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Execut ive B r i e f  

Con t rac t  No. 955782 was a  research c o n t r a c t  performed by Goul d, Inc. 

f o r  t h e  J e t  Propul  s i on  Laboratory ,  Cal i f o r n i a  I n s t i t u t e  o f  Technology. It was 

sponsored by t h e  U.S. Department o f  Energy through an agreement w i t h  t h e  

Nat iona l  Aeronaut ics and Space Adm in i s t r a t i on .  The o b j e c t i v e  was t o  des ign,  

f ab r i ca te ,  t e s t  and d e l i v e r  a  s t a te -o f - t he -a r t  B a t t e r y  Charger and S ta te -o f -  

Charge I n d i c a t o r  (BCISCI) f o r  use i n  e l e c t r i c a l  l y  powered veh i c l es .  The 

BC/SCI system was designed w i t h  p r imary  emphasis on a t t a i n i n g  90 percen t  o r  

b e t t e r  o v e r a l l  energy. e f f i c i ency ,  1  ow weight,  1 ow i n p u t  1  i ne no ise  genera t ion ,  

near u n i t y  power f a c t o r ,  s ta te-of -charge i n d i c a t i o n  accuracy o f  0% t o  -10% and 

weight and volume as small as poss ib le .  

The b a t t e r y  charger  employs a  f u l l -wave  r e c t i f i e r  i n  s e r i e s  w i t h  a  

t rans fo rmer  i s o l a t e d  20kHz dc-,dc conve r t e r  whose h i g h  frequency switches a re  

programmed t o  a c t i v e l y  shape t h e  i n p u t  ac l i n e  c u r r e n t  t o  be a  m i r f o r  image o f  

t h e  ac l i n e  vo l tage .  The power c i r c u i t  i s  capable o f  ope ra t i ng  a t  2kW peak 

and 1kW average power. The BCISCI has two major  subsystems; 1)  t h e  b a t t e r y  

charger  power e l e c t r o n i c s  w i t h  i t s  c o n t r o l s  and 2 )  a  microcomputer subsystem 

which i s  used t o  acqu i r e  b a t t e r y  t e rm ina l  da ta  and exe rc i se  t h e  s ta te -o f -  

charge software programs. The s t a t e - o f  -charge de f  i n i  t i  on empl oyed i s  t h e  

energy remain ing i n  t h e  b a t t e r y  when e x t r a c t e d  a t  a  lOkW r a t e  d i v i d e d  by t h e  

energy capac i t y  o f  a  f u l l y  charged new b a t t e r y .  

The b a t t e r y  charger  c i r c u i t  i s  an i s o l a t e d  boost  conve r t e r  o p e r a t i n g  a t  

an i n t e r n a l  f requency o f  20kHz. The swi tches se lec ted  f o r  t h e  b a t t e r y  charger  

a r e  t h e  s i n g l e  most impor tan t  i t em  i n  de te rmin ing  i t s  e f f i c i e n c y .  The 

combinat ion o f  vo l t age  and c u r r e n t  requi rements  d i c t a t e d  t h e  use o f  h i gh  power 

NPN Da r l  i ngton swi t c h i  ng t r a n s i  s t o r s .  The power c i  r c u i  t t opo l  ogy devel oped i s  

a t h r e c  sw i tch  des ign u t i l i z i n g  a  power FET on t h e  cen te r  t a p  o f  t he  i s o l a t i o n  

t rans fo rmer  and t h e  power D a r l i n g t o n s  on each o f  t h e  two ends. An analog 

c o n t r o l  system i s  employed t o  accompl ish a c t i v e  i n p u t  c u r r e n t  waveshaping as 

w e l l  as t h e  necessary r egu la t i on .  

v i i  



The b a t t e r y  s tate-of -charge (SOC) and recharge a1 g o r i  thms imp1 emented 

i n  the B C I S C I  are based on a  phenomenological b a t t e r y  model which i s  an 

adapta t ion  of bo th  t h e  M a r t i n  and Shepherd equat ions f o r  b a t t e r y  vol tage under 

dc discharge cond i t ions .  An MC6809 microprocessor provides the  basic  nucleus 

o f  t h e  low-power e lec t ron i cs .  A remote d i sp lay  (SCI) i s  connected t o  the  

system us ing  a  simple s e r i a l  communications path. The software fo r  the  BCLSCI 

employs both assembly and For t ran  1  anguages. 

Test ing o f  the  completed B C I S C I  hardw&rSc i nd i ca ted  'that most. o f  t h e  

o r i g i n a l  performance t a r g e t  goals were met. Some o f  the  t a r g e t s  were rev ised 

du r ing  the  program due t o  s ta te -o f - t he -a r t  1  imitations and JPL's dec is ion  t o  

rescope Goul d '  s developmental e f f o r t s  i n  t h e  con t rac t  extension. Overal l  

e f f i c i e n c y  o f  the charger i s  87% a t  an output power l e v e l  of 1kVA. The weight 

o f  t he  e n t i r e  BCISCI system i s  under 35 Ibs. The charger in t roduces a  Total  

Harmonic D i s t o r t i o n  o f  on ly  5% on the u t i l i t y  g r i d  a t  the  1kW. opera t ing  

po in t .  The power f a c t o r  o f  t he  charger i s  a t  t h e  ta rge ted goal o f  0.94. 

The b a t t e r y  SOC a lgor i thm implemented i n  the  B C I S C I  i s  capable of t h e  

des i  red  = +5% accuracy on ly  when equi pped w i  t h  accurate b a t t e r y  parameters. The 

f e a s i b i l i t y  o f  t r a c k i n g  these b a t t e r y  parameters as  the b a t t e r y  ages was 
demonstrated under 1  aboratory cond i t ions ,  however t h i s  capabi 1  i t y  was not  

inc luded i n  the  BC/SC! software due t o  the  aforementioned rescoping of t h e  

c q t r a c t  extension. However, a  fo l low-on contract '  from JPL addresses the  

3Oftwdr.e d w e l  o m ~ n t .  of an ' ada t ive  a1 g ~ r i  thm' . This f o l l  ow-on a c t i v i t y  i s  no t  

d i sc i~ssed  i n  t h i s  repor t .  

The b a t t e r y  rechavge a1 g o r i  thm incorporates depth-of -d i  scharge 

i nformat ion obtained wh i l e  c a l c u l  a t j n g  the  SCC. K r ~ r s w l  edge of t h i s  charge 

in fo rmat ion  prolongs t h e  l i f e  o f  t he  propu ls ion  b a t t e r i e s  s ince the  amount o f  

overcharge i s  c a r e f u l  l y  c o n t r o l  1  ed. 

Some recommendations are suggested f o r  f u t u r e  h igh  performance EV 

b a t t e r y  chargers. These i nc1 ude a1 te rna te  means f o r  e l e c t r i c a l  i sol  a t  i on, 

increas ing  the  l i n e  d i s t o r t i o n  s p e c i f i c a t i o n  l i m i t s  and i n c l u d i n g  an adapt ive 

a lgor i thm t o  ensure accurate SOC i nd i ca t i on .  



1. I nt'roduc t i on 

T h i s  repo r t '  d i s c u s s e s  a  program t o  des ign ,  f a b r i c a t e ,  t e s t  and d e l i v ' e r  

a  s t a t e - o f - t h e - a r t  B a t t e r y  Charger and State-of-Charge I n d i c a t o r  (BC/SCI) f o r  

use i n  e 1 , e c t r i c a l l y  powered v e h i c l e s ,  T h i s  work was per fo rn ied  by Gould, I n c .  

under C o n t r a c t  No. 955782 f o r  J e t  P r o p u l s i o n  L a b o r a t o r y ,  C a l i f o r n i a  I n s t i t u t e  

o f  Technology.  It was sponsored by t h e  U.S. Department o f  Energy t h r o u g h  an 

agreement w i t h  t h e  N a t i o n a l  Ae ronau t i cs  and Space A d m i n i s t r a t i o n .  

The BC/SCI system was des igned w i t h  emphasis on a t t a i n i n g  90 p e r c e n t  o r  

b e t t e r  o v e r a l l  energy  e f f i c i . e n c y ,  l o w  we igh t ,  i n p u t  power 1  i ne n o i s e  

g e n e r a t i o n  of l e s s  t h a n  100 ma, power f a c t o r  between 1.0 and 0.94, s t a t e - o f -  

cha rge  i n d i c a t i o n  accuracy  o f  +0% t o  - lo%,  maximum b a t t e r y  l i f e ,  minimum 

b a t t e r y  mai ntenance,  s a f e  i n s t a l  1  a t i o n  and h i g h  re1  i a b i l  i t y .  The maximum 

power o u t p u t  o f  t h e  b a t t e r y  c h a r g e r  was t a r g e t e d  a t  3kVA. Semiconductors w i t h  

s u f f i c i e n t l y  h i g h  . v o l t a g e  r a t i n g s  were n o t  a v a i l a b l e ,  hence t h i s  power 

requ i remen t  was 1  owered t o  1kVA. 

The BC/SCI system which  was des igned  and c o n s t r u c t e d  d u r i n g  t h i s  

c o n t r a c t  i s  a  s o p h i s t i c a t e d  p i e c e  o f  hardware aimed d i r e c t l y  a t  m a t i n g  w i t h  a 

5 4 - c e l l  l e a d - a c i d  b a t t e r y ,  s p e c i f i c a l l y  a  s t r i n g  o f  Gould PB-220, 3 c e l l  g o l f -  

c a r t  s t y l e  b a t t e r i e s .  The b a t t e r y  c h a r g e r  employs a  f u l l - w a v e  r e c t i f i e r  i n  

s e r i e s  w i t h  a  t r a n s f o r m e r - i s o l a t e d  20kHz dc-dc c o n v e r t e r  whose h i g h  f requency  

sw i t ches  a r e  progra~nnied i n  such a nldlrller. t o  a c t i v e l y  shape t h e  ar, 1  i n e  c u r r e n t  

t o  be a  m i r r o r  image o f  t h e  ac 1  i n e  v o l t a g e .  The power c i r c u i t  i s  c a p a b l e  o f  

o p e r a t i n g  a t  peak powers of 2kW and average powers o f  1kW. The ac-dc c h a r g i n g  

system d i s s i p a t e s  o n l y  120W measured d u r i n g  f u l l  power ( IkW)  o p e r a t i o n .  To 

m i n i m i z e  l o s s ,  c i r c u i t  components were des igned o r  s e l e c t e d  t o  be n e a r l y  

I d e a l  , e s p e c i a l  l y  t h e  20ktiz i s 0 1  a t i o n  t r a n s f o r m e r .  

The o r i g i n a l  BS/SCI per formance goa ls  were r e l a x e d  due t o  t h e  c o s t s  

a s s o c i a t e d  w i t h  s o l v i n g  t h e  t e c h n i c a l  problems wh ich  a rose  d u r i n g  t h e  i n i t i a l  

c o n t r a c t .  Resource 1  i m i  t a t i  ons a t  JPL p r e c l  uded t h e i r  a b i  1  i t y  t o  f und  a1 1  t ,he 

work needed t o  r e s o l  ve t h e s e  p r o b l  ems. As such, Coul d  was n o t  p e r - ~ i ~ i  t l e d  t o  

address a l l  o f  t h e  .problems, d u r i n g  t h e  c o n t r a c t  e x t e n s i o n ,  needed t o  s a t i s f y  



t h e  o r i g i n a l  goals.  However, t h e  a b i l i t y  of t h e  SOC a l go r i t hm t o  'adop t '  t o  

ag ing b a t t e r i e s  i s  t h e  sub jec t  o f  another fo l low-on  c o n t r a c t  from JPL. This  

' a d a p t i v e '  a l g o r i t h m  i s  n o t  discussed i n  t h i s  r epo r t .  



2. Ba t te r y  Charge /~ ta te -o f -charge  I n d i c a t o r  ,Sy'stem . . t  

, .  . .  , . . a .  ".' . , . . i .  .. . 
. . .. . 

' . .  . . 

2.A System D e s c r i p t i o n  , . 

The Ba t t e r y  Charger IState-of  -Charge I n d i c a t o r  (BCISCI ) has two major 

subsystems, those be ing  t h e  b a t t e r y  charger  power e l e c t r o n i c s  w i t h  i t s  

c o n t r o l s  and a  microcomputer subsystem which i s  used t o  acqu i re  b a t t e r y  

t e rm ina l  data and exe rc i se  t he  s t a t e  of charge so f tware  programs. These two 

e l  e c t r i c a l  subsystems are  compl e t e l y  independent ; t h e  power c i  r c u i  t r y  i s  

re ferenced t o  t h e  ac l i n e  and t he  lnicrocomputer i s  e l e c t r i c a l l y  re ferenced t o  

t h e  propul  s i o n  b a t t e r y .  Galvanic. i s01  a t i o n  between t h e  two systems i s  

achieved w i t h  a  t ransformer  i n t e g r a l  t o  t he  b a t t e r y  charger and op to - i  so l  a ted  

da ta  communication paths. These major subsystems communicate w i t h  each o t h e r  

on l y  du r i ng  b a t t e r y  charging. 

F igure  2.A.1 i s  a  schematic b lock diagram of t he  complete BCISCI. As 

shown i n  t h e  f i g u r e ,  t h e r e  are two independent subsystems, each w i t h  t h e i r  own 

power supply and c o n t r o l  e l ec t ron i cs .  A ground-faul  t- i  n t e r r u p t o r  (GFI ) i s  

inc luded  i n  s e r i e s  w i t h  t h e  ac l i n e  f o r  user sa fe ty .  F igure  2.A.2 i s  a  

photograph o f  t h e  BCISCI system. The major  b locks  i n  F igure  2.A.1 a re  a l l  

conta ined i n  t h e  main enc losure w i t h  t he  except ion o f  t he  GFI and t h e  

d i sp lay .  Ba t t e r y  da ta  i s  obta ined by i n s e r t i n g  t h e  j u n c t i o n  box between t h e  

b a t t e r y  and t he  v e h i c l e  c o n t r o l l e r .  

T'he BC/SCI system has f o u r  d i s t i n c t  ope ra t i ona l  modes, a l though on l y  
two a re  r e a d i l y  apparent t o  a  user.  ' The modes are; 1) Discharge Mon i to r ing ,  

2 )  Charging, 3) Wake-up, and 4 )  Thinking. 

\, The Discharge Mon i t o r i ng  MDde i s  ope ra t i ona l  w h i l e  t h e  e l e c t r i c  v e h i c l e  

( E V )  c o n t r o l l e r  i s  on. I n  t h i s  mode, t he  b a t t e r y  parameters o f  vo l tage ,  

c u r r e n t  and e l e c t r o l y t e  temperature as we l l  as t ime  o f  day a re  measured. 
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Figure 2.A.2 BCISCI System 
(a) GFI module ahd pigtails 
(b) interface module 
(c) front view of main enclosure and display module 



Using these parameters, battery state-of-charge i s  calculated and displayed on 

the display's bar graph. The state-of-charge de f i n i t i on  employed i s  the 

energy remaining i n  the battery if extracted a t  a lOkW ra te  divided by the 

energy capacity o f  (again at  the lOkW rate) a f u l l y  charged new battery. The 
state-of-charge i s  d isp l  ayed i n  10% increments, 

The Charging Mode w i l l  be obvious t o  the user, During t h i s  mode, the 
battery i a  eha~ged wi th  a charging p r a f i l e  selected by the microcomputer 

' " 1  

system. The charging p r o f i l e  can be thought o f  as a:$mfbr@ure-conpenrated 
- ' r* y+-, &... v -  " . , ,, .*. . 5..#i*r5: * - .. 

n o d i f i e d - e o n s t a n t - p o t d & ~ ~ 1 ~ ~ ~ p ~ o f ~ ~ ~ ~ 4 ~ - ~ , ~ ~ r t ~ g ~ r e  2 . .  An equalize 

recharge p r o f i l e  i s  automa&diily by the  microcomputer 

per1 odical l ye  It can .be detgped by the operator 
,.$- 

uested. 

.;+ 
.., ..! . G*$'j 

The t h i  r d  n o d a ; " ; " ~ ~ ~ ~ s i k $ c ( ~ ~ ;  ,d& .em which i s  sepf-commanded by the 
#-~&;,p,f&: - ' . 

m ic rocorn~~ter  subs~~t$h. I _ 5 4 . + * < ,  l i e !  qerc i sed  only: a f ter  a battery 
d l  scharga and two hoWt..&a~@..:el~~aQ.~~~+~W~kg t h i  r mode!: the value o f  the 

-j? , q; +? Pi*, i:?-,+? -, I 
b a t t e r y '  t e m i n a J , . . v o ~ i a g r ~ , t ~  ~ ~ e ) : ~ ~ o r n l . ~ ~ ~ ~ ~ . s s ~ ~ i i ~ ~ ~ ~ s u r a n a n t  uf  the 

" ,\ l L ' 
bat tery 's  equ i l f b r i qv  voltage. The'.:'rheasurement i s  used t o  assist  i n  
determining the actual ampere-hours and amaunt o f  charvge extracted from the 
battery. 

\ 

The four th mode, the Think Mode, has been provided t o  give the BC/SCI 
the capabil f t y  of : ~rd]k$~$h~~~~tie'~'%aZt'rtk~'~~'h~@&P as ;t6bsk@$ry changes i t s  

. 7 t  <* L . .8- .v ?g4 - # . i  1 lA5$%, .<,;- , 5 1j%,,:4 >'q$g 
character is t ics  during i t s  useful ' l i fe .  In the present system. Lt~rs: fourth 

d a  i s  unused, 
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Power Convers ion E l e c t r o n i c s  

The d e s i g n  s e l e c t e d  f o r  t h e  c h a r g e r  s e c t i o n  of  t h e  BC/SCI stems f rom i t  

b e i n g  an on-board e : e c t r i c  v e h i c l e  charger  and t h e  p o t e n t i a l  impact  of  

w idespread v e h i c l e  c h a r g i n g  on t h e  e l e c t r i c a l  d i s t r i b u t i o n  g r i d .  The 

c h a r g e r ' s  e l e c t r i c a l  e f f i c i e n c y  d i r e c t l y  impacts t h e  o p e r a t i n g  c o s t  of an 

e l e c t r i c  v e h i c l e  and t h e  t i m e  r e q u i r e d  t o  recharge t h e  p r o p u l s i o n  b a t t e r y .  

T h e r e f o r e  i t  i s  d e s i r a b l e  t o  o b t a i n  h i g h  ac-dc convers ion  e f f i c i e n c y .  The 

w e i g h t  o f  t h e . c h a r g e r  a f f e c t s  t h e  usefu l  range and pay load o f  p r e s e n t  e l e c t r i c  

v c h i c l c s .  A f i n a l  cha rger  d c s i g n  requ i rcmcn t  i s  t h a t  t h e  p r o p u l s i o n  b a t t e r y  

be  i s o l a t e d  f r o m  t h e  ac power source. 

The concerns of  t h e  u t i l i t y  i n d u s t r y  a r e  d i r e c t e d  towards l i n e  

d i s t o r t i o n  ' a n d  power f a c t o r .  Many b a t t e r y  chargers  i n  o p e r a t i o n  

s i m u l t a n e o u s l y  hav ing  poor  power f a c t o r  reduces t h e  c a p a c i t y  o f  t h e  

t r a n s m i s s i o n  network  and decreases i t s  e f f i c i e n c y .  L i n e  d i s t o r t i o n  can 

adverse1.y i n f l u e n c e  t h e  performance o f  l oads  which a r e  common t o  t h e  

t r a n s m i s s i o n  l i n e .  The comb ina t ion  o f  t h e  a t t r i b u t e s  o f  h i g h  e f f i c i e n c y ,  l i n e  

i s o l a t i o n ,  h i g h  power f a c t o r ,  and low we igh t  suggested a b a t t e r y  charger  which 

c o n t a i n s  a h igh - f requency  t r a n s f o r m e r  l i n k  t o  reduce t h e  s i z e  and weight  of 

t h e  i s o l a t i o n  magnet ics .  Fur thermore,  absence o f  60Hz energy s t o r a g e  elements 

t o  ach ieve  h i g h  power f a c t o r  i s  e s s e n t i a l .  A c t i v e  waveshapping c o n t r o l  of t h e  

i n p u t  1  i n e  c u r r e n t  i s  needed t o  m i  n i ~ n i  ze 1  i n e  d i s t o r t i o n .  

Thr b a t t e r y  charger  c l r c u l  t which was s e l e c t e d  t o  r;~cct, t t w s e  

requ i rements  i s  an i s o l a t e d  boos t  c o n v e r t e r  o p e r a t i n g  a t  an i n t e r n a l  f requency 

o f  20kHz, The general  t o p o l o g y  o f  a boost  c o n v e r t e r  i s  shown i n  F i q u r e  

2.B.1. It c o n t a i n s  a  dc v o l t a g e  source,  a  "boos t "  i n d u c t o r ,  a  sw i t ch ,  an 

o u t p u t  d iode  and a  f i l t e r  c a p a c i t o r  which i s  connected across t h e  b a t t e r y .  

