h e  i n f o r m a t i o n  p rov ided  by Les te r  t h a t  t h e  charge r a t e s  
and t e r m i n a t i o n  c r i t e r i a  f o r  t h e  t a p e r  and f i n i s h i n g  modes, r e s p e c t i v e l y ,  
a r e  based on t e r m i n a l  v o l t a g e  and t h e  r a t e  o f  change o f  t e r m i n a l  vo l tage.  

B. EFFICIENCIES 

F i g u r e  5-4 shows an IDAC p l o t  o f  charger  e f f i c i e n c y  over  a  complete 
charge c y c l e  w i t h  t h e  b a t t e r y  i n i t i a l l y  a t  100% DoD. Superimposed on t h e  
e f f i c i e n c y  graph a r e  cu rves  o f  b a t t e r y  v o l t a g e  and charge cu r ren t .  Depen- 
denc ies  o f  charger  e f f i c i e n c y  on 1  oad vo l t age  and c u r r e n t  a r e  d i  s ce rn i  b l e  i n  
t h e  p l o t s ,  as  evidenced by  t h e  r i s e  i n  e f f i c i e n c y  as  t h e  b a t t e r y  t e rm ina l  
v o l t a g e  c l imbs  d u r i n g  t h e  h i g h - r a t e  and e a r l y  taper -charge  modes arid by t h e  
d e c l i n e  i n  e f f i c i e n c y  as  t h e  c u r r e n t  fa1 1s be1 ow approx imate ly  23 A d u r i n g  
t h e  t a p e r  and f i n i  s h i  ng-charge modes. The s e n s i t i v i t y  o f  e f f i c i e n c y  t o  
b a t t e r y  v o l t a g e  i s  a1 so e v i d e n t  d u r i n g  t h e  f i n i s h i n g - c h a r g e  mode when t h e  
charger  e f f i c i e n c y  i nc reases  s l i g h t l y  a long w i t h  t h e  s l i g h t  r i s e  i n  t e r m i n a l  
vo l t age .  An excep t i on  t o  these obse rva t i ons  w i l l  be noted a t  t h e  beyinr i i r ly  
o f  charge when t h e  charger  e f f i c i e n c y  decreases s l  i g h t l y  even as t h e  b a t t e r y  
v o l t a g e  i s  i nc reas ing .  Th i s  may b e  due t o  a  thermal e f f e c t  i n  t h e  charyer  
c i r c u i t r y  d u r i n g  t h e  i n i t i a l  warm-up per iod.  

These dependencies a r e  i l l u s t r a t e d  more c l e a r l y  i n  t h e  p l o t s  o f  F i gu re  
5-5. F i g u r e  5-5(a)  shows t h e  d i r e c t  e f f e c t  o f  b a t t e r y  vo l t age  on charger 
e f f i c i e n c y  a t  t h e  h i g h - r a t e  c u r r e n t  s e t t i n g  ( 3 1  t o  32 A) and f i n i s h i n g  r a t e  
(7.5 A),  and a1 so i n d i c a t e s  t h e  i n v e r s e  r e l a t i o n s h i p  between e f f i c i e n c y  and 
l oad  cu r ren t .  It w i l l  be noted t h a t  t h e  s e n s i t i v i t y  o f  e f f i c i e n c y  t o  v o l t a g e  
i s  g r e a t e r  a t  h i gh - l oad  c u r r e n t s  t han  a t  l ow- load  cu r ren t s .  Using t h e  two 
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c u r r e n t s  as a  base and assuming t h a t  a  l i n e a r  dependence e x i s t s  between 
charger  e f f i c i e n c y  and 1  oad c u r r e n t ,  t h e  s e n s i t i v i t y  o f  charger  e f f i c i e n c y  
t o  l o a d  c u r r e n t  can be c a l c u l a t e d  as -0.23%/A. The i n d i v i d u a l  e f f e c t s  o f  
l o a d  c u r r e n t  a r e  somewhat obscured i n  t h e  cu rve  o f  F i g u r e  5-5(b) ,  which i s  a  
p l o t  o f  charger  e f f i c i e n c y  as  a  f u n c t i o n  o f  b a t t e r y  charge power. 

F i g u r e  5-6 shows t h e  n e t  e f f e c t s  o f  these  parameters on average b a t t e r y  
and charger  e f f i c i e n c i e s  f o r  a1 1  t es t s .  These curves cover  t h e  range o f  
i n i t i a l  DoD s t a t e s  f rom 20 t o  100%. As i n  F i gu re  5-3, t h e  s o l i d - l i n e  p l o t s  
r ep resen t  da ta  from t h e  f i r s t  t e s t  s e r i e s  (Tes ts  11 th rough  16) whereas t h e  
dashed l i n e  cu rves  a re  f o r  Tests 18 th rough  21. The b a t t e r y  Ah e f f i c i e n c y  
cu rves  o f  F igure -  5 -6 (a )  show t h e  canbined e f f e c t s  o f  b a t t e r y  coulombic 
e f f i c i e n c y  and overcharg i  ng on o v e r a l l  b a t t e r y  charge d i  scharge e f f i c i e n c y .  
Because an o p t i r n a l . 1 ~  charged l ead -ac i d  c e l l .  w i l l  no rma l l y  e x h i b i t  a  coulombic 
e f f i c i e n c y  o f  97 t o  99% (Reference 3 ) ,  most o f  t h e  Ah e f f i c i e n c y  degrada t ion  
represen ted  by t h e  cu r ves  o f  F i g u r e  5-6(a)  i s  i n t e r p r e t e d  as t h e  e f f e c t s  o f  