D u r i n g  o p e r a t i o n ,  S 1  i s  t o g g l e d  a t  h i g h  f requency and t r a n s f e r s  energy from 

t h e  source t o  t h e  boost  i n d u c t o r ,  L1, when S 1  i s  c l o s e d ,  then  t o  t h e  b a t t e r y  

f r o m  t h e  boos t  i n d u c t o r  when S 1  i s  opened. Boost  c o n v e r t e r s  a r e  c 'ha rac te r i zed  

by t h e  qua1 i t i  es o f  c o n t i  nuous i nput  c u r r e n t ,  d i  s c o n t i  nuous ou tpu t  c u r r e n t ,  

and o u t p u t  v o l t a g e s  h i g h e r  t h a n  t h e  source v o l t a g e .  



BATTERY 

Figure 2.B.1 Simple boost converter topology. Energy is transfered from 
the source to L1 when the switch is  closed, then to the battery 
when the switch is opened. 



The f o l l o w i n g  d e f i n i t i o n s  a re  use fu l  i n  o rde r  t o  understand t h e  

o p e r a t i o n a l  c h a r a c t e r i s t i c s  o f  t he  s imple boost  conve r t e r  o f  F i gu re  2.B.1 

f s  E s w i t c h i n g  frequency o f  S1 

d  5 t ime  f r a c t i o n  o f  sw i t ch i ng  p e r i o d  d u r i n g  which S1 i s  c losed  

vi : source v o l t a g e  

1, E boost  i n d u c t o r  c u r r e n t  a t  s t a r t  o f  f i r s t  p e r i o d  

Io' E boost  i n d u c t o r  c u r r e n t  a t  s t a r t  o f  second p e r i o d .  

Vhat E b a t t e r y  terrnir la l  vo l t age  

5 boost  i n d u c t o r  c u r r e n t  

A t  t he  end o f  t he  t ime  i n t e r v a l  when S1 i s  c losed ,  t h e  c u r r e n t  which 

f l ows  i n  t h e  boost  i n d u c t o r  L1 i s  

S i m i  l a r l y  , a t  t h e  end of t h e  i n t e r v a l  when S1 i s  open 



Examination of equat ions (1 ) and (2 )  revea l  t h a t  t h e  c o n t r o l  v a r i a b l e  d  

does not  un ique ly  determine the  c u r r e n t  i n  t he  boost i n d u c t o r  L1, bu t  o n l y  i t s  

r a t e  of change. There i s  on ly  one value. o f  d  which causes t h e  boost i n d u c t o r  

c u r r e n t  t o  remain unchanged and t he  conver te r  t o  be i n  e q u i l  i b r i  urn. Equat ing 

(1  ) and (2 )  , and s o l v i n g  f o r  d  assuming ILl i s  unchanged ( I. - Iol = 0) a f t e r  
1 

a complete sw i t ch ing  per iod ,  I , y i e l d s :  
s  

For  e q u i l  i br ium operat ion,  t h a t .  i s  cons tan t  IL1 , d i s un ique ly  determi ned by 

t h e  i n p u t  and ou tpu t  vo l tages.  

Again combining equat ions (1 ) and ( 2 )  and s o l v i n g  f o r  t h e  change i n  

~ i ,  as a  f unc t i on  o f  d, 

Equat ion ( 4 )  shows t h a t  by modulat ing d, i t  i s  p o s s i b l e  t o  shape ~ i ,  

and hence IL1. This i s  t he  fundamental concept employed i n  t he  BC/SCI charger  

t o  e x t r a c t  s i ne  waves o f  c u r r e n t  f rom t h e  ac l i ne .1n  t h e  charger ,  Vin =-vac 

s i n  w t  and d  = 1 - s i n  w t .  The i n p u t  c u r r e n t  o f  t h e  charger  i s  c o n t r o l l e d  t o  

f o l l o w  t h e  i n p u t  vo l tage  so t h a t  Iin = fl I,, s i n  3. The power i n t o  t h e  

charger  i s  then P = Vi,Iin = ~ v ~ ~ I ~ ~  sin2wt.  The ou tpu t  power i s  very  n e a r l y  
2  in i n p u t  power so t h a t  Pout = VbatIbat = 2VacIac s i n  .~t. The ou tpu t  

c u r r e n t ,  Ibat, i s  t h e r e f o r e  p ropo r t i ona l  t o  s i n 2 d  s i nce  t h e  b a t t e r y  vo l tage ,  

Vbat, i s  constant.  

2.B.1 Power C i r c u i t  D e s c r i p t i o n  

The BC/SCI power c i r c u i t  cons i s t s  o f  an i n p u t  d iode  b r i d g e  t o  conver t  

t he  ac i n p u t  power t o  dc and a  t rans fo rmer  i s o l a t e d  boost conver te r .  A 

d e t a i l e d  e l e c t r i c a l  schematic o f  t h e  power. c i r c u i t  i s  shown i i r i  F igure  2.8.2. 



The o u t p u t  v o l t a g e  i s  h e l d  t o  a. va lue determined p r i m a r i l y  by t h e  t e rm ina l  

v o l t a g e  o f  t h e  b a t t e r y .  

Diodes D6-D9 form t h e  i n p u t  b r idge ,  L2 and C2 form a  h i gh  frequency 

low-pass f i l t e r ,  and L1 i s  t he  main boost i nduc to r .  Q1 i s  a  f i e l d - e f f e c t  

t r a n s i s t o r .  42 and Q3 a r e  used t o  a l t e r n a t e l y  ground each h a l f  o f  t h e  pr imary 

wind ing.  D l  and 02 a re  diodes i nco rpo ra ted  i n t o  Q1 and Q2. F i n a l l y  03, 04 

and t h e  secondary t ransformer  windings form a  f u l l -wave  r e c t i f i e r  which i s  

connected t o  t h e  b a t t e r y  t e rm ina l s .  C1 i s  employed as an ou tpu t  f i l t e r  t o  

shunt  t h e  i n d u c t i v e  impedance o f  t h e  b a t t e r y  cables.  

The resemblance o f  t h e  ac tua l  c i r c u i t  i n co rpo ra ted  i n  t he  BC/SCI t o  t h e  

s imp le  c i r c u i t  i n  F i g u r e  2.B.1 i s  ev iden t .  The s imple source vo l t age  Vin has 

been rep1 aced w i t h  a  f u l l  -wave d iode b r i dge ,  a  h igh- f requency f i 1  t e r  shunts 

t h e  i n d u c t o r  r i p p l e  c u r r e n t  f rom t h e  ac l i n e ,  and an i s o l a t i o n  t r ans fo rmer  has 

been i n c l  uded. The i n d u c t o r  d ischarge  path i n c l  udes t r a n s i s t o r s  42 o r  

a1 t e r n a t e l y  43. 

Since h i g h  power convers ion  e f f i c i e n c y  was t h e  p r imary  des ign goa l ,  i t  

s t r o n g l y  i n f l u e n c e d  t h e  des ign and s e l e c t i o n  o t  t h e  power c i r c u i t  

componcnts. Thc c i r c u i t  s w i t c h i n g  sequence i s  presented as an i n t r o d u c t i o n  t o  

b o t h  t h e  a c t i v e  and pass ive  component requirements.  

A c u r r e n t  I. i n i t i a l l y  f l ows  i n  L1, t h e  boost i nduc to r .  Th is  c u r r e n t  

inc reases  d u r i n g  t h e  i n t e r v a l  d / 2 f s  where fS i s  t h e  i s o l a t i o n  t ransformer  

frequency of ope ra t i on  and d  i s  t he  t ime f r a c t i o n  o f  t h e  p e r i o d  U I  1s 

c losed .  Dur ing t h i s  i n t e r v a l  t he  c u r r e n t  slews t o  a  new value o f  I, + ~i 

Base d r i v e  I s  suppl i c d  t o  42 ( o r  a l t e r n a t e l y  43) ~rion~eritar>i ' ly be fo re  opening 

Q1. 42 i s  gated on f o r  the  t ime  pe r i od  (1 -d ) /2 fs ,  a f t e r  which t ime Q1 i s  
aga in  c losed. The s torage t ime  of 42 insures  ove r l ap .be tween  Q1 and Q2 

(Q3) .  The c i r c u i t  t i m i n g  diagram i s  i1111strat .ed i n  F igure  2.B.3. The 

r e s u l t i n g  s w i t c h i n g  a c t i o n  occu r i ng  between Q1 , Q2 and Q3 a1 t e r n a t e l y  

t r a n s f e r s  t he  c u r r e n t  f l o w i n g  t h r u  L1 between t he  two p r imary  windings o f  TI 

and Q1. This a c t i o n  s o f t  swi tches 42 and 43 w i t h  Q1 as i l l u s t r a t e d  i n  F i gu re  

2 . 8 . 3 .  The vo l t age  requi rements  of Q2 and 93 w i l l  be 2VIhat where V U b a t  i s  
t h e  b a t t e r y  vo l t age  transformed t o  t h e  p r imary  s i d e  across Q1. 

,1 2  



Figure 2.8.2 Battery charger power Stage topology. The power clrcuir 
consists of a boost chopper driving a toggled transformer. 



The a d d i t i o n  of Q1 and D5 i n  t h e  c i r c u i t  topo logy  a re  apparen t l y  

redundant,  as t h e  same sw i t ch i ng  a c t i o n  on L1 can be achieved w i t h  an 

a p p r o p r i a t e  g a t i n g  sequence cn Q2 and 43 (Reference 1 ) .  E f f i c i e n c y  penal t i e s  

assoc ia ted  w i t h  s u i t a b l e  t r a n s i s t o r s  f o r  Q2 and Q3, however, j u s t i f y  t h e  

a d d i t i o n  of 43 and 05 as i s  d iscussed i n  a  f o l l o w i n g  sec t ion .  

2.8.2. Design S t ra tegy  

As d iscusscd  c a r l i c r ,  t h c  p r imary  emphasis d u r i n g  t h e  des ign  phase was 

t o  ach ieve h i g h  e f f i c i e n c y  opera t ion .  This sec t i on  examines t he  component 

r c q u i  rements and summari zes t h e  se l  ec t i on /des ign  dec is ions .  Th is  design 

i t e r a t i o n  concen t ra ted  on a  108V l ead -ac i d  b a t t e r y  and a  power r a t i n g  o f  3kW. 

I n p u t  R e c t i f i e r  B r idge  

The i n p u t  r e c t i f i e r s  must have a  VRRM r a t i n g  o f  400V and w i l l  conduct 

an average c u r r e n t  o f  11.25A, The d i s s i p a t i o n  o f  25A, 50A, and l O O A  r e c t i -  

f i e r s  was measured and compat-ed t o  determine t h e  e f f e c t s  o f  c u r r e n t  d e n s i t y  

and manufac tu r ing  processes on t he  d iode  t e rm ina l  V - I  c h a r a c t e r i s t i c s .  Device 

d i s s i p a t i o n  was ob ta ined  from t h e  measured V - I  t e rm ina l  re1  a t i o n s h i p  i n t e -  

g ra ted  over 60Hz when conduct ing ha1 f wave c u r r e n t  s i  nusoids w i t h  an average 

va lue  o f  11.25A. Table 2.B.1 summarizes t h e  r e s u l t s  and a l s o  t h e  d iode  costs .  
. . 



Figure 2.8.3 Switching sequence used to coordinate 
Q1, Q2, and Q3. As illustrated above, 
Q1 soft switches Q2 (or (23). The 
maximum duty cycle required for Q2 or 
Q3 is 0.5. 



Tab le  2.B.1 

I n p u t  R e c t i f i e r  D i s s i p a t i o n  a t  Rated I n p u t  C u r r e n t  

Devi  c e  Rat i ng D i s s i p a t i o n  (Ti )  Cost 
.I 

-- 
1 N2 1 58 25A/400V . 9,3W (lQO<C) 4.50 

LIT7287 . 254/300V 8 . 3 ~  ( R S ~ C )  8. OO* 

MR5040 SUA/4OOV 9.4W (106cC) 3.80 

1 N329.1 1  OQA/400V 8.3W (86<C) 14.10 

* E s t i m a t e  

MR5040 d iodes  were s e l e c t e d  based on t h e i r  low c o s t  s i n c e  t h e  

d i s s i p a t i o n  o f  a1 1  d iodes  e v a l u a t e d  was n e a r l y  i d e n t i c a l .  F i g u r e  2.B.4 shows 

the t e r m i n a l  V - I  c h a r a c t e r i s t i c s  o f  t h i s  d i o d e  as a  f u n c t i o n  o f  j u n c t i o n  

temper i l t u re  f o r  avclrage c u r r e n t s  o f  11.25A and 9.OA. These cur,r-ents 

c o r r e s p o n d  t o  BC/SCI l i n e  c h a r g i n g  c u r r e n t s  o f  25A and 20A r e s p e c t i v e l y .  

Boos t  Tnrl~rct;or/-Xn~ut F, i , ! . t$~,  

The b o o s t  i n d u c t o r  can be des igned  t o  have an i n d u c t a n c e  v a l u e  r a n g i n g  

f rom a p p r o x i m a t e l y  0.2mH t o  a  maximum v a l u e  o f  2.61nH. These 1  i r n i t s  a r e  

de te rm ined  by  t h e  a l l o w a b l e  power f a c t o r  (0.94 m in )  and t h e  dcldit ion121 

s t r e s s e s  irnposed by t h e  h i g h  t requency r i p p l e  cut-r-enr: upur~ 1 ; l ~  s w i t r h i n g  

sen i iconductors ,  The upper  l i m i t  on L1 can be expressed i n  terrns o f  t h e  

mi11 i1ilu111 p w e r  f d c l u r  ( P F ) ,  t h e  i n p ~ ~ t  c u r r e n t  s lew r a t e ,  and t h e  r~aximum d u t y  

c y c l e  of  Q1, dmax i n  t h e  f o l l o w i n g  r e l a t i o n s h i p .  

LI < v,, s i n  ( c o s - ~ P F ) ~ ~ ~ ,  
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Figure 2.B.4 lMR5040 V-l Characteristics 



This f o l  1 ows from V = L d I / d t  and L < V d t / d I  where V = Vac f l d m a x  s i n  

(cos- l  PF) and I = Iac c s i  n ~t . Vac i s  the rms o f  the 1 i ne vol tage and Iac 
i s  the  rms o f  the l i n e  current. 

Equation 5 r esu l t s  from the need f o r  a s u f f i c i e n t  l i n e  voltage t o  

obta in  the desired cur rent  slew ra te  i n  the boost inductor. The power factor  
angle, the  1 i ne  voltage, and the  maximum duty cycle determine the voltage a t  

the t ime o f  the maximum required current slew rate. The lower design bound 

can be determined by se lec t ing the maxlmum r i p p l e  current  desired. Li111i t i n g  

t h i s  t o  10% ( d I  = 0.1 Iac V 2  and d t  = 1/4f,) implies: 

where fs i s  the Q2 o r  43 switching frequency and dmin i s  the minimum 
conduction o f  Q1. 

The RMS input  cur rent  a t  the switching frequency was calculated 

assuming the maximun value o f  inductance, 2.6mH, and found t o  exceed the 

100mARMS 1 i ne  d i s t o r t i o n  goal by a f ac to r  o f  2, thus an input  f i l t e r  was 
rlecessary f o r  any chosen value o f  boost inductance. Figure 2.B,5 i s  a p l o t  nf 
t he  high frequency RMS r i p p l e  current  vs. the boost inductance. A boost 

inductance o f  0.8mH was selected which places i t  a t  the knee of the curve of 

Figure 2.6.5. Figure 2.0.6 shows the s e n s i t i v i t y  o f  the r i p p l e  cur rent  t o  

v a r i a t i o n s  i n  l i n c  valtage and bat tery  terminal voltage. It i q  noteworthy 

t h a t  t he  r i p p l e  cur rent  magnitude i s  only a function of d, Va,, and vbat for  a 

given value o f  boost inductance. 

The boost inductor was fabr icated w i th  a 2 m i l  selectron C core (AL- 
100-Arnold] and square No.7 AWG wire, 82 turns, d i s t r i bu ted  on both legs t o  

reduce the mean-turn-length. A gap o f  0.15" l i m i t s  the peak f l u x  t o  1.1 Tesla 

( f )  a t  the peak current  o f  40A. Diss ipat ion a t  rated yuwer was projected t o  

be 20W. 



0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 

BOOST INDUCTANCE 
(mH) 

Figure 2.B.5 High Frequency ripple current flowing in the boost inductor as a 
function of the inductance 
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Although f e r r i t e  m a t e r i a l  cou ld  he employed i n  t h e  c o n s t r u c t i o n  of t h e  

boost i nduc to r ,  i t s  low f l u x  dens i t y ,  0.25 Tesla, and 1  i m i t e d  core  geometr ies 

r e q u i r e s  a  l a r g e  number o f  t u r n s  and hence almost equal copper l o s s  t o  t h e  

t o t a l  d i s s i p a t i o n  o f  t h e  se l  ectron-based design. 

The i n p u t  f i l t e r  was se lec ted  t o  shunt t h e  40kHz r i p p l e  c u r r e n t  t o  keep 

i t  from appear ing on t he  ac l i n e .  The magnitude which would appear on t h e  

l i n e  s i d e  o f  t h e  two-pole f i l t e r  can be expressed as 

where, i s  t h e  h i gh  frequency c u r r e n t  i n j e c t e d  i n t o  t h e  ac l i n e ,  

1 ~ ~ ~ ( 4 0 ~ ~ ~ )  i s  t he  boost i n d u c t o r  r i p p l e  c u r r e n t ,  

R, i s  t h e  1  i ne impedance 

cf  i s  t h e  f i l t e r  capac i tance 

Lf i s  t h e  f i l t e r  inductance ,, i s  t h e  angular  sw i t ch i ng  frequency 

So l v i ng  (7 )  f o r  t h e  minimum va lue  o f  Lf t o  meet t h e  lOOmA d i s t o r t i o n -  

requirement y i e l d s  a  f i l t e r  inductance o f  18pH w i t h  R L  = $ and Cf = 5uF. A 

f i l t e r  i n d u c t o r  o f  35uH was designed w i t h  a  4-mi l  C-core, A rno ld  AH-407, us i ng  

8  t u r n s  o f  No.9 AWG w i t h  a  gap o f  10.5mil t o  l i m i t  t h e  peak f l u x  t o  1.5T. 

Semiconductor Switch Requirements 

The swi tches se lec ted  f o r  t h e  b a t t e r y  charger  a re  t h e  s i n g l e  most 

impor tan t  i ten i n  de te rmin ing  i t s  e f f i c i e n c y .  The dev ices must have a Vceo  

r a t i n g  s u f f i c i e n t  t o  w i ths tand  t h e  t ransformed b a t t e r y  vo l tage ,  low conduc t ion  

loss ,  and f as t  sw i t ch i ng  speed f o r  minimum sw i t ch i ng  l oss .  The peak s w i t c h  

c u r r e n t s  a t  f u l l  power ope ra t i on  approach 40A and t h e  t ransformed b a t t e r y  

vo l t age  across t h e  center - tapped p r imary  cou ld  range from approx imate ly  366V 

t o  600V depending on t h e  pr imary-secondary t u r n s  r a t i o  and t h e  b a t t e r y  

vo l tage .  The combinat ion o f  t he  vo l t age  and c u r r e n t  requirements i n d i c a t e d  



t h a t  t h e r e  were o n l y  two p o s s i b l e  cho ices fo? t h e  t r a n s i s t o r s  i n  s e r i e s  w i t h  

t h e  t r ans fo rmer  wind ings,  Q2 and 43 i n  F i gu re  2,B.2. C h a r a c t e r i s t i c  o f  bo th  

o f  t h e  a v a i l a b l e  dev ices,  Moto ro la  MJ10024 and Power Tech PT3526, were 

i n d u c t i v e  l o a d  s w i t c h i n g  t imes o f  IPS o r  l onge r  and t h e  requi rement  of 

p a r a l  1  e l  dev i  ces l sw i  t c h  t o  achieve t h e  c u r r e n t  r equ i  rement. 

F i gu re  2.8.7 shows t he  impact o f  t h e  b a t t e r y  vo l t age  and t he  t u r n s  

N p / ~ S  o f  t h e  i s o l a t i o n  t r ans fo rmer  on t h e  Vceo r a t i n g  o f  42 and 93.  An 

examinat ion o f  F i gu re  2.8.7 suggests t h a t  a  minimum t u r n s  r a t i o  which 

s a t i s f i e s  t h e  equa t i on  

be e l l l ~ l o ~ e d  t o  min imize the .Vceo  requirements.  For t h e  range o f  expected l i n e  

v o l t a g e  and b a t t e r y  vo l t age ,  t h i s  suygests Np/Ns > 1.7. However t h e  e f f i c i e n c y  

o f  t h e  power  c i r c u i t  i s  a l s o  d i r e c t l y  impacted by t h e  leakage inductance of 

t h e  i s o l a t i o n  t r ans fo rmer  which can be minimized by employing' an i n t e g e r  t u r n s  

. r a t i o -  S ince t h e  MJ10024 Vceo r a t i n g  was 750V, a  Np/Ns r a t i o  o f  2  was 
se l  ec ted  thus determi  n i  ng t he  vo l  tage s t resses.  Four pa ra l  1  e l  ' t r a n s i s t o r s  per  

s w i t c h  were s p e c i f i e d  t o  reduce conduc t ion  l o s s  and m a i n t a i n  acceptab le  

col l e c to r -base  c u r r e n t  gains.  

The f e a s i b i l i t y  of us i ng  a  d i f f e r e n t  t rans fo rmer  i s o l a t e d  boost 

conve r t e r ,  shown i n  F i gu re  2.8.5 and ope ra t i ona l  l y  desc r ibed  i n  , ( I ) ,  was 
o r i g i n a l  l y  examined w i t h  t h e  s w i t c h i n g  p e r f o n ~ ~ a n c e  of t;he MJ10024 devices.  

~ t sum ing '  a l u 5  f a l l  t i !~~r,  an averdge cu r re r i t  of ! d ! %  , a vo l t age  of 48U, 
n 

t h e  es t imated  t u rn -o f f  l osses  f o r  bo th  swi tches exceeded 100W. Th is  c i r c u i t  

topo logy  was t h e r e f o r e  r e j e c t e d  based on e f f i c i e n c y  arguements. The i n c l  us i on  

of  Q1 i n  F i gu re  7 . R . 2 ,  a FET, r ed i~ced  t h e  s w i t c h i n g  l o s s  p r o j e c t i o n  t o  11  !J 
2  1 

assuming a  O : l u s  f a l l  t ime ,  an average c u r r e n t  of - 3 ~ s  and a  vo l t age  of 
R 

240V* The FET needs o n l y  t o  have a  Vds r a t i n g  o f  112 t h e  Vceo  r a t i n g  o f  t h e  
t r a n s i s t o r s  s i nce  i t  i s  o n l y  sub jec ted  t o  t h e  v o l t a g e  across t h e  p r imary  

c e n t e r  tap.  The i n c l u s i o n  of t h i s  t h i r d  s w i t c h  however, necess i t a t ed  t h e  

i n c l u s i o n  o f  a  d iode  i n  s e r i e s  w i t h  t h e  t r ans fo rmer  c e n t e r  t a p  because of t h e  



Vbat = 108 volts nominal 

Figure 2.8.7 The influence of the changing battery voltage and the 
isolation transformer turns ratio on the VceO requirements 
of Q2 and Q3. 1.7::1 is the minimum ratio which satisfies the 
COP::-i ints of the hnnst circuit topology, Top curve represents 
a fully charged battery; bottom curve represents beginning of - 
charge. 



Figure 2.8.8 Two Switch Power Circuit Topoloqy 

During the indirctor charging mode, bsrh 8 1  and Q2 are 
conducting, alternately openning Q1 or Q2 to discharge 
the boost inductor. Each tra~~sistor has d duty oycle 
ranging from 0.5 to 1 .O. 



f i n i t e  recovery  t ime  o f  t h e  secondary diodes 03 and 04. The reve rse  recovery  

c u r r e n t  i n  these diodes, coupled w i t h  t h e  a n t i  p a r a l l e l  d iodes on each 

d a r l i n g t o n  t r a n s i s t o r ,  complete a  pa th  f o r  a  c i r c u l a t i n g  c u r r e n t  t o  f l o w  i n  

t h e  t rans fo rmer  p r imary  windings, t h e  a n t i  pa ra l  l e l  d iodes, and t h e  FET (Q1)  , 
s u b s t a n t i a l l y  i nc reas ing  t h e  conduct ion losses  i n  Q1. Th is  s i t u a t i o n  i s  

i l l u s t r a t e d  i n  F i gu re  2.8.9 and i s  i n i t i a t e d  by t h e  c l o s i n g  of Q1. 

Assume an i n i t i a l  c u r r e n t  i s  f l ow ing  through L1 i n t o  t h e  cen te r - t ap  o f  

TI and r e t u r n i n g  through 42 t o  ground. D4 i s  forward b iased and power i s  

be ing  suppl i e d  t o  t h e  b a t t e r y .  A t  t h e  moment Q1 c loses,  t h e  i n d u c t o r  c u r r e n t  

w i l l  be t rans , fe r red  t o  Q1 a t  a  r a t e  dependent on t h e  leakage induc tance  

between t h e  T la  and T1A t ransformer  windings and t h e  b a t t e r y  vo l t age  impressed 

on C1. Current  w i l l  decay t o  zero and reverse  through t h e  shor ted D4. Thi s  

c u r r e n t  w i l l  be r e f l e c t e d  t o  t h e  p r imary  s i d e  sw i t ch  u n t i l  D4 recovers.  At 

t he  moment o f  recovery,  c u r r e n t  i s  f l o w i n g  i n  T1A and Tla.  Since t h e  c u r r e n t  

i n  TI a  i s  d r i v e n  t o  zero when D 4  recovers  and t h e  vo l t age  a t  t h e  c e n t e r  t a p  i s  

cons t ra ined  t o  be on-s ta te  vo l tage  o f  Q1, t h e  amp-turn imbalance i n  TI fo rward  

b iases  t h e  a n t i  pa ra l  l e l  d iode  across 43 and a matching c u r r e n t  f l ows  th rough  

TI B. This c u r r e n t  w i l l  decay a t  a r a t e  p ropo r t i ona l  t o  t h e  on-vol  tage of Q1 

and t h e  leakage inductance between T1A and TI 0 .  Since t h e  on-vol tage  o f  Q1 i s  

smal l ,  t h e  c u r r e n t  con t inues  t o  c i r c u l a t e  f o r  t h e  e n t i  r e  conduct ion i n t e r v a l  

o f  Ql. The . i n c l u s i o n  o f  05 (F i gu re  2.8.2) ,b locks t h i s  c i r c u l a t i n g  c u r r e n t .  

Several l e s s  obvious advantages a re  ob ta ined  by t h e  i n t r o d u c t i o n  o f  Q1 

i n  t he  boost  power s tage topology.  As i l l u s t r a t e d  i n  F i gu re  2.8.3, i t  i s  

poss ib l e  t o  adopt a .  g a t i n g  s t r a t e g y  f o r  Q2 and 43 where each o f  t h e i r  d u t y  

c y c l e s  ranged from 0 t o  a  maximum of  50%. Th i s  a l l ows  ' t h e  use o f  a  s tandard 

propor t iona l - feedback base d r i v e  t o  reduce base d r i v e  power supply  

requirements.  Secondly, s i nce  t h e  c u r r e n t  i n  t h e  t ransformer  T1 i s  never 

r equ i r ed  t o  t r a n s f e r  ins tan taneous ly  t o  bo th  p r imary  windings, t h e  leakage 

inductance between t h e  TI p r imary  windings i s  no t  a  c r i t i c a l  w ind ing  des ign  

parameter. 



. Figlrre 2.R.9A Initial current path. The prirnary'ride current flows 
through T I  and Q2; Secondary current tlows through 

,. D4 into the battery. 
. . 



. : Fig~re.2~B.96 ..Current path showingbthe effect of reverse recovery 

.. ...I. , . ... .current'of .D4: The reverse recovery current flows 
into the winding Tla.and is,:transformed into winding 
T I A .  This current adds to the current iO flowing in 0 1 .  



, . Plguiu 2.E),9C ~eoiroulation ctrrrent established. The current 
. . flowing throl.!gh Q1 is now the sum of in + 21reverse. 

. . 



I 

The sw i t ch  losses, sw i t ch ing  (PS) and conduct ion (PC) p r e d i c t e d  a t  f u l l  

power opera t ion  were c a l c u l a t e d  w i t h  t h e  a i d  of equat ions (9 )  - (13) .  

. . 

f o r  each Dar l  i ngton T rans i s to r  and 
. 

a. 
f o r  t he  FET. Ps, t h e  switchi.ngr.. l o s s  .fdr t he  D a r l i n g t o n  T r a n s i s t o r ,  i s  zero 
w i t h  t h e  adopted g a t i n g  s t r a tegy .  Ps. f.0; $he FET i s  approximated by 

. . .  , ., ._ " 
. . 

. . . . .,. * . :  ..,, . - . '  

, : ,. - >- ,, ', . . 
where f S  i s  40k~,. Table 2..~.2 c o n t a i , h '  t h e  - l ' o i s  -estimates-':.fdr each s w i t c h '  

type. A s  $horn i n .  t he  t a b l e ,  t he  sw i t ch ing  . . l b s s  i $ . b n l y ,  . . 22% o f  t h e  sw i t ch  ' 

d i s s i p a t i o n ,  t h e  d i s s i p a t i o n  being' :  dominated':'.by con'duction l 'oss i n  each 

d a r l i n g t o n  (13W) and i n  t h e  2  p a r a l l e l  M~M15N40 F E T ~ S  (18W). 

Table 2.B.2 

Switch LOSS P r o j e c t i o n  a t  Rated Charger Power o f  3kW 

. . . . . . . .  2 . , ;  . . . . . ;: . .. . .. . - .  J -  :. c:,.>d. .< 
Dev i ce . . , ,p i (w j  . . .  PC( W) pp + Pc(W) 

TOTALS, , 44.5 12.2 

Note: tS,= 0.1~10-6 

Vbat = 129.6 . . 

. . 



T r a n s i s t o r  Base D r i v e '  D e s c r i p t i o n  

The requi rements f o r  t h e  D a r l i n g t o n  t r a n s i s t o r s  i n  t h i s  a p p l i c a t i o n  

d i c t a t e  t h a t  they  operate over  a  wide range o f  c o l l e c t o r  c u r r e n t s  and 

conduc t ion  t imes. These c r i t e r i a  and t h e  demand f o r  h i gh  e f f i c i e n c y  l e d  t o  

t h e  dec i s i on  t h a t  a  p r o p o r t i o n a l  base d r i v e  scheme be employed which f ea tu res  

l ow  s a t u r a t i o n  vo l t age  and reduced base d r i v e  power supply requirements. To 

avo id  ambigui ty  i n  t h e  i n i t i a l  s t a t e  o f  t h e  p ropo r t i ona l  d r i v e  t rans fu r i~ ie t -  

co re ,  it. was des i red  t o  r e s e t  t h e  curse t o  t h e  sme s t a t c  regard less  o f  rkc! 

l e n g t h  o f  t h e  conduct ion per iod.  An a d d i t i o n a l  c o n s t r a i n t  imposed by t h e  

D a r l i n g t o n  t r a n s i s t o r  i s  t h e  requiremerit t o  supply i ~ e g a t i v c  base d r i v c  f o r  a t  

1  eas t  5 microseconds t o  i nsu re  forward b l  ockf ng capabi 1  i ty be fo re  t h e  
subsequent ha1 f cyc le .  ' These requirements were ob ta ined  w i t h  a  p r o p o r t i o n a l  

base d r i v e  which inc luded  an a u x i l i a r y  sw i tch  i n  s e r i e s  w i t h  t he  feedback 

w i  n d i  ng. 
.. . 

The base d r i v c  e l c c t r i c a l  schematic i s  shown i n  ~ i g u r e  2.B.10. I n  t h e  

f i g u r e  c1 supp l i es  an i n i t i a l  c u r r e n t  pu lse  l o  Ql l i m i t e d  on l y  by c i r c u i t  

p a r a s i t i c  r e s i s t a n c e  when sw i t ch  S1 c loses.  The base d r i v e  f o r  Q1 i s  supp l ied  

by bo th  the  feedbdck w i l d i n g  and t h a  l o g i c  supply  thrbl.!gR R1 

. , 
When S1 opens and S2 c loses,  bo th  Q1 and 42 a r e  reversed biased, 

d isconnec t ing  t he  feedback wind ing from the  e m i t t e r  o f  Q1. Core rese t  i s  

ob ta ined  v i a  R j .  

Is01 a t  i o n  Transformer Design 

The i s o l a t i o n  t rans fo rmer  requirements . 1ncl uded 1r.dristor.mi n4 t he  

b a t t e r y  vo l tage  so t h a t  i t  exceeds t he  peak vo l tage  appearing a t  t he  t e rm ina l s  

of  t h e  i n p u t  r e c t i f i e r  b r idge ,  1  ow pr imary-secondary leakage inductance, and 

h i g h  e f f i c i e n c y .  These requirements were obta ined w i t h  t h c  use o f  a f e r r i t e  

co re  and f o i l  windings. The d e t a i l s  o f  t h e  t rans fo rmer  c o n s t r u c t i o n  and 

e l e c t r i c a l  parameters a re  conta ined i n  Table 2.B.3. The measured pr imary-  

secondary leakage inductance o f  0.45pH, coup1 ed w i t h  a  1.2mH magneti z i  ng 

inductance, y i e l d s  an inductance r a t i o  of 266611. A 2: l  t u r n s - r a t i o  was 



MAIN 
TRANSISTOR 

Figure 2.8.10 ~ropo-tional drive scheme. The conventional 
proportional drive has been modified with the 
addition of Q2 in series with the feedback winding 
T2B.' Independent control of the base voltage (Q1) 
and the core reset voltage is obtained. 



s e l e c t e d  (N,,/N~) t o  a l l o w  t h e  w i n d i n g  des ign  t o  c o n s i s t  of  4 u n i t y - t u r n s - r a t i o  

c o i l  s e t s ,  e i g h t  t u r n s / c o i l ,  d i s t r i b u t e d  on t h e  U c o r e  and connected i n  

s e r i e s / p a r a l l e l  t o  fo rm t h e  d e s i r e d  t u r n s  r a t i o .  

Core 

Conductors 

Tab le  2.6.3 

I s o l  a t i o n  Transformer  El e c t r i c a l  Par~a~ne te rs  

Ferroxcube l'F4-3C8 U- I 
1  B4-3C8 

Window Area 16cmZ 

Cove Area 6.45cm2 

F o i l  .015" x .5OOM. 

I n s u l  a t  i o n  .005" NOMEX 

E l e c t r i c a l  Parameters L, - 1 . ZIIIH 

L, - 0.45pH 

C, - 20Opf 

The c o r e  s e l e c t i o n  was based on t h e  puwer r a t i n g  o f  t h e  t rans fo rmer  and 

the t r a n s f o r m e r  e f f i c i e n c y .  An e s t i m a t e  o f  t t i e -  cure a r e a  - viindow a rea  

p r o d u c t  was o b t a i n e d  u s i n g  Equa t ion  (14 ) .  

P r imary  Vo l tage  (Time) Wire Area 
AcW, = X 

Peak F l u x  Window U t  i 1  i za t  i on 



for N p / ~ S  = 2.0, Vbat = 120, fS = 2 0 x 1 0 ~  Hz, a  c u r r e n t  d e n s i t y  o f  1000 c i r  
mils/amp, and a  0.4 window u t i l i z a t i o n  f a c t o r ,  

' 

ACwc = 164 cm4 . 
Only one f e r r i t e  co re  was a v a i l a b l e  which met t h i s  power hand1 i n g  c r i t e r i a ,  a  

"-1 co re  manufactured by Ferroxcube which has a  AcWc product of 148cm4* 

The p r imary  magne t i z ing  inductance was s e l e c t e d  t o  be ImH t o  l i m i t  t h e  

magne t i z ing  c u r r e n t  t o  approx imate ly  1A.  The number o f  p r imary  t u r n s  was 

s e l e c t e d  t o  be I f 5  t o .  l i m i t  t h e  peak f l u x  t o  0.25 Tesla. Each secondary 

c o n s i s t s  o f  8  t u r n s .  F i g u r e  2.8.11 c o n t a i n s  a  schematic of t h e  t r a n s f o r m e r  

c o n s t r u c t i o n .  A  gap of 0.006 inches  was i n c l u d e d  i n  t h e  des ign  t o  t o l e r a t e  a  

dc c u r r e n t  o f  200mA. The p r o j e c t e d  d i s s i p a t i o n  o f  t h e  t r a n s f o r m e r  a t  f u l l  
l o a d  o p e r a t i o n  i s  3,OW. 

Secondarv Com~onents 

The secondary c i r c u i t  components, t h e  r e c t i f i e r ,  f i l t e r  c a p a c i t o r ,  

b a t t e r y  cab1 es , and t h e  b a t t e r y  can be represented by t h e  . e q u i v a l e n t  

e l e c t r i c a l  c i r c u i t  shown i n  F i g u r e  2.B.12. To determi ne des ign  t r a d e o f f s ,  t h e  

f o l  l ow ing  assumption were made: 

1. Charger e f f i c i e n c y  = 1.00 

2. A l l  s w i t c h i n g  f requency harmonics a re  shunted by t h e  o u t p u t  

f i l t e r  c a p a c i t o r .  



~ i ~ u r c  2.B.11 Isolation Transformer Constr!!etinn 

Each coil consists of 8 turns, heing in scries on the 
primary side and in parallel for the secondary. 



. . I FILTER I. CHARGER- I BATTERY 
i I ~ A T T E R Y c A B L E  1 

. . 
Figure 2 . ~ .  i 2  Secondary circuit 



The t o t a l  RMS c u r r e n t  f l o w i n g  ou t  of t h e  charger  was c a l c u l a t e d  w i t h  a  

computer*. program, t a k i n g  bo th  t he  va ry i ng  1  i n e  vo l t age  and du ty  c y c l e  i n t o  

account. Th is  y i e l d s  a charger  ou tpu t  cur . rent  .which c o n t a i n s  bo th  120 Hz and 

s w i t c h i n g  frequency components. The instantaneous power d e l i v e r e d  t o  t h e  

b a t t e r y  i.s Pbat = Pin. Therefore 

P i n  , 2Vac l a c  s i n 2 d  - 
'ba t  =.- ' 

.2' = I p s i n w t  . I (15) 
Vba t  "bat  

. .. . "  
  he i n p u t  power ' Pin i s  p r o p o r a t i d n a l  t o  <i n20t s ince  bo th  t h e  vo i  t'age and 

c u r r e n t  a r k  va'ryln$ i n  phdse s ~ n u s o l d a l  l y .  
. . , ( I . . . .  " I .  - r .  . , . . 

The 120Hz component of t h e  ou tpu t  c u r r e n t  can be determined by t h e  use o f  t he  
i d e n t i t y ,  . , 

~ i n 2 ,  = 112 (I-cos 2u) . . . (.16) . 

t h e r e t o r e  

The 40kHz RMS requirements of t he  c a p a c i t o r  i s  

Therefore t h e  f i l t e r  c a p a c i t o r  must have an RMS c u r r e n t  r a t i n g  a t  40kHz 

which i s  a t  l e a s t  20A, a  vo l t age  b l o c k i n g  c a p a b i l i t y  o f  150V, and a  

capaci tance of a t  l e a s t  20uf t o  min imize t h e  vo l t age  r i p p l e  (bVcl) appedring 

on t h e  pr imary . . s i de  switches. . 



It can be shown t h a t  

F i gu re  2.8.13 p l o t s  t h i s  r e l a t i o n s h i p .  a long w i t h .  t h e  maiinium sw i t ch  vo l t age  ' 

. . 

s t resses.  A s u i t a b l e  commutation s t y l e  capac i t o r ,  . GE t ype  9 7 ~ , '  2 0 ~ ~  r i e S  
. . I  ( . 

se l ec ted  f o r  t h e  f i l t e r  capac i to r .  . . ' .  . . ;.. . . . 
8 .  . ; 

I The losses  i n  t h e  b a t t e r y  a re  p r o p o r t i o n a l  t o  t h e  charg ing  RHS 
cu r ren t .  As shown p rev ious l y ,  t he re  i s  a  120Ht RMS component i n  t h e  ou tpu t  

c u r r e n t  which has a  magnitude of - Idc . The a d d i t i o n a l  l o s s  i n  t h e  b a t t e r y ,  as 
fl 

compared t o  dc, can be expressed as 

which i s  a  l o s s  penal i t y  o f  50% compared t o  pure dc charging. Since a t y p i c a l  

g o l f  c a r t  c e l l  has an equ i va len t  s e r i e s  impedance o f  2mn when discharged, the  

1 0 8 V  b a t t e r y  w i l l  d i s s i p a t e  an a d d i t i o n a l  40W o r  approx imate ly  1.1% bf  t h e  

charger i n p u t  power a t  3kW. This i s  probabiy  a  reasonable t r a d e o f f  V S .  

i n c reas ing  t h e  cha rge r ' s  s i z e  and weight by f o r c i n g  t h e  ou tpu t  LC f i l t e r  
resonant frequency t o  be l e s s  th,an 12OHt. , , . : . ; ?  

t ' ,  

Motoro la  MR866 f a s t  recovery r e c t i f i e r s  were se lec ted  t o  r e c t i f y  t h e  

ou tpu t  o f  t h e  i s o l a t i o n  t rans fo rmer  and No.3 AWG c a b l i n g  was s p e c i f i e d  t o  

connect t h e  charger  t o  t h e  ba t t e r y .  

Wavcshape and Amp1 i tude Contro l  1  e r  

The c o n t r o l  approach and b lbck  di'igram,: i s  desc,bi ,bed- in .,,. t h i s  sect ion.  