F i g u r e  5-4. Ins tantaneous Charger E f f i c i  ency Dur i  ng Typ lca l  
Charge Cyc le  (Tes t  No. 1 9 )  
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overcharge. Overcharging serves two purposes i n  a m u l t i - b a t t e r y  s t  r ing :  ( 1  ) 
t o  ensure t h a t  t h e  weaker c e l l s  are brought up t o  a f u l l  SoC each recharge 
and ( 2 )  t o  reduce e l e c t r o l y t e  s t r a t i f i c a t i o n  by a g i t a t i o n  produced i n  t h e  
gas evo lu t i on  process. Although t h e  curves show a reasonable degree o f  
overcharge when t h e  b a t t e r i e s  a re  f u l l y  charged from a- heav i l y  discharged 
i n i t i a l  s ta te ,  t h e  degree o f  overcharge f o r  o n l y  1 i g h t l y  discharged b a t t e r i e s  
appears t o  be excessive. The b a t t e r y  Watt-hour (Wh) e f f i c i e n c y ,  graphed i n  
t h e  lower p o r t i o n  o f  F igure  5-6(a), i s  based on data f o r  on ly  t h r e e  measure- 
ments made dur ing  Tests 19, 20, and 21. This curve appears t o  be cons is tent  
w i th  expectat ions, consider ing t h e  ex tent  o f  overcharge evidenced by t h e  
Ah e f f i c i e n c y  curves. I nd i v idua l  lead-acid b a t t e r i e s  normal ly  e x h i b i t  Wh 
e f f i c i e n c i e s  from 80 t o  85% when optimal l y  charged (Reference 3). These data 
would i n d i c a t e  optimum Wh e f f i c i e n c i e s  from 75 t o  80% when adjusted f o r  
overcharge e f f e c t s  needed t o  avoid s t r a t i f i c a t i o n  i n  m u l t i  -ba t te ry  s t r i ngs .  

Charge-cycle energy e f f i c i e n c i e s  o f  t h e  charger f o r  charges ranging from 
20 t o  100% o f  t h e  maximum b a t t e r y  capac i ty  are shown i n  F igure  5-6(b). These 
curves i n t e g r a t e  t h e  instantaneous e f f e c t s  o f  1 oad cur rent  and vol tage on 
charger e f f i c i e n c y  throughout complete charge cycles. This f i g u r e  shows t h a t  
t h e  ne t  charger e f f i c i e n c y  i s  re1 a t i v e l y  independent o f  i n i t i a l  b a t t e r y  SoC, 
i n d i c a t i n g  o n l y  a s l i g h t  degradation i n  o v e r a l l  e f f i c i e n c y  f o r  very l i g h t  
charges. Th is  e f f e c t  i s  probably due t o  the  f a c t  t h a t  t h e  lower  e f f i c i e n c y  
f i n i s h i n g  charge r a t e  represents a l a r g e r  f r a c t i o h  o f  t h e  t o t a l  charge energy 
dur ing  l i g h t  charges. 

C. CHARGER WAVEFORMS 

Typical i npu t  and output vol tage and cu r ren t  waveforms a r e  shown i n  
F igu re  5-7 f o r  charger operat ion i n  t h e  h igh-  and f i n i s h i n g - r a t e  charge modes. 
The h igh-rate charge o s c i l  1 oscope photographs we re taken a t  approximately t h e  
60% DoD 1 eve1 a f t e r  a 20% recharge f o l  1 owing an 80% d i  scha rge. The f i n i  sh i  ng- 
r a t e  charge t races  were obtained a t  nea r l y  t h e  100% s t a t e  o f  charge l e v e l  
a f t e r  an 80% recharge f o l 1  owing an 80% d i  scha rge. The phase 1 ag , assymetr ical 
leading and t r a i l i n g  slopes, and t u r n o f f  overshoot observed i n  t h e  i npu t -  
cur rent  waveforms are i n d i c a t i v e  o f  an induct ive- load component, r e s u l t i n g  
from t h e  r e l a t i v e l y  h igh  leakage reactance and/or poor coupl ing i n  t h e  
charger 's i s o l a t i o n  transformer. The f a c t  t h a t  t h e r e  are  no o t h e r  reac t i ve  
components shown i n  t h e  manufacturer's c i r c u i t  diagram (A pendix A) and 
t h e i r  statement t h a t  t h e  t ransformer 's  gap was increasedP supports t h e  
aforementioned hypothesis. The t r a n s i e n t s  observed i n  t h e  i n p u t  vol tage 

l ~ e s t e r  personnel i nd i ca ted  t h a t  t h e  gap between t h e  i s o l a t i o n  t rans former  
windings was increased f o r  two reasons: (1 )  t o  e f f e c t  a cu r ren t  l i m i t  by 
decreasing t h e  coup l ing  and (2) t o  enhance t h e  a b i l i t y  t o  vary vol tage over 
t h e  range needed t o  accommodate e l  ec t  r o l y t e  temperature compensation. Tem- 
perature compensation was not  inc luded i n  JPL's charger due t o  d e l i v e r y  t ime 
cons t ra in ts  t o  t h e  v e h i c l e  manufacturer. 
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waveform a t  c u r r e n t  t u r n  on c o u l d  be a  cause o f  conducted o r  l o c a l  r ad i a ted  
no i se  i n  t h e  v i c i n i t y  o f  t h e  charger.  The frequency o f  t h e  t r a n s i e n t  i s  
approx imate ly  2000 Hz, and i t  decays i n  two t o  t h r e e  cyc les .  

The ou tpu t  vo l t age  waveform i n  t h e  h i g h - r a t e  charge mode shows about a  
5-V ins tan taneous  excu rs i on  a t  t h e  peak c u r r e n t  o f  90 A, i n d i c a t i n g  t h a t  t h e  
b a t t e r y  i n t e r n a l  r es i s t ance  a t  t h i s  l e v e l  i s  approx imate ly  55 mR. The average 
b a t t e r y  t e rm ina l  vo l t age  a t  t h i s  SoC i s  122 V a t  an average dc charye c u r r e n t  
of approx imate ly  30 A. The c u r r e n t  waveform i s  c h a r a c t e r i z e d  by  assyme t r i ca l  
l ead ing  and t r a i l i n g  s lopes i n d i c a t i v e  o f  an i n d u c t i v e  source; and, a s  would 
be expected, t h e r e  a r e  no t r a n s i e n t s  i n  t h e  t u r n - o f f  reg ion.  The ou tpu t  
t r a c e s  o f  t h e  f i n i s h i n g - r a t e  charge mode a r e  p r e d i c t a b l e ,  showing a  s h o r t e r  
cu r ren t -conduc t ion  angle ,  l o w e r  peak c u r r e n t ,  and a  h i g h e r  b a t t e r y - t e r m i n a l  
vo l t age  t h a t  i s  approx imate ly  143 V a t  t h e  8-A charge ra te .  The coarse 
r e s o l u t i o n  o f  t h e  t r a c e s  does no t  pe rm i t  a  reasonable e s t i m a t e  o f  t h e  b a t t e r y  
i n t e r n a l  r es i s t ance  a t  t h i s  1  ower charg ing  c u r r e n t .  