I n  o rder  t o  achieve near u n i t y  power f a c t o r  &e ta t i on ,  t h e  'ac l l n e  c u r r e h t  
: I '. 

must be a  r e p l i c a  o f  t h e  l i n e  voltage;  his., i s  8chi:eved i n  t h e  B C / S C I  by 
' . :  



. . " O  ,, 

Figure 2.8.13 ' ' lncdasecl voltage on Q2 hth' decreasini Val"& of Cl. . .  + '  

a ' . .  ' AVCl is the overstioot voltage on capacitor C1. ' ' 
- .  .* 

. . . . .  . , 
.. *.' . . 



us ing  t h e  l i n e  vo1,tage t o  o b t a i n  l i n e  c u r r e n t  waveshape in fo rmat ion  and 

c o n t r o l l i n g  t h e  ampl i tude v i a  a  m u l t i p l i e r .  ' ~ i ~ u r e  2.8.14 con ta ins  t h e  

c o n t r o l  system b lock  d i a g r h .  . ' . . '  

The ac, l i n e  i n f o r m a t i o n  . i s  ob ta ined  v i a  a  s tep  dowri t ransformer,  
r e c t i f i e d ,  and delayed w i t h .  t h e  L.P. f i l t e r  t o  se t  t h e  power f a c t o r  angle. 
Th is  waveform i s  m u l t i p l i e d  b y '  K, where O < K t l ,  t o  vary  t h e  amp1 i t u d e  o f  t h e  

r e s u l t i n g  power c i r c u i t  input,  . . cu r ren t .  K i s  va r i ed  i n  such a manner as t o  

r e g u l a t e  .. . t h e  magnitude o f  t h e  i n p u t  l i n e  c u r r e n t  o r  t h e  magnitude o f  t h e  

b a t t e r y  vo l tage  d u r i n g  charging. 

A d e t a i l e d .  c o n t r o l  b lock  diagram . i s  presented i n  F igure  2.B.15. O f  

p a r t i c u l a r  i n t e r e s t  i s  t he  power c i r c u i t  t r a n s f e r  f u n c t i o n  c o n t a i n i n g  a p o l e  
a t  t h e  o r i g i n  and ga in  p ropo r t i ona l  t o  V;/LI,. t h e  r e f l e c t e d  b a t t e r y  vo l tage '  

and t he  boost inductance. The h igh  frequency i n p u t  f i l t e r  i s  represented by 

t h e  double .pol.e a t  81 ,.649 radians. The compensation c o n s i s t s  o f  a  p o l e  - 
zero combinat ion a t  487 rad ians and 37037 rad ians  respec t i ve l y .  The l o o p  

t r a n s i i s s i o n  o f  t h e  complete c i r c u i t  i s  presented i n  F igure  2.8.16. The 

f u n c t i o n  o f  t h e  pole-zero p a i r  . i s  now ev ident .  The f i r s t  po le  i s  l oca ted  a t  

t h e  o r i g i n ,  t h e  boost i nduc to r  " i n t eg ra to r , "  t h e  second po le  i s  p laced a t  

approx imate ly  500 rad ians t o  ma in ta i n  h i g h  ga in  t o  assure waveshape 

accuracy. , The zero '  i s  in t roduced t o  improve phase margin a t  u n i t y  gain. 
. . 

Crossover i s  assured apbroximately o n e .  decade 1 ower ' than t he  s w i t c h i n g  

frequency o f  t h e  conver te r .  

Contro l  Power System 

The power supply which i s  used t o  p rov ide  t he  requ i red  power c i r c u i t  

vo l tage .  and c u r r e n t s  i s  schemat ica l l y  ill u s t r a t e d  i n  F igure  2.6.17. Th is  

. power supply i s  d i r e c t l y  connected t o ,  t h e  ac 1 i n e  and p rov ides  i s01  a ted  21 2V 

outputs  which a re  re ferenced ,tr, the  power c i r c u i t  nega t i ve  bus. This power 

supply i s  used f o r  base d r i v e  power and p rov ides  con t ro l '  l o g i c  power t o  t h e  

system c o n t r o l  l e r  discussed i n  t he  prev ious sec t ion .  
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Figure 2.6.15 Power circuit controller block diagram 

Gvg = commanded avg. line current 

I ~i~~ = ac line current (instantaneous) 

vat = ac line voltage (instantaneous) 

K1 = error signal 

K2 = scaling factor 

'ii = commanded boost induction current 

"b = battery voltage as reflected through transformer 



FREQUENCY (RADIANS) 

: >' ., . . 

.Figure 2,R.16 P ~ w e r  circuit inner loop transmission characteristics 
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Figure 2.8.17 Power circuit power supply concept 



2.C B a t t e r y : A l  g0r.i thms 

' .  . . 

Th is  s e c t i o n  o f  t h e .  r e p o r t  addresses t h e  models used t o  c a l c u l a t e  t h e  , 

b a t t e r y  s t a t e  o f  charge .(SOC) .and t he  recharge a l g o r i t h m  imp1 emented i n  t h e  

BCISCI. Two SOC models were i n v e s t i g a t e d  d u r i n g  t h e  c o n t r a c t  e f f o r t ,  a. 

phenomenological model and a  phys ica l  model, w i t h  t he  former implemented i n  

t h e  BCISCI. The phenomenological model i s  discussed f i r s t .  The accuracy of 

t h e  ,SOC a l g o r i t h m  was t e s t e d  by e x e r c i s i n g  b a t t e r y  rnorl1.11es w i t h  d i  scha.qge,,.., 

p r o f i l e s  emu1 a t i n g  d r i v i n g  cyc les .  A p o s s i b l e  model paramcter adaptov SC! I~ I I IS : ,~  

is presented. . *  , .I 

2. C.l . Phenomenological .S ta te  . -. . . o f  Charqe - .- . . Model .-.- - .  

The phenomenological model may be thought  o f  as an adap ta t i on  o f  bo th  

t h e  M a r t i n  (Reference 2)  model and t h e  Shepherd (Reference 3) equa t ion  f o r  - 

b a t t e r y  vo l t age  under dc d ischarge  cond i t i ons .  A b r i e f  rev iew o f  t h e  M a r t i n  

and Shepherd models below i s  f o l l owed  by a  d e s c r i p t i o n  of t h e  m o d i f i c a t i o n s  

made t o  them i n  o rde r  t o  a r r i v e  a t  t h e  new model. F i n a l l y ,  some o f  t h e  i ssues  .. 

1 nvo l  Jed i n  imp1 ementat i o n  of t h e  phenomenological model on a  microcomputer 

a r e  addressed. 

The M a r t i n  ,model summarizes t h e  c o n d i t i o n  o f  a  b a t t e r y  a t  any t ime w i t h  

two s t a t e  va r i ab l es ;  Q ( t ) ,  t he  charge removed from t h e  b a t t e r y ,  and C ( t ) ,  t h e  

b a t t e r y  capac i t y .  These v a r i a b l e s  change accord ing  t o  t h e  eq~rat i ons  

where I i s  t h e  b a t t e r y  d ischarge  c u r r e n t ,  f ( I )  ,i,s a f u n c t i o n  which s p e c i f i e s  

t h e  b a t t e r y  c a p a c i t y  under c o n d i t i o n s  of dc d ischarge a t  t he  c u r r e n t ,  I, and T 

i s  a  c h a r a c t e r i s t i c  t ime-cong tan t  of t h e  b a t t e r y .  , The b a t t e r y  i s  cons idered.  . .  . 

t o  ,be ,exhausted when Q reaches C (i..e., when C - Q<O) . 



The phys ica l  i n t e r p r e t a t i o n  o f  Equat ion 21 i s  obvious, t h e  r a t e  of 

change of b a t t e r y  charge withdrawn i s  t h e  cu r ren t ,  I. According t o  Equat ion 

22, f o r  any g iven  instantaneous cu r ren t ,  I, the  b a t t e r y  capac i ty ,  C, 

approaches t h e  dc b a t t e r y  capac i t y  a t  t h a t  cu r ren t ,  f ( I ) ,  w i t h  a  

c h a r a c t e r i s t i c  t ime constant ,  T. 
- 

: Computation o f  t h e  b a t t e r y  capac i t y  f o r  a  cons tan t -cur ren t  d ischarge 

cuFcent i s  re1  a t i v e l y  s t ra igh t fo rward .  Given i n i t i a l  va l  ues f o r  t h e  s t a t e  

vaP?'ables, C6,. and Qo, as we1 1  as a  s tandard discharge'  . . cu r ren t ,  Io, t h e  t ime  
t o  c u t o f f  may be c a l c u l a t e d  e i t h e r  by numerical  s imu la t i on  o f  Equat ions 21 'and 

22, o r  by a n a l y t i c a l  means. State-of-Charge p r e d i c t i o n  i n  terms o f  a  cons tan t  

power d ischarge i s  more d i f f i c u l t ,  a s , t h e  model makes no e x p l i c i t  p r e d i c t i o n  
o f  b a t t e r y  vo l  tage d u r i  ng t h e  d i  scharge. 

Shepherd Model 
. , 

The Shepherd equat ion  i s  in tended t o  p r e d i c t  a  b a t t e r y  vo l t age  p r o f i l e  

du r i ng  a  dc discharge. 

According t o  t h i s  r e l a t i o n ,  

where v ( t )  i s  t h e  p red i c ted  b a t t e r y  vo l tage,  Q ( t )  i s  t h e  charge withdrawn f rom 

the  b a t t e r y ,  I i s  t he  d ischarge cu r ren t ,  and Vo, V1, R ~ Y  R ~ s  and 92 a r e  

parameters o f  t h e  b a t t e r y .  The f i r s t  term i n  Equat ion 23 i s  a  cur ls lant .  The 

second term represents  the d e c l i n e  o f  e q u i l i b r i u m  vo l t age  due t o  f a l l i n g  

e l e c t r o l y t e  concen t ra t i on  as e l e c t r o l y t e  i s  consumed i n  t h e  b a t t e r y .  The 

t h i r d  term i s  s imply  an impedance vo l tage  drop. The f o u r t h  te rm i s  equ i va len t  

t o  an impedance t h a t  r i s e s  as Q ( t )  approaches 42. Shepherd proposed t h i s  

impedance term t o  account f o r  the  s h r i n k i n g  ac t i ve -ma te r i a l  surface area i n  

t h e  b a t t e r y  du r i ng  a  discharge. According t o  h i s  exp lana t ion ,  as t h e  a c t i v e  



mater ia.1 was', used up i n  t h e  e l  ectroch'ernical . d i scharge  reac t i on ,  t h e  c u r r e n t  

d e n s i t y  ' necessary" t o  ma in ta i n  a cons tan t  c u r r e n t  rose, n e c e s s i t a t i n g  a  h i ghe r  

r e a c t i o n  ' ove rpo ten t  i a1 . " 

..' 

2.C.l .a Model . M o d i f i c a t i o n s  
Q I 

It has been found expe r imen ta l l y  t h a t  one se t  of c o e f f i c i e n t s  ,(Vo, V1, 

Q1, "R1, R2, 42) .  i s  - n o t  s u f f i c i e n t  t o *  a c c u r a t e l y  p r e d i c t  b a t t e r y  v o l t a g e  f o r  tic 

d i scharges :over  a  wide *range o f  c u r r e n t s  and temperature2.' However, i f :  ~1;t; 

R2, and ' Q2 ' a r e  a1 1  owed t o  vary w i t h  bo th  temperature,  T, and c u r r e n t ;  I, theh 

t h e  r e r u l t l n g  pr~dic:t .et l  vn l tage  p r o f i l e s  can bc f i t t e d  t o  ac tua l  da ta  

c l o s e l y .  I n  a d d i t i o n ,  a f i l t e r e d  b a t t e r y  c u r r e n t ,  obeying t he  d i f f e r e n t i a l  

equat ion,  
. . 

i s  u s e d  i n ~ q u a t i o n  2 3 i n  p lace  o f  t h e  ac tua l  c u r r e n t ,  I, then t h e  p r e d i c t e d  

v o l t a g e  i s  a  reasonable aprox imat ion t o  t he  measured vo l tage ,  v, even under 

cond i t i o 'ns  o f  va r y i ng  gur ren t .  I n  Equa t ion  24, I ( t )  i s  ' the ac tua l  b a t t e r y  

c u r r e n t ,  w h i l e .  r F ( t )  , i s  the  f i l t e r e d  . ., c u r r e n t .  . . , Thus, t h e  phenomenological 

model p r e d i c t s  t h e  b a t t e r y  vo l t age  w i t h  t h e  equat ion,  

A c t u a l l y ,  due t o  t h e  f i l t e r i n g  f u n c t i o n  performed by Equat i o i ~  25 t h e  vo l t age  

p r e d i c t e d  by Equat ion 25 i s  c l o s e r  t o  a f i l t e r e d  ve rs i on  o f  t h e  measured 

v o l  t age, 

d v ~  
'I- + V F  = Vm ( t )  

d  t 

where v ~ ! t )  i s  t h e  f i l t e r e d  b a t t e r y  vo l tage .  



. . I n  o rder  t o  implement t h i s  model t o  p r e d i c t  s t a t e  o f  charge, an a r r a y  

o f  values f o r  R1, R2, and 92 a t  var ious.  d i s c r e t e  v a l u e s  o f  c u r r e n t  and 

temperature a re  requ i  red. A microcomputer keeps t r a c k  o f  t h e  withdrawn 

charge, Q, and f i l t e r e d  cu r ren t ,  IF, du r i ng  a  discharge. A t  any t ime t h a t  t h e  

remaining capac i t y  was des i red,  t h e  processor woul d  begi n  an imagi nary,, 

d ischarge, va ry ing  t he  c u r r e n t  so as t o  keep t he  product v ( t )  * I ( t )  equal t o  

t h e  standard d ischarge power. L i nea r  i n t e r p o l  a t i b n  .between t h e  d i s c r e t e  

values of temperature and c u r r e n t  f o r  which t he  b a t t e r y  da ta .  a r e .  s to red  would 

b e  used t o  compute est imates o f  R1, R2, and 92, 'so t h a t  b a t t e r y  vo l tage  

p r e d i c t i o n s  cou ld  be made. The remaining energy would' then be t h e  product of  

t h e  . . s tandard power r a t e  and t h e  t ime ( i n  t h e  imaginary d ischarge)  u n t i l  t h e  

vo l tage  f e l l  be1 ow some c u t o f f  1  eve1 . 

Any such model as t h e  phenomenological one 5s founded on two bas i c  

assumptions; 1) t h a t  t h e  b a t t e r y  can be descr ibed t o t a l l y  by . i t s  dc. d ischarge  

response, and 2) t h a t  any e f f e c t s  of d ischarge a t  l e v e l s  d i f f e r e n t  f rom t h e  

standard r a t e  are t r a n s i e n t  ( i  .e., w i l l  no t  s i g n i f i c a n t l y  a f f e c t  t h e  b a t t e r y  

c a p a c i t y  un less cu to f f  occurs w i t h i n  severa l  t ime constants  o f  t h e  d i f f e r e n t - .  

r a t e  d ischarge) .  It i s  apparent from the  b a t t e r y  t e s t s  du r i ng  t h e  

c o n t r a c t  t h a t  n e i t h e r  o f  t h e  above assumptions i s  e n t i r e l y  t rue .  However, i t .  

i s  be1 ieved t h a t  they are c l ose  enough, i n  most s i t u a t i o n s  t h a t  an e l e c t r i c  

v e h i c l e  b a t t e r y  w i l l  encounter, t o  a l l o w  an accurate s ta te -o f -charge  

p r e d i c t i o n .  

Table 2.C.1 con ta ins  t he  a r ray  o f  Shepherd c o e f f i c i e n t s  as f u n c t i o n s  o f  

d ischarge c u r r e n t  and e l e c t r o l y t e .  temperatures. ' , 



Table 2.C.1 

C e l l  Parameters 

E l  e c t r o l y t e  Temperature 

Cur ren t  (Amps) 9<C 20<C 40<C 

where R1 and R2 a r e  i n m i  11 iohrns p e r  c e l l  and 42 i s i n  Ah. 

These parameters were d e r i v e d  f rom cons tan t  c u r r e n t  d i scharge  

exper iments  employing Goul d PB-220 go1 t c a r t  b a t t e r l e s .  The vo l  Ldye a r ~ d  the 

charge wi thdrawn was recorded d u r i n g  each d i  scharge and t h e  r e s u l  t i  ng v o l  tage  

c u r v e  p r e d i c t e d  by t h e  Shepherd equa t ion  was f i t  t o  t h e  a c t u a l  v o l t a g e  curve 

t o  determine t h e  Shepherd c o e f f i c i e n t s .  The b a t t e r y  recharge p r o f i  1 e employed 

d b  .'ng t h i s  t e s t i n g  was an e q u i l i b r i u m  recharge p r o f i l e  w i l h  d r ~  over-charge o f  

20%. Th is  was necessary t o  ach ieve r e p e a t a b l e  t e s t  r e s u l t s  f o r  t h e  b a t t e r y  

under  t e s t ,  



2.C.l.b A1 gor i thm performance 

/ 

The accuracy o f  t h e  SOC a l go r i t hm  was t e s t e d  by e x e r c i s i n g  a  6 - c e l l  

b a t t e r y  module w i t h  a  d ischarge p r o f i l e  which emulated a  SAE 227a, schedule D 

d r i v i n g  cyc le .  'Again,  t h e  b a t t e r y  da ta  c o n s i s t i n g  o f  vo l tage,  c u r r e n t ,  

temperature,  and t ime  was recorded d u r i n g  t h e  t e s t .  Using a  l a r g e  

minicomputer,  t h e  SOC a l g o r i t h m  used t h e  recorded b a t t e r y  data t o  c a l c u l a t e  

t h e  SOC. A l l  ac tua l  b a t t e r y  t e s t s  were t e rm ina ted  w i t h  a  cons tan t  power 

d ischarge  a t  t h e  185Wlcel l  r a t e  (10kW f o r  a  54 c e l l  b a t t e r y ) .  Dur ing  t h i s  

i n t e r v a l ,  t h e  c a l c u l a t e d  SOC was compared t o  t h e  measured SOC and an RMS e r r o r  

was c a l c u l a t e d  f o r  t h e  p r e d i c t i o n s .  A t o t a l  o f  32 d r i v i n g  c y c l e  t ype  t e s t s  

were conducted on t h e  b a t t e r i e s  a t  ambient temperatures va r y i ng  from g0C t o  

45OC. F igures 2.C.1-2.C.6 i l l u s t r a t e s  t h e  b a t t e r y  vo l tage ,  c u r r e n t ,  and wa t t -  

h r  vs. t ime  f o r  two d r i v i n g  t e s t s .  F igures 2.C.7 and 2.C.8 show a  p l o t  of t h e  

c a l c u l a t e d  SOC and t h e  measured SOC f o r  these two r e s p e c t i v e  t e s t s .  

F i gu re  2.C.9 shows t h e  capac i t y  v a r i a t i o n s  o f  t h e  b a t t e r i e s  d u r i n g  t h e  

t e s t i n g  i n t e r v a l .  The b a t t e r y  c a p a c i t y  (W-hr) v a r i e d  f rom a  low p o i n t  o f  920 

Wh t o  a  h i gh  o f  1430 Wh f o r  the  s i x - c e l l  module, w i t h  t he  lowest  c a p a c i t y  

observed a t  ambient temperatures o f  5OC and t h e  h i ghes t  a t  40°C. The RMS 

e r r o r  i n  t he  SOC p r e d i c t i o n  was as low as 1.3 Whlce l l  and as h i gh  as 37.3 

Wh/cel l  d u r i n g  t h e  t e s t i n g  as seen i n  Table 2.C.2. 
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Figure 2.C.l Cell voltage vs. time for test F49TST033.DO5 
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Figure 2.C.3 Battery watt-hours vs. time for test F49TST033.DO5 
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Figtire 2.C.5 Bbttkry eurrCrit v3. time tor test t','W CS"I 031 .U11 
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Figure 2.C.6 ' Battery'wattlhours vs. time for test F43TST031.Dl7 



PREnlCTED 
o MEASURED 

I 

n.4n 0.80 1.20 ! 3 0  
TIME (HOURS) 

Figure 2.C.7 Stale-of-charge (S.O.C.) vs, time for test F49TST033.DO5 
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Figure 2.C.8 Stateof-charge (S.O.C.) vs. time for test F43TST031.Dl7 
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Table 2.C.2 

SOC Eva1 u a t i o n  Test and. Resu l ts  

..... . . 
I . .  I .  

TEST 
RMS ERROR I N  

STATE OF CHARGE 

The RMS error i n  t he  s t a t e  of charge i s  c d l c u l a t e d  by observ ing t he  

e r r o r  between t he  measured and p red i c ted  capac i t y  a t  a number o f  d i s c r e t e  

po in ts .  The RMS e r r o r  i s  c a l c u l a t e d  from these p o i n t s  us ing  Equat ion 27. 



. , * :  . ' 2.C.l .c Parameter Adapter ... : . . 

I t .  a . . . 
, . 

The, acquracy of t h e  phe! iomano l~g j~~ l  b a t t e r y  mddb~ i s  dependent on the  

accuracy of t h e  Shepherd coed f i c i en ts  which charac ter i  ze the b a t t e r y  

performance over  t he  range of tqmbPrature a n d c u r r e n t .  Unfor tunate ly ,  these 

parameters change . as ; :  the ba t te ry  ages..' % :  The parameter adapta t ion  a1 g o r i  thm 

developed du r ing  t h e  can t rac t  attempts t o  h6di,fy the  Shepherd c o e f f i c i e n t s  

based on the  recorded :voltage e r r o r  h i  s to ry  o f  ' ' p rev ious  d i  scharges. 

Conceptual ly,~,ths pardmatpr .:, . m o r l i f i c ( r t l o n , , ~ o y l d  o,ccur f o l l ow ing  t h ~  r n m p l e t i ~ n  

o f  the  discharge cyc le.  A1 though rid ,paramefGrv , ' d ~ a ~ t i o n  . . a1 g o r i  thm was i nc! ~ . ! d ~ d  

i n  t h e  developed BCISCI hardware, t h i s  sec t ion  discusses i t s  development. 

The concept of parameter adaptlon requ i res  the processing o f  some form 

of record of a complete discharge ra the r  than making decis ions based upon 

sho r t  sub-d iv is ions o f  a discharge cyc le.  The major' disadvantage o f  such an 

approach i s  the  amount of data compression requ i red  t o  f i t  a complete 

discharge record i n  the avai 1 able microcomputer dynamic memory, on the order 
o f  100 bytes. 

The discharge summary I s  i n  t he  form o f  several separate records, Each 
record w i l l  descr ibe the scheme's performance over a p a r t i c u l a r  sec t ion  o f  the  

discharge, dur ing which t h e  discharge opera t ing  po in t  i n  (1 ,T )  space, cur ren t  

and temperature, remained n o m i n a i l i  w i t h i n  ,one zone. A record w i l l  be kept 

on l y  i f  t h e  amount of t ime e lapsed  (and/or charge removed) d u r i n g  the  

corresponding sec t ion  i s  above some minimum val ue. 

The accumul a t  i on o f  a records  w i  11 be termi nated ( i  .e. , t h a t  record w i  1 l 
be w r  i L t e n  i nto  memory) 'drd another s t ~ r t c d  when~ver , 

A )  The discharge operat ing p o i n t  leaves i t s  "base zone" f o r  longer  than 
some s p e c i f i e d  time. 

B)  The . length o f  t ime ( o r  amount, .of; charge ,removed) dur ing  the, i n t e r v a l  
... i . . . . I  . , 

becomes greater  than some . maximun . val.ue, : 



If a record  i s  t o  be w r i t t e n ,  and i n s u f f i c i e n t , :  s&ce e i i j t s  i n  memory 

t o .  w r i t e  t he  record, some means o f  eva lua t i on  o f  t h e  reco rd ' s  " importance" 
, ,. . 

wi 11 be used t o  determi n'e whether o r  n o t  ' t o  d e l e t e  an. a l ' ready-wi ' t te 'n  record. 
. y .  . '.. . . . ,, . ' S  \ . . .  

Each record  wi 11 c o n s i s t  ' of 6:'erif'ries , - ' descr i  bed' 'be1 ow:. . . .  . -  , . - . . .  

. . :: ,, -:i :. ! ,  . . ,  . . . . . = '. : , . , . 

1  ) IA .- The average .va-l'ue o f  ' t h e  f i  1 te'red b a t t e r y  cu r ren t ,  du r i ng -  t h e  
sect ion.  ' , p . , 

'1, . . . . . / ,. - . . . .  , 

t -. . .. 
2) TA - The average ' i a l u e - o f  t h e  f i  l ' t e red  b a t t e r y  t&pe?a'i.arl.+e d u r i n g  

. -  . . ,  . .  * ' 
, . .  . . . .  : . .  : . . .  . % . . t h e  sec t i on . '  . . 

3)  ARA - The ave rage  'va lue o f  t h e  e r r o r  in ' b a t t e r y  ' "impedance" 
. , . . p r e d i c t i o n ,  ".'. ' .' ' . . 

. ', . . , .  . . . ,  
. . 

where AR i s .  t he  instantaneous e r r o r  i n  b a t t e r y  impedance 

predic t ion, ,  . . Vm i s  t h e .  measured b a t t e r y .  vo l tage,  Vp i s  t h e  

p red i c ted  b a t t e r y  vol.tage, and .I. ;is t h e  ( u n f i l t e r e d )  b a t t e r y  

current . .  . . .  , . . .  . . . 

where AQ i s  t h e  fotaS ,amount of char.ge removed from t h e  . ba t t e r y  

du r i ng  t he  sec t ion ,  and Q1 is t h e  charge removed from f u l l -  
, . char.ged s t a t e .  , a , ' . .  . .  . . 



4 )  ARD - An "average" va lue  ' o f  t h e  d e r i v a t i v e  of  e r r o r  i n  b a t t e r y  

impedance p r e d i c t i o n  w i t h  r e s p e c t . t o  charge -removed. 

P 

. , 
' Qi +I 1 2 ~ Q  .. Q ~ ~ A Q . '  

I .  . . .  

'.r 
5) Q! - The va lue  of charge removed f r omd the  b a t t e r y : ( r e l a t i v e  t o  i t s  

f u l  l y -charged s t a t e )  when t h e  s e c t i o n  began. 

. . 

6 )  Qf - The va lue o f  charge removed fro~n'  t h e  b a t t e r y  when t h e  secc lon 

ended where 

Given t h e  va lues o f  A and AR.~,, a long . . w i t h  Q~ and. Q ~ ,  a  1  i n e a r  
approx imat ion  t o  t h e  e r r o r  (AR) can be cons t ruc ted  as a  f u n c t i o n  o f  Q i n  t h a t  

sec t i on .  . .  . 

Suppose AR = A"Q t B 

Then 

and hRA = A(Qi + 112 AQ) + B and f rom equat ion.  (30) , 
hRD = 1/2A AQ 

Then, i f  t h e  above equa t ions  a re  so lved  f o r  A and B i n  terms of AR* and 



I n  o rder  t o  a d j u s t  t h e  b a t t e r y  parameters accord ing t o  t h e  da ta  

obta ined i n  t he  records, t h e  f o l l o w i n g  procedure i s  used. 

F i  r s t ,  r econs t ruc t  t h e  . ac tua l  vo l tage  p r o f i l e  du r i ng  each s e c t i o n  by 

assuming t h a t  each sec t i on  can. be.model led as a ' c o n s t a n t - c u r r e n t ,  cons tan t -  

temperature discharge, a t  t h e  cu r ren t ,  IA, and temperature, TA. 

Thus, t he  p red i c ted  b a t t e r y  vo l tage  would be 

where RlO, RZ0, and are t he  values o f  R1 ,  RZ, and Q2 a t  t h e  p o i n t  ( I A S  

TA), be fo re  any adjustment. 

VpO i s  t h e  vo l t age  p red i c ted  by t h e  un-adjusted parameters. 

From t h i s  in fo rmat ion ,  and t he  l i n e a r  approx imat ion t o  t he  b a t t e r y  

impedance as a  f u n c t i o n  o f  charge removed, r econs t ruc t  t h e  measured vo l tage  

' du r i ng  a  sec t ion ,  s ince, by t he  d e f i n i t i o n  o f  A R ,  

where A and B a re  de f ined  on t he  prev ious page. 

Thus 



The p r e d i c t e d  vo l tage ,  Vp, ob ta ined  by t h e  use o f  ad j us ted  parameters, 

R 1 ,  R2, 42, i s  

The e r r o r ,  AR, w i t h  t h e  ad jus ted  vo l t age  i s ,  thus, 

The i n t e g r a l  o f  t h e  square of AR can be performed over a l l  sec t i ons  f o r  

which ( I A ,  TA) i s  w i t h i n  a common zone. I n  t h i s  way, an increment t o  t h e  

parameters bR1, A R ~ ,  A Q ~ ,  which r e s u l t s  i n  t he  lowest  mean-squared e r r o r  can 

be chosen (even though t h i s  increment r e s u l t s  i n  d i f f e r e n t  va lues o f  R1, R ~ ,  

Q~ f o r  each d i f f e r e n t  (IA, TA) 1" e d ~ h  sec t i on ) .  Flote t h a t .  A and B are  

i ntermedi a t e  cons tan ts  i n  t h e  1 i nea r i  z a t  i on process o f  curve r i tt i ng and a re  
no t  m i  n imi  7ed per  se. 

The change i s  d i s t r i b u t e d  among t h e  f o u r  ope ra t i ng  co rners  which d e f i n e  

t h e  ( I ,  T )  zone i r l  the folluwin~ manner, 

The change i n  t h e  i n t e r p o l a t &  va lue 0t K1 ( o b t a i n e d  by use o f  L l l r  

average o,,t.,.a~i,,g p o l n t ,  (lA, TA) i s  a f r a c t i o n  o f  t he  recommended change, A R Y  

thus ,  



The s o l u t i o n  t o  t h e  s e t  o f  equa t ions  i s  

A R ~ ~ ~  = FRACT FLL bR1/M : 

ARl LU = FRACT FLU a R 1 / ~  

A R ~ ~ ~  = FRACT FUL A R ~ / M  

ARl UU = FRACT * '  FUU bR1/M 

where 

and where 

ARILL i s  t h e  change t o  be made i n  R1 a t  t h e  low- 
c u r r e n t ,  low- temperature  co rner  o f  t h e  zone 

ARlLU i s  t h e  change f o r  t h e  l o w - c u r r e n t ,  h igh -  

temperature  c o r n e r  

ARIUL i s  t h e  change f o i  t h e  h i g h - c u r r e n t ,  low-  

temperature  c o r n e r  

AR1 
UU i s  t h e  change f o r  t h e  h i g h - c u r r e n t ,  h igh -  

temperature c o r n e r  

A R ~  i s  t h e  o p t i o n a l  suggested change i n  R1 f o r  

t h e  zone 

A I i s  t h e  r a t i o  o f  zone changes i n  c u r r e n t  based 
on t h e  geometr ic mean o f  t h e  g r i d .  



A~ i s  t h e  r a t i o  o f  zone changes i n  temperature based 
on t h e  geometr ic mean o f  t h e  g r i d .  

FRACT i s  a  cor?stant  such tha ' t  0.5 < F R A C T  < 1.0. 

and where FIJ i s  def ined as,  
. . 

The concept o f  t h e  parameters adapter  was t e s t e d  by examining a dc 

d ischarge  a t  a  cods tan t  c u r r e n t  o f  lOOA d r ~ d  22.5"C. T w  parameter g r i d s  bicrc 

employed f o r  t h e  Shepard c o e f f i c i e n t s ,  a  5x3 m a t r i x  and a 4x3 m a t r i x  t o  

determine t h e  impact o f  hav ing t h e  ope ra t i ng  p o i n t  co i nc i de  e x a c t l y  w i t h  a  
g r i d  en t r y .  F i gu re  2.C.10 shows t h e  v a r i a t i o n s  ,of  R1 and Q2 us i ng  t h e  5x3 

m a t r i x .  As shown i n  t h i s  F igure,  42 seems t o  be s t a b l e  w i t h  repeated 

ope ra t  i ons  on one da ta  fi 1 e; however, K1 seems headed up i n d e f i  n i  t e l l .  

However, when t h e  4x3 m a t r i x  was employed, t h e  parameter converged on a 

f i n a l  s e t  i n  o n l y  10 i t e r a t i o n s .  F igures 2.c.11 and 2.C.12 show t h e  ' p red i c t ed  

and measured vo l t age  cu rves . - f o r  t h e  i n i t i a l  i t e r a t i ' o n .  and t h e  10th i t e r a t i o n .  

The se r .~s . i t i v , i t y  t o  t l i e  neat-ncss of '  t he  (i,"i ')  g r l d  p o i n t  i s  an d r e d  u f  

concern i n  t h e  parameter adapter  s t r a tegy .  

2.C.2 Phvs ica l  Model 

The phys i ca l  model i s  a  mathematical  r e p r e s e n t a t i o n  of t he  d ischarge 

process i n  a  f looded, porous, lead-ac id  b a t t e r y  c e l l .  I t i s  a lumped- 

parameter approx imat ion t o  t h e  c l a s s i c  a macro homogeneous model (Reference 4) . 
I 
The b a t t e r y  c h a r a c t e r i s t i c s  most s t r o n g l y  emphasi red  a re  ( 1 )  1  i m i t a t i o n s  of 
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Figure 2.C.10 Variation of battery parameters, R1, Q2, with runs of 
parameter - adaptor, BAT01 7. 
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Figure 2.c.11 Predicted and measured battery voltage, 
test F27TST016;DOl 
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~ i ~ u r e  2.C.12 Predicted and &bs"red battery voltage, 
i ':test F27f s T ( ) ~ ~ . D o ~ .  . . t 
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b a t t e r y  charge, [2). .e f fec ts .  .o f ,  f i n i t e  e lec t ro1 ,y te  diffusion -. . . . .  ?ate, and ( 3 )  

e f f e c t s  of pore-pl  ugging , . .  .on . bat, tery, ,  . . impedance, . . and e l  e.c,tr:olyte . . .  d i f fus ion : .  ... 

. . .. ;. 
% .  , : > .  . . . ' . .': . . . . . . .  . i .  , ' : 

. . . . . . .  # . . .  '.. -. ' . . . .  . . . . 
, . I  . .  , " . .  ' . Y .  ' . , :. 

2. C. 2.a Macrohomogeneous Model f.or Porous E l  ec t rodes . . " .  . . 

. . .  . : i  ' . . . . . .  . _ . , '  . . . . .  . . . . . . . . . .  .: . .'. , , c . . !  , . ,  ..<. . ,-l > 

A porous e lect rode,  i s  .simply..: a r i g i d  mater i  a.lG: wi th .  many pathways ;(or 2 

pores) through which a f l  u- id may. pass. . .  :The majob advantagel i n  .using a- .poroWs.  

e l  cct rode i n  . p l  ace ,o f  .-q .:sol,.i'd - on.e f o r  : su,rfac,e ' react ions;. .  i s  .the ,much, I.arg6PEl 

e f f e c t i v e  sur face  area a f fp rded  . b y  t h e  por.ogi ty. In,. o rder  : t o  o b t a i n  the;  s a m ~  

surbFaca area t o  volume r a t i o  w i t h  so l  i d  - p l a tes ,  ..,. one . _  .waul , d, have. t o  ,use . , a pl,ate,, 

t h i ckness  on t h e  o rder  o f  t he  pore dimensions, -1 f o r  a t y p i c a l  lead-ac id  

c e l l .  Such p l a t e . .  th i ckyesses  are. impract ic ,a l , , .  . . from - .  bo th  econ0,mi.c and 

s t r u c t u r a l  standpoints.. . . . .  , . - .  . * .  . % .< 

:. <. . . .  . . . . . .  . , . . . . . .  . . . .  ; . .,. r f 

Unfortunately., ..it. i s.1.th'i.s .s~ame porous. . nat.ure .of  ,the 1 ead-acid c.el l'..: 

e l e c t r o d e  . tha t  makes-,an.. exact. analysis: o f  a t h e  reac t i ons  .:-and fl.ows . i .nvol ved ,i.ri .' 

a b a t t e r y  d ischarge very. d i f f i c u l t ,  " i f  n,ot impqssible.  ,. The .a.pproach of some - 

researchers has been t o  model th, pores a,s' s t ra igh t , ,  ; . c y l i  n d ~ i c a l  , i nc.1 usions, 

perpend icu la r  t o  t h e  e'lectr,ode. . , . . .  .surdace (Refere0c.e. . . .  , 5 ) .  . . . . .  . . * .  . . . . . . .  .- . . 

. . . ,  . . . .  . . . . .  . . 
L .  . a  . . . - :  . .  . . , .  . . 

A .more po,pular approach . . . .  .i,s, . , . .  the. , ma.crohomoge.neous . mode.l., i n  which t h e  

porous na tu re  of  t h e  e l ec t rode  ... i s .  . ,accounted. . . .  f o r  , b y ,  . . t r e a t i n g  t h e  g r i d  : 

( e l e c t r o d e  -mater. ia l t )  . .and, f l u i d  .(.electr,ol,yt.e) . . a s .  .two :.f;eperate, cont inuous.  

phases t h a t  co-exi  s.t : i n :  t he  .-volume.. 0ccup.i ed 'by,: .the e l  ectr-ode (Refe,rence 4)  . 
The g r i d  i s  model 1 ed. ..as..a so l  i d  materta.1 -whosere.f f e c t  i v e  conduct i vi.ty-.and heat 

c a p a c i t y  are dependent.. ciporr . t he .  -paras i t y  , (vo id '  fac tor ) : ,  :.E',: as we1 1 as i t s  

m a t e r i a l  composit ion. the:. e l e c t r o l y t e  i s  rnodel l'ed..as,:.a c.ont!inuOuS. f l ~ u i ~ d '  media : 

w i t h  a c i d  concentrat. i ,on ,. , tempe,rature:, ; and ' f,l,u:id.: .vel  oc i t y  a . tun,ct i'on . o f  

p o s i t i o n  w i t h i n  t h e  e lec t rode .  The f l u i d  v i s c o s i t y ,  co r l \d ,u~ t i v i t y~ ,~ .~and .  

d i f f u s i o n  c o e f f i c i e n t  a re  dependent upon t h e  p o r o s i t y .  Since t he  cu r ren t -  

produc ing e lec t rochemica l  r e a c t i o n  i n  a lead-ac id  b a t t e r y  consumes e i t h e r  l ead  

o r  l ead -d iox ide  and produces l e a d  s u l f a t e  (1  ower i n  d e n s i t y  than  e i t h e r  o f  t he  

so l  i d  r eac tan t s ) ,  t h e  e l e c t r o d e  p o r o s i t y  can, change d u r i n g  t he  course of a 

d ischarge,  be ing  i t s e l f ,  a f u n c t i o n  o f  bo th  p o s i t i o n  and t ime. 



For most analyses, t h e  b a t t e r y  discharge i s  model l e d  as a one- 

dimensional process, even though t h i s  ignores. some e f f e c t s  o f  the  two- 

dimensional nature o f  t h e :  e lec t rode . s t r u c t u r e  (see . F igure 2.C.13). F igure 

2.C.14 shows a t y p i c a l  cell,.m&el. . . T& c e l l  cons is ts  o f  two porous e lect rodes 

(hash-marked areas  i:n ~ i g u 6 . e  2.c.l.4) boundi 'n i  separator region. Contacts 
p l  aced on e l  t i e r  end . . bf the  c e l l  .supply a n d  :receive b a t t e r y  currents.  The 

. . 
e l e c t r o l y t e  fill s , a l . 1  th ree  regions. .' ' For ' . a . c e l l ,  a t  res t ,  t he  e l e c t r o l y t e  

concentrat ion i n  t he  aqueous s o l u t i o n  i s  , -  un i fo rn .  . 1" add i t ion ,  i t  i s  

genera l l y  assumed tha t ,  for d fu l  ly-charged c e l l  i t  res t ,  t he  d i s t r i b u t i o n  of 
. .  . . . . ...  . 

a c t i v e  mater ia l  . . ' ( lead, ..at the:: negat ive ' e iectrode, l.ead-dioxide, a t  t h e  
. . 

p o s i t i v e  e lec t rode)  i s  uni form as wel l .  

When t h e  , c e l l  i s  loaded ( i  .e., when cur ren t  i s  drawn) , the  r a t e  o f  

electrochemical reac t i on  w i t h i n  the  c e l l  i s  not uniform. O f  course, no 
r e a c t i o n  occurs i n  t he  separator r e g i o n ,  so the  e l e c t r o l y t e  concentrat ion 

the re  goes down on ly  due t o  . d i f f u s i o n  , i n t o  e i t h e r  e lect rode.  A t  very. low 

discharge ra tes ,  t h e '  r e a c t i o n  i n i  t i ' a l  ly occurs evenly throughout both 

e lect rodes,  so t h a t  the  r i t e  o f  usage o f  lead (o r  lead d iox ide)  and s u l f u r i c  

ac id,  .as we1 1 as t h e  product ion o f  lead su l fa te ,  i s  'not.  a  f u n c t i o n  o f  p o s i t i o n  

f o r  the.  e a r l y  p a r t  of. the  discharge. A t  h igher  discharge rates,  the  reac t i on  

tends t o  b e  skewed to,w&rds;. the  f r o n t  f ace ,  o f  each ' e lec t rode (near t he  

separator) due main ly  t o .  t h e '  1  ower vol tage drop suffered by cur ren ts  t r a v e l  i ng 

most o f  t h e  way . across t h e  e lec t rode v i a  thg  ( h i g h l y  conducting) g r i d  
n a t e r l a l .  T ~ I S  causes, no"-uni,form usage o f  both a c t i v e  ma te r ia l s  and 

e l e c t r o l y t e  res'ul t i n g  ' i n  concehtrat ion g r a d i e n t s  o f  t h e s e  substances w i t h i n  
the  ' e lect rode.  ~l though the  . .  unused . a c t i v e  mbter ia l  cannot move through the  
e lect rode,  t he  ' e l e c t r o l y t e  i s  . ab le  . t o  d i f f u s e  from regions o f  h igher  

concent ra t ion  t o  those . . !here i t  . : i s  . .  low.:, Thus, even i f  the b a t t e r y  is, no t  
. ,  . 

be ing  discharged,. . t he .  concenQati:on ' p r o f  i 1 e o f  e l . ec t ro l y te  i n  t he  e lec t rode 
, . . .  