Except f o r  d i f f e r e n t  vo l t age  and c u r r e n t  l e v e l s ,  o s c i l l  oscope t r a c e s  
t aken  d u r i n g  t h e  t a p e r  charge mode were c o n s i s t e n t  w i t h  those  shown i n  F i g u r e  
5-7 f o r  t h e  h i g h - r a t e  and f i n i s h i n g - r a t e  charge modes. A d d i t i o n a l  osc i11  o- 
scope t r a c e s  a re .  p rov ided  i n  Appendix A. 



SECTION V I  

CONCLUSIONS AND RECOMMENDATIONS 

A. CONCLUSIONS 

The Les te r  charger  performed we l l  and c o n s i s t e n t l y  d u r i n g  t e s t i n g .  A f t e r  
an i n i t i a l  f a i l u r e  problem, which was q u i c k l y  r e p a i r e d  by Les te r ,  t h e  charger  
operated re1 i a b l y  f o r  more than 2  years. The f o l l  owi ng conc lus ions  were 
d e r i v e d  from t h i  s  t e s t  program: 

( 1 )  A l though t h e  Les te r  charge a l g o r i t h m  cou ld  n o t  be cons idered "so- 
ph i  s t i c a t e d , "  i t  i s  a  cons iderab le  improvement over any cornmerci a1 l y  
a v a i l a b l e  charge c o n t r o l s  known t o  t h e  au tho rs  t o  date. 

( 2 )   he charger  i t se l  f i s reasonably  e f f i c i e n t  . A1 t hough o t h e r ,  rnore 
e f f i c i e n t ,  chargers  a r e  canmerc i a l l y  a v a i l a b l e ,  t h e i r  l a c k  o f  
a  p r e c i s e  charge a l g o r i t h m  can r e s u l t  i n  a  much poorer  o v e r a l l  
b a t t e r y l c h a r g e r  e f f i c i e n c y .  Ove ra l l  e f f i c i e n c y  f rom t h e  " w a l l  " i s 
determined by  t h e  product  o f  charger  and b a t t e r y  th roughpu t  e f f i c i -  
ency. Therefore,  b o t h  must be cons idered  when eva l  u a t i  ng charger  
e f f i c i e n c y .  

( 3 )  Dur ing c o n d i t i o n s  o f  sha l low d ischarge ,  t h e  combined charger  and 
b a t t e r y  e f f i c i e n c i e s  decrease because o f  t h e  f i x e d ,  50-min p e r i o d  
a t  t h e  end o f  charge. I n  o t h e r  words, charger  and b a t t e r y  through-  
pu t  e f f i c i e n c y  would b o t h  be enhanced i f  t h e  p e r i o d  o f  t h e  f i n i s h  
charger  was a  f u n c t i o n  o f  DoD when charge i s  i n i t i a t e d .  

( 4 )  The l a c k  o f  e l e c t r o l y t e  temperature canpensat ion w i l l  i m p a i r  t h e  
q u a l i t y  and e f f i c i e n c y  o f  r e c t ~ d r g e  when b a t t e r y  tempera tu re  d e v i a t e s  
from t h e  nominal 27OC (80°F) f o r  which t h e  charge a l g o r i t h n ~  was 
developed. It i s  pos tu l a ted  t h a t ,  when temperature i s  above approx- 
i m a t e l y  46°C (1  15OF), b a t t e r y  v o l t a g e  w i l l  no t  r i s e  t o  t h e  124-V 
1  i d  a t  which c u r r e n t  t a p e r i n g  i s  i n i t i a t e d .  Therefore,  cha rg i ng  
would con t i nue  a t  t h e  h i g h  32-A r a t e  u n t i l  t h e  dv /d t  charge t e n i -  
n a t i o n  c r i t e r i o n  i s  s a t i s f i e d .  The o p p o s i t e  problem w i l l  occur a t  
c o l d e r  b a t t e r y  temperatures.  The charger  w i  11 sense a h i y t~e r .  
v o l t a g e  p rematu re ly  and go t o  t h e  l o w - c u r r e n t  charge e a r l i e r  t h a n  
requ i red .  Both o f  these  t empe ra tu re - re l a ted  cha rg i  ng p rob l  ems a r e  
de t r imen ta l  t o  t h e  b a t t e r y ' s  l i f e  and/or performance. 

( 5 )  The techn ique  o f  reduc ing  t h e  i s o l a t i o n  t r a n s f o r m e r ' s  f l u x  by  i n -  
c reas ing  the  w ind ing  gap i s  an i n e f f i c i e n t  method t o  ach ieve  c u r r e n t  
l i m i t i n g .  

B. RECOMMENDATIONS 

The o b j e c t i v e s  o f  t h e  t e s t  program were n o t  f u l l y  s a t i s f i e d  because t h e  
e f f e c t  o f  b a t t e r y  tempera tu re  on b a t t e r y  charge/d ischarge and charger  e f f i c -  



i ency was n o t  i n v e s t i g a t e d  . However, t h e  f o l  1  owi ng recommendations a r e  
v a l  i d  u n t i l  a d d i t i o n a l  t e s t i  ng , a t  d i  f f e r e n t  temperatures,  proves o therw i  se: 

( 1  ) Charge a1 g o r i  thms, spec i  f i c a l  l y  f o r  l ead -ac i d  b a t t e r i e s ,  must com- 
pensate f o r  b a t t e r y  temperature un less t h e i r  temperature i s con- 
t r o l  l e d  t o  a  s p e c i f i c  value. Unless recharge i s  compensated, t h e  
b a t t e r y  would p robab ly  be overcharged o r  undercharged. I n  e i t h e r  
case, b a t t e r y  performance, 1  i fe ,  and/or  ma in ta inance  w i  11 s u f f e r .  