/ .: may not  be stat ic. .  . .  . .  . c 



Figure 2.C.13 Lines of current flow in lead-acid 
battery cell. Locotion nf tnha 
at top of cell results in two- 
dlmcnslanol dcwnclanee ef 
current-density in elsctrodes. 
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Figure 2.C.14 One-dimensional macrohomogeneous model for 
lead-acid battery cell 



The e l e c t r i c  p o t e n t i a l  and c u r r e n t  d e n s i t y  can be separate  f u n c t i o n s  of 

t i m e  and p o s i t i o n  f o r  each of t h e  c o - e x i s t i n g  phases. The d i f f e r e n c e  between 

g r i d  and e l e c t r o l t y e  p o t e n t i a l s  a t  any p a r t i c u l a r  p o i n t  i n  t h e  e l e c t r o d e  i s  

s imp ly  t h e  vo l t age  drop across t h e  Debye charge- layer  a t  t he  s o l i d - l i q u i d  

i n t e r f a c e  a t  t h a t  p o i n t .  The two c u r r e n t  d e n s i t i e s  a re  cons t ra ined  such t h a t  

t h e  d ivergence of t h e i r  sum i s  zero ( i  .e., whatever c u r r e n t  leaves one phase 

e n t e r s  t h e  o t h e r ,  except a t  t h e  e l e c t r o d e  boundar ies).  I n  a l l ,  t h e  one- 

dimensional  macrohomogeneous model con ta i ns  a t  l e a s t  n i ne  spacel t ime dependent 

q u a n t i t i e s ,  summarized i n  Table 2.C.3. The l i s t  can grow even l onge r  i f  a l l  

o f  t h e  va r i ous  p o s s i b l e  i o n i c  species a re  t o  be accounted f o r  separa te ly .  

Even if t h e  d i f f e r e n t i a l  equat ions govern ing t h e  changes i n  these 
q u a n t i t i e s ,  w i t h  t ime,  were known exac t l y ,  t he  comp lex i t y  of t h i s  se t  would 

p reven t  i t s  i n t e g r a t i o n  on any b u t  t h e  f a s t e s t  p r e s e n t l y  a v a i l a b l e  

computers. I n  a d d i t i o n ,  no t  enough i s  y e t  known about t h e  e l ec t r ochem is t r y  of 

1  ead-ac id  b a t t e r i e s  t o  c o n f i d e n t l y  s p e c i f y  a1 1  o f  t h e  i n t e r r e l a t i o n s h i p s  

between those n i ne  v a r i a b l e s .  For example, t h e  r a t e  a t  which c u r r e n t  i s  

t r a n s f e r r e d  f rom t h e  s o l i d  phase t o  t h e  e l e c t r o l y t e  phase, -7 i2 ,  i s  a f unc t i on  

o f  t h e  s o l i d - e l e c t r o l y t e  p o t e n t i a l  d i f f e r e n c e ,  42 - $1, t he  l o c a l  e l e c t r o l y t e  
concen t ra t i on ,  C, and t h e  amount o f  a v a i l a b l e  a c t i v e  raa te r ia l  , e i t h e r  S+ o r  

S - .  Normal ly,  t h e  dependence o f  t h i s  c u r r e n t  d e r i v a t i v e  on C and st i s  lumped 
i n t o  an emper ica l  cons tan t  i n  an equa t ion  as shown below, 

wt1er.c V1 dr~d V 2  are  some character - i  s t i t ,  poterrti a1 s o f  the chern~ical systcrn. 
Very l i t t l e  i s  w r i t t e n  i n  t h e  l i t e r a t u r e  about t h e  dependence of jo on e i t h e r  

C o r  Sk, and more o f t e n  than no t ,  jo i s  made a  cons tan t  f o r  the  purposes o f  
ana l ys i s .  



Table 2.C.3 

L i s t  o f  space/t  ime dependent v a r i  ab l  es i nvol  ved 

i n  macrohomogeneous model f o r  b a t t e r y  c e l l  . 

C - E l e c t r o l y t e  (SO4=) Concentrat ion 

S+ - P o s i t i v e  Ac t i ve  Mater i  a1 (pb02) Concentrat ion 

S- - .Negative Ac t i ve  Ma te r i a l  (Pb) Concentrat ion 

T  - Temperature 

41 - E l e c t r i c  P o t e n t i a l  i n  S o l i d  Phase (E lec t rode )  

42 - E l e c t r i c  P o t e n t i a l  i n  L i q u i d  Phase ( E l e c t r o l y t e )  

E - E lec t rode  P o r o s i t y  

11 - Current Dens i ty  i n  S o l i d  Phase 

I2 - Current  Dens i ty  i n  L i q u i d  PhasP 
jo - Exchange Current Dens i t y  



C l e a r l y ,  some approx imat ions a re  necessary i n  o rde r  t o  perform a  

s i m u l a t i o n  o f  t h e  d ischarge  process i n  a  lead-ac id  b a t t e r y  c e l l ;  f i r s t ,  i n  t h e  

f ace  of unava i l ab l e  in fo rmat ion ,  and second, t o  a l l o w  process ing o f  t h e  

equa t ions  w i t h  a  reasonabl  e  amount o f  computer t ime  and memory s torage.  

Such a  s e t  o f  reasonable approx imat ions and assumptions was proposed by 

Simonsson i n  1973 (Reference 6 ) .  Among h i s  more impor tan t  assumptions were 

( I ) an i sothermal system, ( 2 )  compl e t e  d i s a s s o c i a t i o n  of t h e  e lec t ro1 ,y te  i n t o  - .  

o n l y  one p o s i t i v e  and one negat l ve  i u r i l ~  spccier ( H  and 1150, r csppc t . i ve l y ) ,  

and (3 )  t h e  " T a f e l "  assumption, i n  which t h e  c u r r e n t  d e r i v a t i v e  i s  

approxnlrndl;ed by an exponen t ia l  i n  t h e  Debyemlayer o v e r p o t e n t i a l ,  

where i i s  t h e  c u r r e n t  d e n s i t y  i n  t h e  e l e c t r o l y t e ,  jo i s  t h e  exchange c u r r e n t  

d e n s i t y  (assumed c o n s t a n t ) ,  and 11 i s  t h e  Debye 1  ayer overpo ten t  i d l  (Reference 

7 ) ,  def ined by,  

where 4, i s  t h e  e q u i l i b r i u m  p o t e n t i a l  drop across t h e  Debye l a y e r  ( i n  t he  

absence o f  any c u r r e n t s ) .  

With these simp1 i c i c a t i o n s ,  Simonsson i r ~ t e g r a t e d  t h e  se t  of 

d i f f e r e n t i a l  equat ions govern ing t he  d ischarge process t o  o b t a i n  some i n s l g h t  

I n t o  how CI porous lead=ac i r i  b a t t e r y  c e l l  becomes exhausted be fo re  a l l  o f  t he  

r eac tan t s  a re  used up. One o f  t he  more s i g n i f i c a n t  conc lus ions  t h a t  he 

reached was t h a t ,  f o r  h i gh  d ischarge cu r ren t s ,  t h e  skewing o f  t he  d ischarge 

r e a c t i o n  d e n s i t y  towards t h e  f r o n t  face of t h e  e l ec t r ode  caused t he  a c t i v e  

m a t e r i a l  t h e r e  t o  be used up f i r s t  fo rm ing  a  "dead-zone" i n  t h e  e l ec t r ode  

which propagated towards t he  back face. Any e l e c t r o l y t e  which d i f f u s e d  from 

t h e  separa to r  r e g i o n  t o  t h e  p o i n t  i n  t h e  e l e c t r o d e  where t h e  r e a c t i o n  was 

o c c u r i  ng would have t o  d i f f u s e  across t h i s  dead-zone. 



I n  ' add i t i on ,  Simonsson suggested t h a t  t h e  end o f  d i scharge  probably  

occured when a  very low e l e c t r o l y t e  concen t ra t ion ,  somewhere i n  t h e  e lec t rode ,  

caused t h e  impedance t o  become very la rge .  

It i s  these two conc lus ions  upon which t h e  phys i ca l  model, a  lumped- 

parameter approx imat ion t o  Simonsson's cont inuous model, i s  b u i l t .  I n  t h e  

f o l l o w i n g  sec t ion ,  t h e  concepts of a  dead-zone, across which b a t t e r y  c u r r e n t  

must f l o w  and e l e c t r o l y t e  must d i f f u s e ,  propagat ing across t h e  e l e c t r o d e  and a  

b a t t e r y  impedance which depends s t r o n g l y  upon t h e  concen t ra t i on  o f  e l e c t r o l y t e  

i n  ! t he  e l ec t r ode  a re  developed i n t o  a  s i m p l i f i e d  model which cou ld  be 

implemented on a  microprocessor  w i t h  l i m i t e d  s to rage  c a p a b l i t i e s .  

2.C:Z.b Presen ta t ion  o f  Phys ica l  Model 

The phys ica l  model represen ts  t h e  s t a t e  o f  a  porous-e lec t rode  lead-ac id  

b a t t e r y  c e l l  w i t h  t h ree  va r i ab l es .  They are:  

1  ) C ( t )  The concen t ra t i on  o f  e l e c t r o l y t e  w i t h i n  t h e  e lec t rode .  

2) c r ( t )  The concen t ra t i on  o f  e l e c t r o l y t e  o u t s i d e  t h e  e l ec t r ode  ( i n  

e i t h e r  t h e  separa to r  r e g i o n  o r  t h e  r e s e r v o i r ) .  

3 )  s ( t )  The w id th  o f  a  "dead-zone" o f  used ( o r  pass iva ted)  a c t i v e  

m a t e r i a l  i n  t h e  e lec t rode .  

F i gu re  2.C.15 g ives  a  graphic  i l l u s t r a t i o n  o f  t h e  meaning o f  these 

v a r i a h l  es. The d i f f e r e n t i a l  s t a t e  equat ions which govern changes i n  t h e  

v a r i a b l e s  a re  

ds  - L - -  - I a f ( 1 )  

d t  (In 
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Figure 2.C.15 Schematic illustration of physical model for lead- 
acid battery call, showing definitions of state- 

. .  . variables, C, C,, 6.  



where 

L i s  t h e  e f f e c t i v e  ' th ickness o f  t h e  e lec t rode .  

Qo i s  t h e  t o t a l  (charge equ i va l en t  o f )  a c t i v e  m a t e r i a l  con ten t  of t h e  
e lec t rode .  

A i s  t h e  e l e c t r o d e  apparent c ross - sec t i ona l  area. 

k  i s  t he  e f f e c t i v e  e l e c t r o l y t e  d i f f u s i o n  c o e f f i c i e n t  through t h e  

porous e l e c t r o d e  ( k  can be a  f u n c t i o n  o f  temperature) .  

I i s  t h e  b a t t e r y  cu r ren t .  

F  i s  Faraday ' s  constant .  

Vr i s  t h e  e f f e c t i v e  volume o f  t h e  r e s e r v o i r  and separa to r  r eg ions  

ou t s i de  t h e  e lec t rode .  

f i s  an e m p i r i c a l l y - f i t t e d  f u n c t i o n  o f  t h e  b a t t e r y  c u r r e n t ,  I, whose 

va lue approaches 1  as I + 0. (For  I > 0, f ( 1 )  > o r  = 1 ) .  

B r i e f l y ,  t h e  e l e c t r o l y t e  con ten t  o f  t h e  e l e c t r o d e  i s  seen t o  change due 

t o  e i t h e r  d i f f u s i o n  from t h e  r e s e r v o i r  o r  t h e  cu r ren t -p roduc ing  

e l  ec t rochemica l  r eac t i on .  The reset-voi r. e l e c t r o l y t e  con ten t  changes o n l y  by 

d i f f u s i o n  t o  o r  from t h e  e lec t rode .  The dead zone grows a t  a  r a t e  t h a t  i s  a t  

l e a s t  p r o p o r t i o n a l  t o  t h e  r a t e  o f  usage o f  a c t i v e  ma te r i a l  and f a s t e r  than  

t h a t  f o r  l a r g e  cu r ren t s .  As t he  dead zone w id th  grows, t h e  impedance t o  

d i f f u s i o n  between t h e  e l e c t r o d e  and r e s e r v o i r  increases.  The b a t t e r y  t e rm ina l  

r e l a t i o r 1  i s  



where V,,(C) i s  t h e  o p e n - c i r c u i t  b a t t e r y  vo l tage ,  and R(6, C, Cr) i s  t h e  

b a t t e r y  impedance. It should  be noted here  t h a t  t h e  o p e n - c i r c u i t  b a t t e r y  

v o l t a g e  i s  a  f u n c t i o n  of t h e  e l e c t r o l y t e  c o n c e n t r a t i o n  i n  t h e  e l e c t r o d e  o n l y  

and n o t  o f  6 o r  C,. Th is  i s  due ' t o  t h e  f a c t  t h a t  t h e  p o t e n t i a l  o f  an unloaded 

b a t t e r y  depends o n l y  upon t h e  v o l t a g e  drop across t h e  Debye l a y e r  a t  t h e  

s o l  i d - 1  i q u i d  i n t e r f a c e  which i s  determined p r i m a r i l y  by t h e  a c i d  c o n c e n t r a t i o n  

t h e r e .  

The b a t t e r y  impecldrlce can, i -n g e n e r a l ,  depend on a l l  t h r e e  s t a t e  

v a r i a b l e s .  One p o s s i b l e  f u n c t i o n a l  dependence f o r  R(6, C,  c,) i s  

where R a y  Rb, Co a r e  cons tan ts .  T h i s  exp ress ion  i g n o f e s  1l1e e f f e c t ;  o f  

e l  e c t r o l y t e  c o n c e n t r a t i o n  i n  t h e  r e s e r v o i r  on t h e  b a t t e r y  impedance and 

p r e d i c t s  t h a t  t h e  impedance r i s e s  l i n e a r l y  w i t h  t h e  dead zone w i d t h  and i n  

i n v e r s e  p r o p o r t i o n  t o  Lhe a c i d  concent ra t . inn  i n  t h e  e l e c t r o d e .  It i s  l i k e l y  

t h a t  R, and Rb would have t o  be temperature-dependent t o  c o r r e c t l y  model t h e  
b a t t e r y ' s  t e r m i n a l  b e h a v i o r  over  a  Mide r.dnye o f  c o n d i t i o n s ,  

Wi th  i n i t i a l  c o n d i t i o n s  f o r  C, Cr,  and 6 ;  t h e  s t a t e  equa t ions ,  

Equat ions 48, 49, and 50, a  f u l  l y - s p e c i  f i e d  t e r m i n a l  re1 a t i o n ,  Equat ion 5 1  , 
dnd t h ~  d r i v i n q  f l . lnc't ions, I ( t )  and T ( t ) ,  t h i s  nodel  can be used Lo p r e d i c t  

t h e  hat.t.ir-y t e r m i n a l  v o l t a g e  as a  f u n c t i o n  o f  t ime .  Given \ / d l  ues o f  ttlc s t a t e  

v a r i a b l e s  d t  any t ime ,  a  simulated constant -power  d l s c h a r y e  ' c o u l d  bc used t o  

p r e d i c t  t he  t i m e  t o  c u t o f f ,  dnd t hus ,  t h e  remain ing a v a i l a b l e  energy o f  t h e  

b a t t e r y .  



2.C.2.c D i s c u s s i o n  of Model C h a r a c t e r i s t i c s  

As was s t a t e d  i n  t h e  i n t r o d u c t i o n  t o  t h i s  chap te r ,  t h e  p h y s i c a l  model 

s t r e s s e s  b a t t e r y  c a p a c i t y  1  i m i t a t i o n s  of t o t a l  b a t t e r y  charge,  f i n i t e  

e l e c t r o l y t e  d i f f u s i o n  r a t e ,  and e l e c t r o d e  pore-p l  ugg i  ng. The d i s c u s s i o n  t o  

f o l l o w  i s  i n t e n d e d  t o  p o i n t  o u t  t hose  c h a r a c t e r i s t i c s  o f  t h e  model wh ich  

demonst ra te  such e f f e c t s .  

E l e c t r o l y t e  can l e a v e  t h e  e n t i r e  system c o n s i s t i n g  o f  t h e  e l e c t r o d e  

p l u s  r e s e r v o i r  o n l y  t h r o u g h  e f f e c t s  o f  t h e  la 's t  t e r m  i n  Equa t ion  48 due t o  t h e  

b a t t e r y  c u r r e n t  drawn. I n  f a c t ,  a  l i n e a r  comb ina t ion  o f  Equa t ions  48 and 49 

y i e l d s  a  s ta tement  o f  c o n s e r v a t i o n  o f  charge 

d  I - 2 ~2 {CLA + C r V r )  = - -  
d t  F d t F 

where t h e  f i r s t  e q u a l i t y  above may be t a k e n  as  a  d e f i n i t i o n  o f  Q, t h e  r e l a t i v e  

b a t t e r y  charge,  I f  Q i s  g i v e n  a  v a l u e  o f  zero when b o t h  C and Cr a r e  zero ,  

t h e n  Q  may be t h o u g h t  o f  as t h e  a b s o l u t e  t o t a l  b a t t e r y  c o n t e n t  o f  (charge-  

e q u i v a l e n t )  e l e c t r o l y t e .  S ince t h e  e l e c t r o d e  and r e s e r v o i r  s t a r t  w i t h  a 

f i n i t e  q u a n t i t y  o f  e l e c t r o l y t e ,  c e r t a i n l y  no more t h a n  Qi, t h e  i n i t i a l  v a l u e  

o f  Q can be removed f rom t h e  b a t t e r y  be fo re  e i t h e r  C o r  Cr becomes n e g a t i v e .  
Thus t h e  model p l a c e s  a  l i m i t  on t h e  b a t t e r y  c a p a c i t y  based on t h e  t o t a l  

c h a r g e - e q u i v a l e n t  o f  e l e c t r o l y t e  i n i t i a l  l y  a v a i l a b l e .  

I f  t h e  b a t t e r y  i s  i n i t i a l l y  a t  r e s t  ( s o  t h a t  C 5 C,) and a  dc d i s c h a r g e  

begun, C w i l l  f a l l  be low Cr. ~ s s u m i n ~  t h a t  v,,(C) i s  a  m o n o t o n i c a l l ~ - r i s i n g  

f u n c t i o n  o f  C, t h e  o p e n - c i r c u i t  v o l t a g e  p r e d i c t e d  by t h e  model w i l l  be l o w e r  

t h a n  t h e  v o l t a g e  p r e d i c t e d  f o r '  a  b a t t e r y  a t  ' r e s t  w i t h  t h e  same amount o f  

charge removed. I n  f a c t ,  i f  t h e  d i s c h a r g e  were stopped sudden ly ,  C would r i s e  

(due t o  t h e  d i f f u s i o n  ten11 i n  Equa t ion  48) towards an a s y m t o t l c  v a l u e  equal t o  

t h e  volume-average c o n c e n t r a t i o n  i n  t h e  e n t i  r e  c e l l .  T h i s  c o u l d  be observed 

f rom t h e  b a t t e r y  t e r m i n a l s  as a  v o l t a g e  t r a n s i e n t  occu r ing .when  t h e  d i s c h a r g e  

was ha1 ted.. Both  o f  t h e s e  model c h a r a c t e r i s t i c s ,  depressed e l  e c t r o l y t e  

c o n c e n t r a t i o n  i n  t h e  e l e c t r o d e  under l o a d  and vn!t.age t r a n s i e n h s  



accompanying changing l o a d s ,  a r e  i n t e n d e d  t o  account f o r  e f f e c t s  of  t h e  f i n i t e  

r a t e  of  d i f f u s i o n  o f  e l e c t r o l y t e  i n  a  b a t t e r y  c e l l .  

As a  d i s c h a r g e  proceeds, t h e . w i d t h  o f  t h e  dead zone i n  t h e  e l e c t r o d e ,  

6, i nc reases .  Th is  has two e f f e c t s  on t h e  model equat ions.  F i r s t ,  t h e  r a t e  

of d i f f u s i o n  f rom r e s e r v o i r  t o  e l e c t r o d e  f a l l s ,  as i t  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  6. Second, t h e  b a t t e r y  impedance r i s e s .  Both of these  

phenomena occur  i n  o r d e r  t o  account f o r  t h e  f a c t  t h a t  t h e  p o r o s i t y  i s  reduced 

i n  those  r e g i o n s  where t h e  curr~nt . -prncf11r. i  ng e l e c t r o c h e m i c a l  r e a c t i o n  ha's 

occurrecl .  T h i s  r ~ d ~ ~ r t i n n  i n  porns i t .y  i s  s imp ly  due t o  t h e  f a c t  t h a t  t h e  

r e a c t i o n  p r o d u c t ,  l ead -su lpha te ,  i s  lower  i n  d e n s i t y  than e l t h e r  l e a d  ur l ead -  

d i o x i d e  and t.hus takes  up more space t h a n  these r e a c t a n t s .  I n  most 

macrohomogeneous model s  , t h e  e l e c t r o l y t e  c o n d u c t i v i t y  and d i  f f u s l o n  

c o e f f i c i e n t s  a r e  assunied t o  be p r o p o r t i o n a l  t o  t h e  e l e c t r o d e  v o i d  f r a c t i o n .  

For  t h e  p h y s i c a l  model, t he  o n l y  impedance t o  e l e c t r o l y t e  d i f f u s i o n  i s  t h e  

(pore-p lugged)  dead zone. I n  t h e  t e r m i n a l  r e l a t i o n  proposed by Equat ions 51 

and 52, the  b a t t e r y  r e s i s t a n c e  has one t e n n  p r o p o r t i o n a l  t o  t h e  dead zone 

w i d t h ,  and ano the r  t h a t  i s  independent o f  6. T h i s  l a t e r  te rm c o u l d  account 

f o r  f i x e d  ( t e r m i n a l ,  g r i d )  b a t t e r y  impedances. I f  deslr 'ed, a t h i r d  ter.r~~, 

v a r y i n g  i n  i n v e r s e  p r o p o r t i o n  t o  Cr, c o u l d  be added t o  account f o r  v o l t a g e  
drops across the s e p a r a t o r  reg ion .  

Accord ing t o  Simonsson' s  (Reference 6)  c o n c l ~ ~ s i o n s ,  t h e  d i  scharge 

r e a c t i o n  inay be though t  o t  as always t a k l n g  p l a c e  a t  t he  fro111 edge uT ll ' le 

dead zone i n  a  t h i n  ' r e a c t i o n  l a y e r '  wh ich propagates across t h e  e l e c t r o d e .  

I f  i t  wcrc d5sullled t h a t  the  r -eact ion comp le te l y  I.ISP~ ~ r p  , 3 1 1  n f  t h e  a c t i v e  

r n a t e r i a l  i n  one p lane  b e f o r e  moving on t o  t h e  nex t ,  t hen  t h e  r a t e  o f  growth o f  

t h e  dead zone would always be p r o p o r t i o n a l  t o  t h e  b a t t e r y  c u r r e n t ,  I. The 

m l t l  i f ,  f ( I ) ,  i n  Equa t ion  50 causes t h e  qrowth r a t e ,  d b l d t ,  t o  be 

p r o p o r t i o n a l  t o  I o n l y  f o r  smal l  c u r r e n t s .  As t h e  b a t t e r y  c u r r e n t  grows, 

d b / d t  r i s e s  more q u i c k l y  than  I. This  i s  i n t e n d e d  t o  account f o r  a  phenomenon 

known as e l e c t r o d e  p a s s i v a t  i o n  i n  which h i g h  d i  scl iarge c u r r e n t  d e n s i t i e s  can 

presumably cause lead-  s u l p h a t e  d e p o s i t s  t o  cover  unused a c t i v e  r n a t e r i a l  i n  

t h e  e l e c t r o d e  so t h a t  i t  cannot be accessed f o r  l a t e r  d i scharge .  Such 

p a s s i v a t e d  a c t i v e  m a t e r i a l  can be recovered o n l y  by r e c h a r g i n g  t h e  c e l l .  



The p h y s i c i l  model ac tua l  l y  goes beyond most macrohomogeneous models i n  

t h a t  i t attempts t o  p r e d i c t  t he  b a t t e r y  te rmina l  behavior  on the  bas is  of a  

h a l f - c e l  1  represen ta t ion .  Even though t h e  e l  ect rochemica l  r eac t i ons  occur ing  

i n  t h e  p o s i t i v e  and negat ive b a t t e r y  e lec t rodes  a re  very d i f f e r e n t ,  i t  i s  t h e  

o p i n i o n  o f  t h e  author  t h a t  they can be model l e d  by a  s i ng le -e l ec t rode  
process. It i s  thus assumed, f o r  t he  purposes o f  t he  model, t h a t  a  p e r f e c t  

ohmic con tac t  capable o f  l o s s l e s s  t r a n s f e r  of i o n i c  t o  e l e c t r o n i c  c u r r e n t  

e x i s t s  ! a t  t he  f a r  end o f  t he  separator  reg ion.  Such an assumption leaves ou t  

t h e  p o s s i b i l i t y  o f  separate t ime constants  o r  impedances f o r  t h e  two 

e lec t rodes .  The approx imat ion i s  j u s t i f i e d  by t he  general l y  accepted 

observa t ion  i n  t h e  l i t e r a t u r e  t h a t  t h e  b a t t e r y - c a p a c i t y  i s  most o f t e n  l i m i t e d  

by one o f  the  two e lec t rodes  ( s p e c i f i c a l l y ,  t h e  p o s i t i v e  one, PbO*). 

Ana lys i  s  o f  Model Equations 

For  t h e  purposes o f  mathematical ana l ys i s ,  i t  i s  convenient t o  deal 
w i t h  a  t ransformed set  o f  s t a t e  var iab les .  The dead zone w id th ,  6, i s  s t i l l  

used, b u t  C and C, a re  rep laced by Q and 0, def ined as 

Q r CLA + Crv, 

Note t h a t  Q i s  t he  same q u a n t i t y  t h a t  was r e f e r r e d  t o  e a r l i e r  as t h e  t o t a l  
b a t t e r y  charge-equiva lent  con ten t  o f  e l e c t r o l y t e  hencefor th  r e f e r r e d  t o  as 

s imply  t he  b a t t e r y  charge. D i s  equal t o  t he  d i f f e r e n c e  between e l e c t r o l y t e  

concen t ra t i on  i n  t h e  r e s e r v o i r  and e lec t rode .  It may be thought o f  as a  

measure o f  t he  b a t t e r y  "d is turbance" ,  s ince  D=0 f o r  a  b a t t e r y  i n  i t s  

e q u i l i b r i u m  s ta te .  Transformat ion o f  Equat ions 48 and 49 y i e l d s  



Equat ion 56 i s ,  as before, merely a  statement o f  conserva t ion  o f  charge 

( a c t u a l l y ,  i t  i s  conserva t ion  of mass f o r  the  e l e c t r o l y t e  i ons ) .  According t o  

Equat ion 57, t h e  d is turbance,  D, of t h e  b a t t e r y  c e l l  would always tend  towards 

zero were ' it no t  f o r  t he  d r i v i n g  term, I / (FAL) ,  on t h e  r i g h t  hand s ide  o f  t h e  
. . 

equat ion. It i s  no t  a  cons tan t - coe f f i c i en t  d i f f e r e n t i a l  equa t ion  as 6 can be 

a  f u n c t i o n  o f  t ime. 
. ' ! I  

i I? 
A t  any t ime t h a t  values fop c and Cr .a re  des t red  (l.e., t o  co~spula,  

I !i 
t e r m i  nal vo l t age )  , Equat ions 54 and 55 may be i nve r ted ,  y i e l d i n g  

-i I 

Cr = Q + DLA 

LA + Vr 

Be fo re  any f u r t h e r  ana l ys i s ,  i t  i s  useful  t o  In t roduce  some nonnal i ~ a t i r s n s .  



where 

The constant ,  T, i s  a  b a t t e r y  t ime  constant ,  t h e  c h a r a c t e r i s t i c  

e l e c t r o l y t e  d i f f u s i o n  t ime,  d e t e r A n e d  by t h e  e l ec t r ode  t h i ckness  and 

e l e c t r o l y t e  d i f f u s i o n  c o e f f i c i e n t .  The cu r ren t ,  Io, i s  t h e  r a t i o  o f  t h e  

e l e c t r o l y t e  charge-equiva lent  conta ined i n  a  f u l  l y  charged e l ec t r ode  t o  t h i s  

t ime  constant .  The concen t ra t ion ,  C, i s  taken as t h e  i n i t i a l  e l e c t r o l y t e  

concen t ra t i on  i n  a  f u l l y - cha rged  b a t t e r y  c e l l .  Note t h a t  t he  cu r ren t ,  Io, nay 

be thought  o f  as t h e  c u r r e n t  necessary t o  f u l l y  use up a l l  of t h e  e l e c t r o l y t e  

conta ined i n  t h e  e l ec t r ode  i n i t i a l l y  i n  a  s i n g l e  b a t t e r y  t ime  cons tan t ,  T. 

With t h i s  norma l i za t ion ,  Equat ions 50, 56, and 57 become 

where 

The f unc t i on  f'(IJ i s  s imply  f ( 1 )  mod i f ied  t o  accept - t as i t s  argument. K1 i s  

t h e  r a t i o  of charge-equiva lent  of a c t i v e  ma te r i a l  t o  charge-equiva lent  o f  

e l e c t r o l y t e  con ta ined  i n  a  f u l l y  charged e lec t rode .  K2 i s  t he  r a t i o  o f  

e f f e c t i v e  e l e c t r o d e  volume t o  t h a t  o f  t h e  r e s e r v o i r .  



The above equat ions w i l l  be solved, sub jec t  t o  t h e  i n i t i a l  cond i t i ons ,  

and w i t h  t he  d r i v i n g  f u n c t i o n  

That i s ,  t h e  model equat ions w i l l  be solved, below, f o r  t he  case o f  a dc 
d ischarge,  

os no Ac tua l l y ,  t h e  s o l u t i o n  o f  Equat ions 69 and 71 i s  s imple and requi r .  

exp l  anet  i on 

w i  111 the  s o l u t i o n  f o r  - ~ ( t ) ,  - Equat ion 70 becomes 

where 

B = ( l+K2) /61  



Since a general  technique e x i s t s  t o  so lve  equat ions o f  t h i s  type, t h e  s o l u t i o n  
i s  s imply  presented. 

I n  terms o f  Q and D, 

The normal i z a t i o n  can be' extended t o  t h e  te rmi  na l  re1 a t i on .  Using 

where Vo and Ro a re  c h a r a c t e r i s t i c  values f o r  b a t t e r y  vo l t age  and impedance, 
r e s p e c t i v e l y ,  

where 

A i s  t he  r a t i o  o f  the  \duct  o f  c h a r a c t e r i s t i c  b d l l e r y  c u r r e n t  and impedance 

t o  t h e  c h a r a c t e r i s t i c  c e l l  vol tage. 

Given i n i t i a l  values f o r  a, 1, 4, and a dc d ischarge c u r r e n t ,  Idc (as 

we l l  as a l l  necessary b a t t e r y  paramters) , Equations 78, 79, and 83 may be used 

t o  so lve  f o r  - 6 ( t ) ,  - U ( t ) ,  and Q(t). Then, Equat ions 84 and 90 y i e l d  t h e  



norma l i zed  b a t t e r y  vol t ,age as a  f u n c t i o n  o f  t ime. Once va lues f o r  a l l  o f  t h e  

cons tan ts  a re  determined and a  s u i t a b l e  cu to f f  vo l t age  def ined,  t h e  phys i ca l  

model s o l u t i o n  above may be used t o  a n a l y t i c a l l y  p r e d i c t  t h e  b a t t e r y  c a p a c i t y  

as a  f u n c t i o n  o f  c u r r e n t  f o r  dc discharges, Table 2.C.4 con ta ins  a  b r i e f  

summary of t h e  b a t t e r y  parameter values r e q u i r e d  f o r  such a  d ischarge 

s imu la t i on .  

Tdble 2.C.4 

L i s t  o f  Bateevy PararnttLer.~ and r u r ~ c t l o n s  Necessary f o r  

A n a l y t i c  S imu la t i on  o f  DC Discharge w i t h  Phys ica l  Model 

,Normal i zed dc d ischarge c u r r e n t .  

R a t i o  o f  e l e c t r o d e  a c t i v e  m a t e r i a l  charge-equiva l  en t  t o  
e l e c t r o l y t e  charge-equi va l  en t  con ta ined  i n  a  f u l  l y -charged  

e l ec t r ode .  

K 2 R a t i o  o f  e f f e c t i v e  e l e c t r o d e  volume t o  r e s e r v o i r  volume. 

61 I n i t i a l  va lue  f o r  - 6 ,  dedd zone wid th .  

Q1 , . I n i t i a l  va lue  f o r  Q j  hat. tery charqe. 

D I T n i t i a l  va lue  f o r  - D, b a t t e r y  d is tu rbance .  

R a t i o  o f  product  o f  c h a r a c t e r i s t i c  ba t te ry  I ~ ~ ~ p e ~ . l a i ~ c e  and cur!r.e~-il: 
Lo b a t t e r y  vo l tage .  

h 

V Normal i z e d  c u t o f f  c e l l  vo l tage.  - c u t  

vC (9 Func t ion  spec i f y i ng  b a t t e r y  o p e n - c i r c u i t  vo l t age  v a r i a t i o n  w i t h  

C, e l e c t r o l y t e  concen t ra t i on  i n  e lec t rode .  

r ,  , 6) Func t ion  s p e c i f y i n g  c e l l  impedance v a r i a t i o n  w i t h  C, Cr and 6 



2 .0 Hardware Descri p t i  on/Operati on 

The operating features o f  the BC/SCI system are described herein. The 
power e lec t ron ics  i s  described w i th  the a i d  o f  osci l lographs o f  key operating 

points, The microcomputer system operation modes are discussed as we1 1 as the 
f au l t  diagnostic features. F i na l l y  a mechanical summary including a weight 
d i s t r i b u t i o n  i s  presented. 

2 .D .1 Battery Charger Power E l  ec t ron i  cs 

As discussed i n  Section 2.B, the bat tery  charger stores energy i n  zne 

boost inductor and then transforms it across the i s o l a t i o n  transformer t o  the 
bat tery.  Detai led e l e c t r i c a l  schematics o f  the power section are included i n  
Appendix 1. Figure 2.0.1 i s  a photograph o f  the BC/SCI wi th  the cover 
removed, The four  cont ro l  l og ic  cards are on the r i g h t  most side. The 

charger power c i r c u i t  encompasses everything t o  the l e f t  o f  the card cage. 

Referr ing t o  Figure 2.0.2, an e l e c t r i c a l  schematic o f  the power c i r c u i t ,  the 

voltage across Ql i s  i l l u s t r a t e d  i n  Figure 2.D.3. As seen i n  the 

osci l lograph, the FET operates a t  a switching frequency o f  40kHz. The voltage 

overshoot i s  a funct ion o f  the energy stored i n  the leakage inductance and the 

snubber capaci t o r  C2 i n  Figure 2.0.2. This overshoot i s  approximately 35V a t  
a boost inductor currents o f  15A. Figures 2.0.3 (a) and (b) are expansions of 

the  voltage a t  t u r n  o f f  and t u rn  on respectively. Switching speed o f  the 
device i s  c 100 ns. 

Figure 2.0.4 i s  an osci l lograph which shows the voltage across Q1 (Vds) 

and 92, 93 (vCe). The overshoot across the Darl ington devices i s  minimal. 

The voltage appears as each Darl ington a t  a 20kHz rate. Figure 2.D.5 i s  an 

osci l lograph o f  the base voltage and the co l l ec to r  voltage o f  a Oar1 ington 

t rans is to r .  As seen i n  the photo, base voltage i s  appl i e d  t o  the t r ans i s to r  

when the co l l ec to r  voltage i s  held low by Q1, S i m i l  i a r l y ,  the reverse voltage 
f o r  t u r n  o f f  i s  appl ied a f t e r  Q1 i s  re-gated. This strategy s o f t  switches the 

Darl ington t rans is tors .  



Figure 2.D.1 Top View of BCISCI 
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Figure 2.0.3 Voltage Across the FET, VDS. when Charging a 108V Battery 



Figure 2.0.4 Voltages Q1, Q2, and Q3 



Figure 2.0.6 shows the simul taneous vol tdges appearing on a Darl i ngton 

t rans is to r  and the voltage clamp composed o f  the MR818 and RC network shown i n  

Figure 2.0.2. The measurement point  i s  the cathode o f  the MR818. 

The oscillographs i n  Figure 2.0.3 - 2.0.6 were recorded with the 
converter operating a t  a fixed duty cycl e. The remaining osc i l  1 ographs 
i l l u s t r a t e  the operation of the converter from the ac l i n e  with act ive 
wayeshapping t o  emulate a res i s t i ve  load, 

The current waveform drawn by the charger when operating a t  f u l l  power 

(1kW) i s  shown i n  Figure 2.D.7 (a). The oscillograph al.so records the Input 
1 ine  voltage. The pan& Tattot i 9 kar u n i t y "  Tke peak current i s  13A and i s  

the larger  amplitude trace . I  i n  . the figure. '-.'~.lgure 2.0.7 (b) contains the 
output current of the\chaiyer r e f e m x e d  %*''fine ae l ine.  

l i n e  current. As shown i n ' t h e  f.gw.~e, . . .., both tlrk..&ty cycle and the peak switch 
voltage i s  modul ated wi.th the- charging curreni  and: .l i ne  voltage. 

It i s  in terest ing t o  note the e f fec t  o f  the switching pwer  supply used 
t o  generate the control power fo r  the power c i r c u i t  on the ac l i n e  current 
waveform. The e f fec t  i s  shown i n  Figure Z.B.9, which I s  an oscil loyraph of 

the tatal jnput; (ac l i n e )  current and i t s  components, the switching power 

supply Input current, and the input r;urr*ent t o  the eha~ger power 

electranlcs. The input reef iQ ier  on khe bw'ltchitq charger peer supply 

contributes the current peaks t o  the BC/SCI ac 1 ine kurrent. h e  top trace i n  
Figure 2.0-9 should be compared t o  the ac l i n e  voltage shown i n  Figure 2.0.7 
(b) t o  campare the waveshappi ng performance o f  the power electronics sect ion. 

2.0.2 Charger Control Electronics 

The control electronics f o r  the power section i s  self-contained and 

communicates with the microcomputer system via an opt ica l  ly - iso lated d i g i t a l  

bus. The power section and i t s  power supply i s  referenced t o  the ac 1 ine 



Figure 2.D.5 Vb, and VCE of Darlington Transistor 



whi le  the microcomputer t o  the vehic le ba t te ry ' s  minus 

terminal  . 
The cont ro l  e lec t ron ics  e l e c t r i c a l  schematic i s  shown i n  Figure 

2.D.10. The main c i r c u i t  funct ional  blocks are i d e n t i f i e d  i n  the fo l lowing 

t a b l e  w i t h  the a i d  o f  the Figure. 

C i  r c u i  t 01 ack Function 
1  Feedback Current Anpl i f  i e r  

2 & o f t  Starr. C i r c u i t  

3 Main System Error  Amp1 i f  i e r  

4 PWM .Ci rcu i try 

5 Current Reference C i  r c u i  try 
6 L ine  Soft S ta r t  C i  f c u i t r y  

7 Power Reset and Overcurrent Protect  i on 

Faul t  pro tect ion i n  tha &nfrrr l lar  i s  achieved by observing the 
feedback cur rent  and canparing f t t o  a reference. I n  the event the threshold 

i s  exceeded, a l l  switches are comnafided open and a f a u l t  i nd ica t ion  i s  set t o  

the processor v ia  U31 i n  Figure 2.D.10. Overcurrents i n  the boost inductor 
can be cauied by the  case when the peak 1  i ne  voltage exceeds the re f l ec ted  

ba t te ry  voltage. For an ac input  o f  120 vo l t s  rms, t h i s  condi t ion would occur 

should the actual ba t te ry  voltage drop below 85 vo l t s  dc. There i s  no 

inharsgt  pmtec t i an  f o r  t h f s  condi t ion since the battery voltage  ann nut. hc 

d i r e c t l y  sensed ( i t  i s  on the  secondary s ide o f  the i s u l d t i a n  transfurmer), 

2.D.3 Microcomputer System Electronics 

The BC/SCI low-power e lec t ron ics  has been designed t o  reside on three 

p r in ted  c i r c u i t  boards. The f i r s t  board (A l )  i s  .a  1  ow power switching power 

supply which generates the required microcomputer system voltages from the 

propulsion bat tery.  The design employs a f lyback regu la tor  conf igurat ion 



Figure 2.D.6 VCE of Q1 and the Voltage 

Across the Snubber Clamp Connected 
in Parallel with the Darlington 



u t i l i z i n g  a FET, t o r r o i d a l  transformer and standard PWM regu la tor  I.C. Three 
outputs provide +5v and + 13.5V. 

The supply can be enabled by one o f  three inputs. During bat tery  

discharging, an is01 sted set  o f  swltch contacts i n  the EV con t ro l l e r  slave the 
S C I  operation t o  the operation o f  the EV con t ro l le r .  During charging the 

supply i s  enabled when the power c i r c u i t  switching power supply becomes 

energized. The l a s t  way i n  which the  system i s  enabled i s  when the bat tery  

powered CMOS clock t i ~ i ~ e s  out. 

The second hoard (A2) provides the high frequency cont ro l  of the BC 

power stage as d i  scussed ea r l  i e r .  