( 2 )  Some cha rg i ng  t e s t i n g  should  be performed a t  e l eva ted  and reduced 
b a t t e r y  tempera tu res  t o  q u a n t i f y  t h e  s e v e r i t y  o f  t h e  problem f o r  
t h i s  p a r t i c u l a r  charge a lgor i thm.  

( 3 )  L e s t e r  c o u l d  i n v e s t i g a t e  an improved des ign  f o r  t h e  cha rge r ' s  
i s o l a t i o n  t rans fo rmer .  The coup1 i ng e f f i c i e n c y  and power f a c t o r  
can b n t h  he ~ n h a n c e d ,  t h e r e b y  improv ing charger  thraughpl r t  e f f i ~ -  
i ency. 

( 4 )  In g e n ~ r a l  , t h e  whole area o f  b a t t e r y  cha rq i nq  needs anre i t l . l . r r ~ l : i r ~ n ,  
Improper c h a r g i n g  (e.g., no temperature compensation, e tc . )  appears 
t o  be one o f  t h e  l a r g e r  parameters caus ing t h e  b a t t e r y  problems 
wi tnessed by t h e  f V  s i t e  ope ra to r s  ( i  .e., s h o r t  b a t t e r y  l i f e  and 
excess ive  maintenance) ,  y e t  1  i tt l e i s  be ing  done t o  remedy t h e  
p rob l  em(s). For i ns tance ,  L e s t e r ' s  e a r l y  a t tempt  t o  i n c l  ude t e n -  
p e r a t u r e  compensation was f r u s t r a t e d  by a  l a c k  o f  da ta  from t h e  
b a t t e r y  manufacturer .  Even though t h e  charger  d i  scussed i n  t h i  s  
r e p o r t  r ep resen t s  some answers t o  t h e  charg ing  problems, much 
remains t o  be done. Cons ider ing  t h e  r e l a t i v e  b e n e f i t s  o f  deve lop ing 
improved ~ l ~ d r . y t !  d l  y o r i t h m s  versus t h e  c o s t  o f  devel  opment, charge 
a1 g o r i  thm devel  opment would be a c o s t - e f f e c t i v e  and wor thwh i le  
e f f o r t .  
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APPENDIX A 

DATA SUMMARY OF TESTS ON THE LESTER CHARGER 
WITH EXIDE BATTERIES 

7/14/81 - Charge C y c l e  No. 11 - 100% DoD 

ABO - 1 51.25 85.96% B a t t e r y  E f f i c i e n c y  
AB I R  -ix% 
EB I R - 22.562 81.61% Charger E f f i c i e n c y  
EBC I R  7YX'n 

B a t t e r y  Temperatures - 84", 85", 85" a t  s t a r t  o f  charge - 104", 113O, 105" a t  end o f  charge 

7/14/81 - Charge C y c l e  No. 12 - 80% DoD 

ABO - 120.21 86.13% B a t t e r y  E f f i c i e n c y  
AB I R  -i-xT 
EBIR 22.582 
EBCIR 777x3 

81.96% Charger E f f i c i e n c y  

B a t t e r y  Temperatures - 88", 90°, 85" a t  s t a r t  o f  charge - 105", 114", 1 0 6 " a t  end o f  charge 

7/14/81 - Charge C y c l e  No. 1 3  - 60% Doll 

ABO - 91.57 86.13% B a t t e r y  E f f i c i e n c y  
AB I R  -im.iin 

EBIR 18.037 82.1% Charger E f f i c i e n c y  
EBC I R  T=T!m 

Bdtt;ttr..y Te~; iperatures - 91°, 99", 94" a t  s t a r t  o f  charge - 105O, 1 15O, 105' a t  end o f  charge 

7/14/81 - Charge C y c l e  No. 14 -< 60% DoD 

ABO 90.00 84.95% B a t t e r y  E f f i c i e n c y  
ABIR - l T E - E  

EBIR 14.232 82,283 Charger E f f i c i e n c y  
EBC I R  l Y 2 ? R  

B a t t e r y  Temperatures - 88O, 95", 91" a t  s t a r t  o f  charge - 101°, l o g 0 ,  1 0 Z O a t  end o f  charge 



DATA SUMMARY (Cont ' d. ) 

7/14/81 - Charge Cyc le  No. 15 - 40% DoD 

ABO - 
AB I R  

80.55% B a t t e r y  E f f i c i e n c y  

EB I R 9.973 81.71% Charger E f f i c i e n c y  
EBC I R  r2.206 

B a t t e r y  Temperatures - 80°, 80°, 80" a t  s t a r t  o f  charge 
- 96", 101°, 96" a t  end o f  charge 

7/14/81 - Charge Cycle No. 16 - 2Q"/,oD 

83.80% B a t t e r y  E f f i c i e n c y  

EBIR 4.80 80.00% Charger E f f i c i e n c y  
EBCIR --Em 
B a t t e r y  Temperatures - 80°, 85', 81" a t  s t a r t  o f  charge 

- 88", 95", 90" a t  end o f  charge 

7/14/81 - Discharge #17, Charge #18 - 80% D O D ~  

84.55% Da t te r y  E f f i c i e n c y  

EBIR 18.390 81.74% Charger E f f i c i e n c y  
EBC I R  -z?z!n 
B a t t e r y  Temperatures - 84O, 91°, 86" a t  s t a r t  o f  charge 

102", 11 1 ", 102" a t  end o f  charge 

7/21 J81 - Discharge #17, Charge #19 - 100% Do0 

ABO - 150.00 
AB I R  l'Em 

85.283 B a t t e r y  E f f i c i e n c y  

EBIH 22.5 I U 81.56% Charger E f f i c i e n c y  
EBC I R  -7xm'r 
EBO - 15.418 68.49% B a t t e r y  Energy E f f i c i e n c y  
EB I R  -7-m-m 

~ a t t e r ~ : ~ e m ~ e r a t u r e s  - 84O, 85O, 85" a t  s t a r t  o f  charge 
103", 112", 103" a t  end o f  charge 

1 Note: Charger te rmina ted  charg ing prematurely.  



DATA SUMMARY (Cont ' d. ) 

7/22/81 - Discharge #19, Charge #20 - 40% DoD 

ABO - 60.00 
AR I R  -7Tm 

78.39% B a t t e r y  E f f i c i e n c y  

EB I R 10.187 81.48% Charger E f f i c i e n c y  
EBC I R  12.502 

EBO - 6.320 62.03% B a t t e r y  Energy E f f i c i e n c y  
EBIR r0.78-9 

B a t t e r y  Temperatures - 78", 81°, 79" a t  s t a r t  o f  charge 
95", 9g0, 95' a t  end o f  charge 

7/22/81 - Discharge #20, Charge #21 - 20% DoD 

ABO - 30.00 67.72% B a t t e r y  E f f i c i e n c y  
AB I R  44.30 

EBIR 6.050 78.92% Charger E f f i c i e n c y  
EBC I R  1.666 

E BO - 3.25 53.72% B a t t e r y  Energy E f f i c i e n c y  
EB I R  6.05 

B a t t e r y  Temperatures - 80°, 85", 81° a t  s t a r t  o f  charge - 8g0, 95", 90" a t  end o f  charge 



APPENDIX B 

CALCULATED DATA: CHARGER AND BATTERY THROUGHPUT EFFICIENCIES 

Table. B-1. Data Log Summary: Recharge E f f i c i e n c i e s  from Var ious 
Depths o f  Discharge 

Charger Energy B a t t e r y  Throughput 
Depth o f  Di scharge, E f f i c i e n c y ,  E f f i c i e n c y ,  

% X % 
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F i g u r e  C-1. Charge C h a r a c t e r i s t i c s  f o r  Tes ts  1 2  and 13 
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F i g u r e  C-2. Charge C h a r a c t e r i s t i c s  f o r  Test:. 1 4  and 15 
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CHARGE TIM,€, h 

F i g u r e  C-4. Charge Cha,ra= t e r i  s t i  

60-0 
0 2 4 6 8 10 

CHARGE TIME, h 

c s  f o r  Tes ts  18 and i 9  
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F i g u r e  C-5. Charge C h a r a c t e r i s t i c s  f o r  Tes ts  20 and 21 
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TIME, ms 

PUllOUE EHVSDL CHLLROER DATA 

CHARQEU' Manufacturer 
Model 
Serial Number 

Lester Nominal Output Voltage 
9865 Nominal Input Voltage 
373 Input Test Voltage 

BATTERY Ua~ufacturer 
Mod. l 
l e s t  SOC 0 

LOAD CURRENT, 8 A 

T AC 'IOI.TAGE L---- AC ClJRRENT I. 
I 

l ~ a r n o n i c  F r~q~Mrgn i t uee l  X 0 4  Phase I Magnitude I 7. O F  I Phase 1 Pha te  1 
I Number Hz Ir.3 JOltsl  Fund. :  degrees I -ns amps I Fund I degrees 1 d~fverence f 
b---b-l------ 9 ---- +. ------- + ---- 4--4 ------ + ----- -4 
I 1 1 601 207. 901100~00~ 0. 581 7 .  141 106. COI -17. 981 - 16. 5h I 
I 2 1 1 ~ 0 1  ::.XI 1.111 76.251 C. OBI 1,091 19. A01 -56. 45 1 

3 11801 1.701 0.921 -22,891 4. 961 6Y. 51 1 105. 361 128. 15 1 I 4 12401 o.191 0.091 -57.251 0.081 1. 181 98. 831 136. 09 I 
I 5 13001 5.061 2.431 1.031 2.751 3R. 481 -125.91 1 126. 94 1 
I 6 13601 0.271 0.131 40. 33 1 0.071 1. 001 14b. 171 179. 50 I 
1 7 1 4201 0. 551 D.261 -136.871 0. 771 10, 721 -0.401 136.47 I 
I 8 14601 0.121 0.061 -23.591 0. 02 1 0. L'91 168. 101 -168. 31 1 
1 9 15401 0 . 0 ~ 1  0.011 78. os 1 0.371 5.251 -37. 17 1 1 ' 5 . 2 ~  1 
I 10 16001 0.091 0.051 -45.181 0.02 1 G. 30 I -49.99 1 -4.80 I 
I 11 I 6601 0.401 0. 191 -11. 39) 0. 521 7.151 90.971 102.56 1 
1 12 17101 0. 101 0.031 -29.951 0.031 0. 421 25. 341 55.49 1 
1 13 17801 0.281 0. 141 31. 581 0. 111 1.601 -166t461 161.Q6 1 
I 14 18401 9.151 0.071 -35.761 0.001 0.061 24. 361 80. 12 I 
I I:, 1 9001  o.asl 0. 121 37.21 I 0.191 2 . 1  174.601 117.39 1 
1 1 6  ( % 0 1  0,131 0.061 -36.711 0.011 0.131 170.441 -132.83 1 
( 17 (10201 0.021 0.041 106.071 0, 181 2. 52) -53, 531 -159. 59 1 
1 1 8  110801 0. 191 0.091 -10.061 0.021 0.30( -38. 581 -28. 32 1 
1 1 9  (11401 0.101 0.051 36.481 0.061 0.8Zl 52.441 15.96 1 

n-osr 0.021 32.72 I 0.021 0. 261 -103. 131 -133.87 1 

1 TEST REStLTSi 

Exide 
EE-XU 

4-- - - - - a p - -  
; R * 5 z H i i  VOLTAOE = 208,11 1 1 
l kMS L I N €  CURRENT = 9 ,181  +---- ----- -------- ------- -I 
~PDWEF IN. MAX = 3814. 71  1 
~PDUER IN. MIN = -236. 46 I 
IPWER IN, PM = 1392.11 1 
I---------- -------- 4 
~ P o U E R ~ N ~ ~ O H Z  z1406.91 1 
IPOWER FACTOR e 60 HZ = o. 9s 1 
IVARS B 60 H: = 467. 32 ) +- -- - - - ------- --- - ---I 
IPOUFR 0111, M X  = 4987. 78 ( 
IPOUER Mlh i  = -1 35.9C ( 
(POWFIR OUT, 4VE 1178.80 I 
~EFFIC IENCY = 84.~681 
+--------------- ---I 
IBATTERY CURRENT, WX 33. 90 I 
IBATlERY CURRENT, m 8. 05 1 
lDATERY CURRENT, R l s  = 
+------------------ 
~ M A X  I/AVEI)ACE I 

16. &O-I 
= 4.21 1 

IRIPPLE VOLTME = B.- I 
l TOTAL )QUC)[MIC bIST. I 
I FOR LINE CURRENT = 80.80 1 
L---,---- ,---- d 

Figure E-1 . Waveform Data w i t h  Four ie r  Analysi s Measurements 
(Load Cur rent ,  8 A) 



0 1 2 3 4 5 6 7 8 9 1011 1213li1516 
TIME, ms 

PWWE E W S D L  CHAROER DATA 

C W - :  H a n u f a r  t u r e r  
H o d s  1 
S o r i a l  Numbfr 

L e r t o r  N o m i n a l  O u t p u t  V a l t a p c  I08 
WoS N o m l n a l  I n p u t  V o l t a ~ e  708 

31'3 Input T e s t  V o l t a g e  190 

BPlTLRY: HanuQac t u r e r  
M o d e l  
T e s t  SOC -75 

LOAD CURRENT, 25 A 

1 I I 
I ~ a r m o n i c ~ ~ r m ~ l R a ~ r ~ i t ~ d e l  X o f  I! P h a s e  I H a g n i t u d c  1 ; o f  I Phase I P h a s e  r 
1 Number 1 Hz lrrr v o l t s !  F o n d  I d e g r r c r  I r m s  amps I F u n d  I d c g - r e s  I d i f f e r r n ~ e  I 

E l ~ d o  
EE- IV  

v L  
--------I------ -- ----- 7 
IRMA +.IWE UOL.TAQE = 1 9 0 . 7 8  1 
I R ~ S  ! ~ N E  CURRENT 2 22 .59  1 
+------------------------- --I 
IPOUER IN. MAX =10642. '71 I 
IPOlJPR IN ,  B I N  = . A 58.32 I 
IPOWER IN. AVE = 3t.02. 3 7  1 
C ---------- - -------------- 4 

[POWER IN e 60 HI .: 3627. 02 1 
IWiJER FA'TOR @ 60 Hz : 0 .93  1 
IVARS F b0 HZ a 1410, 5 8  1 

I 

IPOWER 001. WAX = 8672. 16 1 
I W U E K  OUT* WIN - -93.72 1 
1 PoWEN OUT. AVE = 3102.29 1 
I F I F I C I E N C Y  = Bb.12 I 
I I 
(BATTERY CURRENT, M X  = 643.86 
(BATTERY CURRENT. AVE = 23.92 1 
IBhT lERY CURRENT* RM8 1 44.34 1 --------------- - 
Ira% XIAVERACE I = 2.73 1 
I R I P P L E  VOLTAQE - 81.67 I 
(TOTAL HARMONIC DISt. I 
I FOR LINE CURRENT = 47.07 1 
L ----- - - - - - - - - - - - a  

Figure E-2. Waveform Data w i th  Four ier  Analysis Measurements 
(Load Current, 25 A) 



0 1 2 C 4 5 6 7 8 9 10 111213 1415 16 
TIME, ms 

PURDUE EHVSDL CHAROER DATA 

C-: H a n u f  a c t u r e t  
Hod* 1 
6.r lo1 Number 

> L m s t e r  N o m i n a l  o u t p u t  v o l t a g e  108 
b 9869 N o m i n a l  I n p u t  ' / u l t a g e  208 

% 373 I n p u t  Trst V o l t a g *  230 
V 

3 BATTERY: H r n u P a c t u r e r  
A Model 
0 T e s t  SOC -125 

> 

LOAD CURRENT, 32 A 

I I 

r - J- ? ~ . r m o n i c ~ ~ r e ~ l H a g n ~ t u d r l  X o f  : Phase ; Y a g n l t u d r  : :. 0 4  : Phase I Phase 
I Number I Hz !rms vo.tst Fund 1 degrees : rms amps : F u ~ d  : 4sp:.res I d a f p e r u n c e  : 
+---I ---- I -------- I ------; ----------I ----------; -----; --------- 1 --------- I 
I 1 I 601 129. 591 1rN. 00: -0.461 25. 96:  100. 00 l -34. 7:' 1 -34. 26 1 
I ( 2  I 1201 2.671 1. 161 7 5 .  35 1 (3.231 0.57; 4.L11 -71.34 : 
1 3 1 1801 5. 161 2. 25: -34. 67 I 13.eil  73.2s: 69. 731 124.40 1 
1 4 ( 2 4 0 1  9,401 0.17: 30. 48 1 0. 13: 0 . 5 1 :  36.08 1 86. 55 : 
1 3 13001 i . 6 8 :  3.34: -7.59 1 1 .  76: 6. 7 8  1 179. 38: -173.03 : 
I 6 13601 0.301 0. 151 7.80 1 0.041 C. 168 -4. $1 l -12, 42 1 
I 7 14201  1.271 0. 56: -70.871 2.361 9.08; 98.11: 168.97 1 
: B 14801 2,271 0. 12: -10. 131 0. 06: 3.24: 40. .34 1 30.4' : 
1 9 15401 0.43: 0.19: 66.89 1 0.41i 1.81; -140.931 132.17  I 
I 10 1600f  0.20: 0.09: 19.49 : 0.031 0. 1 ' :  44.901 44.39 1 
I 11 I 660, 0.94; 0.411 -6. 38: 0.911 3.811 134.451 134,83 I 
I 12 17201 0.21: 0.091 -13.61: 0.06: 0.23: 51.87: 75. 17 1 
1 13 
I 14 1 El 0.29: 0. 13: -3. 71 1 0.121 C.47: -134.591 -130.98 I 

0.21 1 0.09: -20. 54 1 0.03: 0.11 1 30.50 t 71. 13 
I 15 1 9001 0.81: 0.35; 36.67 1 0.60: 2.31 1 la. 03: 109.39 1 
I 16 19601 0. 181 0. 081 -31.031 0.051 0.191 W.981 114.01 1 
1 1 7  IlOZOI 0.37: 0. 161 -5.30 1 0.03: 0.10; 130.951 136.2% ' 
I 18 110001 0.231 0.101 -39.24: 0.03: 0.131 119.731 138.98 i 
I IT 111401 0.951 0.411 64. 74: 0.38: 1.481 -164.47: 130.79 1 
I 2 0  llW( 0.131 0.061 -27.711 0.034 0. 101 f2.801 100.51 1 
L--d-4--------A-d-------4------4--3---L--------&-- - -2 

Exi4. 
EE-IV 

! rtlsi ntswrs; 
+------I ,,,,-,, & -,----,, 1 
:RMS L lYF VOLTAGl = 229. 93 1 
IRN5 L l N E  CURRENT = 29. 5 s  : 
I ----------- ---- --- ------- --- I 
IPOWER 7N. MI -1S?Q4.',b 
(POWER I N .  M f N  - -162. 76 1 
:FOWFR IN*  AVE = 4867. 44 ' 
I--- --------- - ---- - ------- 
IPOWER I N  Q 60 Hz 

i 
= 4923.62 1 

tPDWEk FAC7JR Q 60 Hz = 0.83 ; 
IVAFS B 60 Hz = 3315.3C I 
I------------------------- I 
IPOWER ol,r8 HAX =11%9. 31 I 
:POWER GiJT9 PlIN = -21.37 1 
:POWER OUT. 4VE = 4072. 7 7  1 
IEFFICIENCY = 83.1' : 
: - - --- - -- - -- - ------ - -----I 
IPATTERY CURRENT * MAX = 91.97 I 
lEATTERY CMRENTr AVE a 31. 90 I 
:BATlFRY CVRRENT, RC(8 57.87 f 

- - - - - - - - - 

IRAX I /AVERME 1 = 2.8B I 
f R I P P L E  VOLTAGE a 13.35 ) 
1TOTAL H A R M I C  DIBT I 
I FOR L I N E  CURREWf = 54.63 1 

Figure E-3. Waveform Data w i t h  Four ier  Analys is  Measurements 
(Load Current, 32 A)  



APPENDIX F 

OPERATION MANUAL, PARTS LIST, AND 
SCHEMATIC FOR MODEL 9865 LESTER CHARGER 

I n s t a l  l a t i o n  and Operati ng I n s t r u c t i o n s  
Lest ron ic  Bat te ry  Charger 

Model 9865 - Type 108EL32-8ET 
Input  : 11 5/208/230 Vac - 60 Hz 

Output: 108 Vdc, 32 A 
(With dc/dc converter  power, 1 15-Vac fan out put, 

and automatic s t a r t )  

Charger Location: Make c e r t a i n  t h a t  t h e  charger i s  located i n  t h e  v e h i c l e  so 
t h a t  a i r  f l ow  t o  t h e  charger fan i s  no t  r e s t r i c t e d .  A1 so, keep area 
around charger c lean so t h a t  no debr i s  can be p u l l e d  i n t o  the  charger. 

E l e c t r i c a l  I n s t a l l a t i o n :  This charger i s  normal ly  operated on one o f  t h e  
fo l l ow ing  60-Hz, single-phase inpu t  vol tages:  208 o r  230 V. 

Caution: It i s  imperat ive t h a t  t h e  i n t e r n a l  charger taps  be se t  t o  t h e  
proper vol tage range on which i t  w i l l  be operated. Severe damage t o  

' the charger and/or b a t t e r i e s  may occur i f t h e  charger i s operated on an 
improper vol tage se t t ing .  

Danger: Due t o  t h e  h igh  vo l tages involved, t h e  i n i t i a l  setup and serv ic -  
i n g  o f  t h e  charger should be performed o n l y  by q u a l i f i e d  personnel, and 
then on ly  w i t h  ac power turned o f f  and w i t h  t h e  dc cord disconnected 
from t h e  ba t te r i es .  

Input  Voltage Set t ings:  The charger i s  shipped from t h e  f a c t o r y  w i t h  t h e  
i n t e r n a l  charger t a p  set  f o r  220-240 V (230 V nominal ) operation. I f  t h e  
charger i s  t o  be operated f r a n  a 200 t o  220 V (208 V nominal) ac source, 
then change t h e  t a p  as fo l lows:  

Remove t h e  t o p  cover from t h e  charger. The i n t e r n a l  charger tap6 a r e  
on a three-connect ion b a r r i e r  s t r i p  located on t o p  o f  t h e  t rans-  
former assembly. Remove t h e  screw r e t a i n i n g  t h e  t a p  1 ead and p lace 
t h e  t a p  lead on t h e  208-V connection. 

For 115-Vac, 60-Hz, single-phase i n s t a l  l a t i o n :  Thi s charger may be oper- 
a ted f r a n  A 115-Vac source wi thout  any change requ i red  i n  t h e  i n t e r n a l  
charger t a p  connections. 

Note: The use o f  115-Vac inpu t  should be l i m i t e d  t o  emergency s i t u a t i o n s  and 
occasional charging when veh ic le  i s  no t  i n  use and a 208- o r  230-V i n p u t  
i s not a v a i l  able. Continual use o f  t h e  115-V i n p u t  w i  11 1 ead t o  under- 
charging o f  t h e  b a t t e r i e s ,  thus reducing performance and b a t t e r y  1 i fe. 



Caution: Automatic shu to f f  o f  the  charger w i l l  not  occur i n  115-V opera- 
t i on ,  and t h e  charger w i l l  continue t o  operate u n t i l  disconnected from 
the 11 5-V source a t  an output charging ra te  of approximately 6 A. The 
charger should not  be allowed t o  operate under t h i s  condi t ion f o r  more 
than 24 h continuously t o  prevent possible damage t o  the bat ter ies.  

Operation : 

A. P l  ug the 115-V fan and vane-swi t ch  connector i n t o  the fan and vane- 
swi t c h  receptacle. The fan and vane-swi t c h  cab1 e must be terminated 
a t  the cor rect  terminals on the vane switch and fan (see schematic). 

B. Plug the  dc/dc converter connector i n t o  t he  dc/dc converter recepta- 
c le.  The dc/dc converter cable must be terminated a t  the correct  
termina ls  o f  the  converter (see schematic). 

C. Plus the  108-V ba t t e r y  c o n n ~ c t n r  i n t n  the 108-V receptacle. 

D Plug appropr iate ac cord i n t o  proper charger receptacle. 

Caution: lo pro tect  against shock hazards, connect ac cord only t o  
proper ly grounded out lets.  

Caution: When i nse r t i ng  the  plug i n t o  the receptacle on t h e  vehicle, 
be sure t o  t w i s t  the plug clockwise u n t i l  i t  i s  f i r m l y  
locked i n  place. I f  not, t he  elements o f  the  connector 
may overheat, causing permanent damage t o  the  plug and 
receptacl e. 

E, PI ug ac cord i n t o  60-llt, ac out1 et. Ct~dr-yets w i l l  s t a r t  Immediately. 

Note: Vane switch must c lose w i th in  10 s a f t e r  the  charger s t a r t s  and 
remain closed during the normal operation o f  the charger. 

F. Monitor ammeter f o r  co r rec t  charge rate. When operating from a 208- 
o r  230-V inpu t ,  the  i n i t i a l  charge r a t e  w i l l  be approximatly 32 A. 
The c h a r g ~  r a t e  w i l l  gradual ly  taper t o  a f i n i s h  r a t e  o f  approxi- 
mately 8 A. 

When operating from a 115-V input ,  t he  i n i t i a l  charge r a t e  w i l l  he 
approx5mately 6 A and w i l l  remain i n  t h i s  range u n t i l  t he  charger i s  
shut a f f  by d i  scann~c t ing  i t  frw the  ac source. 

G. Monitor Fans. Both t h e  charger-mounted fan and t he  ha t te ry  canpart- 
ment fan must be operating whi le  the charger i s  on, and the fan 
should continue t o  operate t o r  a period o f  1 h a f t e r  the  charger 
shuts o f f .  

He Charger t u rns  o f f  automat ical ly  when ba t t e r i es  are  f u l l y  charged 
(when operated from a 208- o r  230-V ac source). 



Caution: When operat ing from a 115-V ac source, shut o f f  t h e  charger 
manual ly b y  d i  sconnecting i t  from the  ac source. 

Caution: Do not  remove dc cord from b a t t e r i e s  when charger i s  on. 
I f  charge c y c l e  must be i n te r rup ted ,  disconnect ac cord 
before  removing dc cord. 

I. Charge Time. When operat ing from a 208/230 Vac inpu t ,  t h e  charger 
r e q u i r e s  8 t o  10 h under normal cond i t ions  t o  p roper l y  recharge t h e  
ba t te r i es .  Cold b a t t e r i e s  (below 50°F) o r  new b a t t e r i e s  w i l l  r equ i re  
more t ime t o  achieve f u l l  charge. 

Caution: When operat ing from a 115 Vac source, do no t  a l l o w  t h e  
charge t ime t o  exceed 24 h. 

3. F u l l  Charge Test. (2081230-V i n p u t  operat ion).  To t e s t  f o r  f u l l  
charge on b a t t e r i e s ,  push " s t a r t "  button, Charge r a t e  should drop 
t o  8 A and shut o f f  w i t h i n  45 t o  90 min (new o r  c o l d  b a t t e r i e s  w i l l  
r e q u i r e  a longer per iod o f  t ime). 

K. Charger Overheats. I f  t h e  i n t e r n a l  temperature o f  t h e  charger 
becomes too  hot,  t h e  charger w i l l  au tomat ica l ly  shut o f f  and t h e  red 
"over temperature" l i g h t  on the  f r o n t  panel w i l l  glow. The fans 
w i l l  cont inue t o  aperate f o r  approximately 1 h a f t e r  shutdown. To 
resume charging, t h e  "temperature rese t "  bu t ton  must be depressed and 
t h e  charger res tar ted .  

L. A f t e r  the  complet ion o f  a normal b a t t e r y  charge, t h e  charger may be 
r e s t a r t e d  by pushing t h e  " s t a r t "  bu t ton  ( i f  t h e  charger i s  s t i l l  
connected t o  t h e  b a t t e r i e s  and the  ac source) o r  by removing and 
r e i n s e r t i n g  t h e  ac cord i n t o  t h e  60-Hz, ac source. 

Fuse Replacement: When rep lac ing  a fuse i n  t h e  charger, always use the  same 
type of fuse spec i f i ed ;  otherwise, t h e  charger o r  o ther  w i r i n g  could be 
ex tens ive ly  damaged. 



Table F-1 . Rep1 acement Parts L i  s t  Lestronic Battery chargera 

Bart  Number Descr ipt ion 

Case, Complete 
Transformer 
Heat Sink Assembly w/SCR 
SCR Assembly w / l  ead 
Ammeter, 0-50 A 
Capaci tor ,  20 Mfd. 
Shunt, E lec t ron ic  
Relay, 110 Vdc 
Rclily, 12 Vdc 
Fuse Block f o r  ac Fuses, 1 Pole 
End Barr ier ,  f o r  Fuse BTock 
ruse, FNW-30 
Fuse, FNW-20 
Fuse Base f o r  Bussrnan Fuse 
Fuse, ANN-60 
Control Cable Assembly 
Receptacle Assembly, 6-Pi n Receptacl e 
Receptacle Assembly, 15-Pin Receptacle 
Lamp Assembly, Red 
Fuse Holder, Cartr idge Type f o r  12 Vdc 
Fuse AGC-1 
Fuse A N - 2  
Fuse ABC-3 
E lect ron ic  Control Board, 108 Vdc 
Fl  ectrnnic Control Board, Fans, and Vane Switch 
Switch, Pushbutton 
Tap S t r i p  
Recept ac l  e Assembly , dc 
Receptacle Assembly, ac 
Extension Cord, 115 Vac 
Extension Cord, 230 Vac 
Receptacle, Charger t o  Vehicle 
Cordset, dc (Battery t o  Charger) 
Relay, 120 Vac 

a Model 9865 - Type 108EL32-8ET 
Inu t  : 115/208/230 Vac - 60 Hz 
Output : 108 Vdc, 32 A 
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