The t h i r d  board (A3) contains the signal condi t ion ing c i r c u i t r y .  The 

c r i t i c a l  ba t te ry  parameters which are the feedback var iables f o r  the SOC 

a1 go r i  th include the  bat tery  voltage, current, temperature, and absolute 

ampere-hours. The design o f  the data acqu is i t i on  c i r c u i t r y  controls both the 

absolute and r e l a t i v e  e r r o r  sources t o  achieve the  confidence i n  the measured 

data. Table 2.D.1 sumnari zes these speci f icat ions.  The absolute accuracy 

1 i s t s  the maximum e r r o r  associated w i th  scal ing, d i g i t i  za t ion and tmpera tu re  
va r ia t ions  from one S C I  system t o  another. The r e l a t i v e  accuracy i s  f o r  
measurements w i t h i n  the  same system. 

Addi t ional  inputs  on the  A3 board include the  veh ic le  speed transduccr 

in ter face,  switch inputs, LED d r i ve rs  and a d ig1 t a l  control par t  to the power 

stage. One potentiometer i s  required and i s  used t o  t r l m  the  A/D 'b  vultage 

reference when the board i s  i n i t i a l l y  constructed. 

The f i na l  board i n  the  system (A4) contains a l l  the microcomputer 
c i r c u i t r y .  A MC6809 microprocessor wi th  16K o f  8 -b i t  EPROM and 2K o f  8 - b i t  

CMOS RAM (TC5517AP) provide the  basic nucleus o f  the design. A rea l  t ime CMOS 
clock, a power-up reset c i r c u i t  and a watch-dog t imer  complete the design. 

The CMOS RAM and clock are made non-vo la t i le  by a nickel-cadmi urn bat tery  

mounted on board A l .  This bat tery  i s  kept charged by a simple Zener regu la tor  

off the  propulsion bat tery.  It w i l l  measure the  CMOS RAM n o n - v o l a l i l i t y  under 
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Figure 2.0.9 Charger Terminal Waveform 
(a) input voltage, input current 
(b) input voltage, output current 



worst case condi t ions fo r  a minimum o f  58 days, more than enough f o r  normal 

system servicing. A l i t h i u n  primary ba t te ry  may be connected i n t o  the system 

using jumper 37 on A4. This al lows the microprocessor board t o  be removed 
from the card cage without loss o f  memory but i s  not normally used. 

The watch-dog t imer  i s  constructed using a stab1 e mu1 t i v i  b ra to r  
configurat ion. The microcomputer normal l y  re t r iggers  the t imer  every .I33 
sec. If not, the t imer  w i  11 time out r ese t t i ng  the  microcomputer and re la ted 

hardware. This feature  insures continued system operation i n  sp i t e  of 

occasional noise induced i n t o  the  log ic .  

The microcomputer comnunicates t o  a1 1 peripheral subsystems v ia  the 

hC68tl i n te r face  adapter. This device. software programable, provides the 

necessary i n t e r f ace  latches and bu f fe rs  between the high speed microprocessor 
bus and the low speed CMOS log i c  c i r cu i t s .  

The remote d isp lay  i s  connected t o  the system using a simple se r i a l  
data communications path. The data i s  clocked sequent4 a1 l y  i n t o  se r i  a1 -to- 

p a r a l l e l  d isp lay  dr ivers.  Af ter  t ransmi t t i ng  48 b i t s  o f  information, a strobe 

s ignal  latches the pat tern  which dr ives ind iv idua l  segments on the display. 

The d isp lay  update r a t e  i s  every 0.1 33 sec. 

A1 1 cont ro l  s ignals are f i l t e r e d  and buf fered using schmitt  t r iggers.  

This conf igurat ion along wi th e igh t  e r ro r  detecti'on b i t s  insures v a l i d  data 

f o r  the display. A 2.8V regu la tor  suppl ies power t o  the d isp lay 's  f i lament 

from the 5V supply. This regu la tor  i s  ex terna l ly  con t ro l led  t o  blank the 
d isp lay  when i t  i s  not needed (chavge cycle). A photoresistor  cont ro ls  a 

simple PWM c i r c u i t  t o  vary the displays '  i n t e n s i t y  according t o  ambient 1 i g h t  

condit ions. 

Table 2.D.1 
Battery Parameters 

Parameter 

Vo l t  age 
Current 
Ampere-Hours 
Temperature 

Absolute 
Fu l l  Scale , Accuracy Re1 a t  i ve 

200 v o l t s  +I% F.S. 
400 amps *3% F.S. 
200 a-hr 25% F.S. 
-25<C t o  50<C *2<C 



FET VOLTAGE 
SOVIcm 

I tlANSISTOR VOLTAGE 
200vlcrn 

Figure 2.D.8 Switch Voltage Stress during AC Line Operation 



2.D.3.a BC/SCI Software 

The software f o r  the BC/SCI employs both 6809 assembly and Fortran 
programing languages. The software has been care fu l l y  structured t o  benef i t  
from advantages prov!ded by each 1 anguage without sacr i f ice i n  overal l  system 
performance. 

The real  time executive provides the basic data acquisi t ion and 

hardware i ntepface functions. Tbse t a s h  are characterized by being tfme 
c r i t i c a l  i n  nature &nd are repea td  a t  a f a i r l y  high r a t e  (i.s., every ,133 

see). Such requl rmcnts  bqaefit gre#&.ly Ftp@':th@ sw end b i t  man1 pul a t i  ng 
1 -1 

capabil i t y  provided by assqb ly  'indgPafWf qg, , '-, . . -. . , -  
5 

. \ '  
I .  

. >  : 
. 

The state-of-charge algd+fetm - .  bn 'I$@ hmd' i s  hlghly mathcmaticrl 
i n  nature. Sophi s t icated a r i t b @ $ i c  opePations .tiayivlng wfde dynamic ranges are 

among the techntcal requi r-ts. ~lm3biTl't$Eyo'r alGfw modifications and 

fu tu re  enhancements also f w o r  a h i g h - l W 1  progtqki ing h u t i o n .  Fortunately 

these functions are not as '  ti14 c r i t l k a l  hl th6 'd&a'. aqii.si t i a n  f o r  adequate 

performaace ( i  ,em every 1 5 see) . Fav6ran saPisff-es,$he~e~. r i q u i  rements but does 

su f fe r  the disadvantage of excessive memory requirements typ ica l  o f  high level  
1 anguages . 

The system has been structyred so tha t  the real  time executive i s  the 

primary cont ro l l ing  module. The executive has the a b i l i t y  t o  c a l l  any one of 
f i v e  Fortran subroutines as i s  shown by the hierachy chart i n  Figure 2.D.11. 
The chart clealrly shows a l l  BC/SC1 t~at-%ran rtriodulee d~rJ  how each i s  ca l led by 

the  f i v e  main subroutines. A glossary i s  included i n  Appendix 2 which b r i e f l y  

describes the speci f ic  functinn a f  each module, 

The flowcharts i n  Flgures 2.0.12 - 2.0.18 i l l u s t r a t e  the software 
structure. Two in te r rup t  driven program provide the basic data acquisi t ion 
and hardware interface requirements. The f i r s t  in te r rup t  i s  synchronized t o  a 
one Hz clock and maintains a l l  the software time functions. The second 
in te r rup t  i s  generated a t  the end o f  conversion from the system's analog t o  
d i g i t a l  converter. After reading and stor ing the converted data the A/D 



POWER CIRCUIT CURRENT 

AC LlNE CURRENT 

CONTROL POWER - SUPPLY LlNE 
CURRENT 

Figure 2.D.9 Current Waveforms of 
(a) the power circuit, 
(b) the AC line, and 
(c) the control power supply 



Fbure 2.D.10 Power Circuit Controller (See appendix 1 for lirtyer version of schematic) 



Figure 2.0.1 1 Hierachy of BCISCI subprograms 
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' INDICATES ASSEMBL Y LANGUAGE 



BCSCI YODULE 

I IROI DATA ACOUISITIW - INTERRUPT RXJTINI  

EOC N O  10.133 SEC AIDCONVERTERI 

READ DIGITAL I W U T S  
I I / L - - - - - - A  I 

t I 
I 9 1 W E l  
SELECT OROPER OPERATING 
YOOE 

I 
I 9 1 0 0 E I  
RUN APPROPRIATE 
SUBROUTINE --------- 

I ' 1 
IINVSPI 
READ VEHICLE SPEED \ 

I L - - - - - d  I . 
ISAFETVI 
T6ST FOR FAULT CONOITIOUG 

\ I 
\ r - - - - - i  I 

\ I  I 
I 

9 ;NOT ;)SEDI I- 
DIGITAL OUTPUTS I I 

L - - - - - - - I  

I D I S E L ,  CDISP. VFDIWI  
DISPLAV SUBROUTINES 

mcscl YOOULE - - m L v  
I X X X X I  INDICATES PROCRAM U8ELS 

Wscl Y O W L E  
REAL TIME CLOCK - 
INTERRUCT ROUTINE 
1EZC ITIYE RES. 1 MINI  

WATCH.WC RESET 7 

. I M T l I  
SOFlWARE INITIALIZATION 

I 
SYSTEM D I A G m T C S  I . 

IN STARTI 

INCREMENT SOFTWARE I W E R S 1 2 U N I  I 

--- --- '+I- 

IOIS FOR1 

DISCHARGE 
YONlTORlNC 

i - - -~  -,,,,, l+ ,,,,, A_---.---, 
(RETURN F R O Y S U B B W T I M  CALL1 

Figure 2.D:12 Software module interaction 



SELF DISCHARGE UPDATE 

IQBAT = IQBAT + IDCTIM R K l  

QDISa IQLAST . IQBAT 

12% of 100A-HR 

CHARGE LIMITS: 
IQOVC = ODIS TEMPFN(ITBAT,.lZ, .081 
IQLIM = IQLAST + I a o v c  + IQEQU 

+ ITBAT RK3  . 

TEMPFN (ITBAT, X I ,  X21 

Figure 2.0.13 

BCISCI Software charge monitor -CHGFOR 
written in Fortran(cont.1 



IEQUTIM = 2fV11NIBIY TIME SINCE LAST EQUALIZE CYCLE 
IDlSTlM = 2MINlBIT TIME SINCE LAST DISCHARGE CYCLE 
IQBAT = .2421 A-HRIBIT A M P ~ ~ O U R  METER "NEG OUT OF BAT" 
ITBAT - ~"CIBAT BATTERY TEMPERATURE 
IVLlM u .O'iOV/BIT VOLTAGE LlI'~1lT'DURING CHARGE 
IFEQU = BNORMAL; -1 EQUALIZE; -256 DEFER 
IFMODE = 0 NORMAL; 1 = CHARGE REQUESTED; -1 = CHARGE GRANT 
IQABS = A-HR REMOVED SINCE LAST EQUALIZE CYCLE 
RKI  = .O~A/(~OBIT/HR~, .2421 A-HRIBIT 
R K3 

CHARGER OFF: VLlM = O  

IF CHARGE CYCLE COMPLETE 
RESET FLAG (IFCHG = 0 

CYCLE JUST 

Figure 2.0.13 (Cont.) BCISCI Software charge monitor - CHGFOR written in Fortran 

RE-INIT IALIZE VARIABLES 

IQBAT - 0 ; IOABS - 0 
IEQTIM - 0 ; IQLAST 0 
IFEOU - 0 : IDSOC - 10 

CORRECT VARIABLES 
IOABS 

IOLAST 
IQBAT - IOSOC 

I I 
- 

RETURN CONTROL TO 
EXECUTIVE: FMODE -1 

.%-3,., - -. . - - .- - - -- --. . -- *.* 

H t  TUHN 

--- --0 



IS VBAT < 40V 7 
BATTERY LOW 

(ERRBHI : 0 - 2) 

IS VBAT < 90V (ERRBOP : 0 - 3 1 
BATTERY OPEN 

IL IM = 2 AMPS 

CHGTIM > 30  M I  
(ERRTF1 : 0 - 4)  

Figure 2.D.14 BCISCI Software 

Charge control module - CHGMPL written in MPL ' (cont. ) 



FLAG FAULT 

NO (ERRTF2 : 0 - 51 ' 

LIMIT AFTER 10 HRS 7 ) TIME FAULT No. 2 3' 

INCREASE 

RESET BELAY FACTOR - (DCOUNT - 0 )  

b 
v 

i 

Figure 2.0.14 (cont.) BCISCI Software 
Charge control module. .. CHGMPL written in MPL 

DELAY CORRECTION 0.133 S 
(DCOUNT = DCOUNT +1 

I 

f 2 

DISABLE P.S. 
(FCHG = 01 
(FCHQL=O) 
(CCOUT - 01 

(CHGOFFI 
4 b 

- 



I INITIALIZE VARIABLES I 

RUN ZONE SEARCH 
f (AMPS, TEMPO) 
TO FIND RlE.,RZE, Q2E 
AMPZ = AMPS 

I 

r 

CALCULATE; 
VPRED = VEQ - VDROP 
BATMOD = TIME 

VPRED < VCUT 

ABAT = PWR I VPRED 1 
TWO STEPSIMULATION PRINCIPLE - 
FAST RATE: Mmen diicharge rate low < 

or nor close to knee of profile li.e. 80% 
Q2El  else slow rare used 

FAST RATE \ / SLOW RATE 

I , v ,  4 

(4MIN -SIMULATION) 
AMPS a AMPS .0.600 + ABAT .0.400 

0 = Q + ABAT . 0.0667 

TIME - TIME + 0.0667 

(18SEC - SIMULATION) 
AMPS = AMPS 0.952 + ABAT 0.048 

Q = Q + ABAT 0.005 

TIME = TIME + 0.005 

SKIPZONE SEARCH IF 
red siqnificantlv I !  T C3 

Y I A M P S - A M P Z  I < 1~ \ '  
the current hasn't chang 
I..-^ ..,A ...,.. .̂ I^< P I  r 

Figure 2.0.15 BC/SCI Software Battery model - BATMOD written in  Fortran as a function 



CONVERT AND SCALE "INTEGER" DATA ( 10 "REAL" TYPE .---...--.----.----..--..-----.-...- ---.- 
VBAT = IVBAT + BCFV (VICELL) 

TBAT = ITBAT I0C) 

QBAT a IQBAT + BCFQ (AMP-HR) 

- 

EQUILIBRIUM VOLTAGE CALC. . . ~ ~ . . . ~ . ~ - - ~ ~ . - - - - . - . . . - - - . - - - - - - - - - - - -  
VEQ = I V E Q l +  VEQZ + TBATJ r + lVEQ3 + VEQ4 + TEAT] + QBAT 

I VERR = VBAT - VEQ I 

I CORRECT AMP-HR METER - - - - . - - . - . . - . - - - . - . . - - . . - . - - . . - - - - - - - - - .  
QBAT = QBAT 

+ 0.60 + vERRI(VEQ3 + VEQ4 + TEATI 
IQBAT = QBQT I BCFQ 

* 
m 

RETURN CONTROL TO 
PXPP.IITIVI! 
FMODE = -1 

RETURN n 
Figure 2.D. 16 BC/SCI Software 

CELLS ' 54 

IVBAT = O.OSOV/BIT 16 BIT 2's COMP 

ITBAT = 1°CIBIT 16 BIT 2's COMP 

IQBAT 0.2421 AMP-HRIBIT 16 BIT Z'S COMP 
(NEGATIVE OUT OF BATTERY) 

BCFV = 0.928 €3 VICELLIBIT 

BCFQ 0.2421 A-HRIBlT 

CONSTANTS: 

VEQt = 2.161 VICELL 

VEQZ = -5.16 x 104 (v/CELbiI°C 

V E ~  = 1.217 x 1 0 3  (VICELLJIA-HR 

VEQ4 - -7.42 x l o4  [(vICELLJIA-HRII°C 

Equilibrium voltage read - rst for written in Fortran 



4 
SELF-DISCHARGE CORRECTION: I 
IQBAT = IQBAT + IDCTIM RK3 

IDCTIM = 0 

- 

INITIALIZE VARIABLES 
* - 

C 

IQBAT = 0.2421 A.HRIBIT (NEG OUT OF BATTERY) 

IOABS TOTAL DISCHARGE SINCE LAST EQUALIZE 

IEQTIM = 2MINlBIT TlME SINCE LAST EQUALIZATION 

IDCTIM a SELF - DISCHARGE TlME 

IFCHG = "0'' NO; -1 YES; 1 SPECIAL 

IFMODE = "0" NORMAL; "1" CHANGE REQUEST; 
"-1" GRANT CHANGE 

R K l  = -0.006884 = -0.05A/(30 BlTlHR 0.2421 A-HRIBIT) 

I 1 I SET CHANGE REQUEST (IFCHG = -1) 

IF  > 10A-HR REMOVED I I SINCE LAST CHARGE CYCLE I CALL AVERAGING ROUTINE IAVGFOR) I I 
1 I 

# 
I + I 
t 

SET EQUALIZE IF  NEEDED: RETURN CONTROL TO 
(FEQU a -1) EXECUTIVE 

IQABS + IQBAT = -500 A-HR IFMODE = -1 
OR IEQTIM > 7 DAYS 

J A 

I 
SET WAKE-UP MODE FOR 2 HRS: 
IF> 4.8 A-HR REMOVED (IWAKEF a 2) 

+ 
BATTERY STATE - DETERMINATION (ZONE) 

CALCULATE : VEQ, VDROP, VP, RDEL (VEQ) 
(VDROP) 

I ERROR - RECORD UPDATE 

1 CALCULATE. SORT, STUFF, 

I 
AVERAGE, ENTRY, SQUEEZE 

L,--- - - - - -  
PREDICTED VOLTAGE ERROR - 
COMPENSATION 

IF  AMPS <0.0 AND VBAT - VPRED < -0.O2V 

CALC: QMEAS 

I I 'ONLY REQUIRED 
IF THINK MODE 

I USED: NOT IMPLEMENTED 

I 

Figure 2.D.17 

BC/SCI Software 

Discharge monitor flowchart - DISFOR 
written in Fortran (con t . )  



PWR -185.2 WlCELL 1 I I "CUT = 1.443 VICELL I 

l i l  CALL BAT. MODEL SUBROUTINE 
(BATMODI 

TIME = f(PWR, VCUT, QI,  TEMP. AMPS) 

-- 

I DtTEFlMIN6; SOC (FTD) 
IDS= a TIME 10 OAnG 

1 185WICELLIZOOW-HRICELL + 0.5 

PWRF > -30 WlCELL 

STANDARD 
RATE 
SOC 

(BARGRAPH) 

ARBITRARY 
RATE 
6% 

(MILES REMAINING) 

Figure 2.0.17 (Cont.) BCISCI Software 

Discharge monitor flowchart - DISFOR written in Fortran 



( T H K  FOR 1 

Q ,  

WHILE 
MODE CHANGE 

0 0 e  

A 
\ ' .  

< f1° ADAPTER PROCESS. * 
COMPLETED? > -. \. 

B --,-,A ,,-,, 

INTERATIYE I PARAMETER 
1 

B I 
I ADAPTER 
I SCHEME 

I 
B I 

8 
L ---- -T- - - - -  

A 

YES -- 

I SET APPROPRIATE PARAMETERS I 
I FOR EXIT I ---------- 

RETURN CONTROL TO 
EXECUTIVE FMODE = -1 t 1 

Figure 2.D.18 BCISCI Software 

Parameter adapter flowchart THK FOR 
Possible structure not presently implemented 



i s  s e t  up f o r  t h e  nex t  ana log s i g n a l .  Other  hardware f u n c t i o n s  such as 

scann ing i n p u t s  and c o n t r o l  1 i n g  o u t p u t s  compl e tes  t h e  r e q u i r e d  tasks .  The 

t y p i c a l  e x e c u t i o n  t i m e  f o r  t h i s  program i s  approx ima te ly  10 m i l l seconds .  It 

i s  repea ted  f o r  each c o n v e r s i o n  c y c l e  ( . I 3 3  sec) and thus  consumes 7.5% of t h e  

p r o c e s s o r  t ime. 

The normal program e x e c u t i o n  s t a r t s  w i t h  t h e  e x e c u t i v e  p e r f o r m i n g  t h e  

system i n i t i a l  i z a t i o n .  It determines which mode has been sel ec.led and checks 

f o r  v s l  i d  data .  S ince t h e  daLa d c q c r i s i t i o n  i s  asynchrorirjiiS t n  the 1 1 l & i 1 7  

prngram execu t ion ,  t h e  e x e c u t i v e  must w a i t  u n t i l  t h e  A I D  convers ion  c y c l e  i s  

comple ted a f t e r  wh ich t h e  d a t a  v a l i d  f l a g  1 s  se l  (DVALral) .  The exesut lve  

t h e n  passes c o n t r o l  t o  t h e  a p p r o p r i a t e  F o r t r a n  s u b r o u t i n e  F i g u r e  (2.D.12). 

To guarantee c o n t r o l  1  ed i n t e r a c t i o n  a  simp1 e  handshaking sche~r~e was 

developed. I f  FMODE=O, t h e  F o r t r a n  program can opera te  no rma l l y .  When this  

f l a g  i s  se t  (FMODE=l) by t h e  i n t e r r u p t  program (i .e., o p e r a t o r  r e q u e s t i n g  a  

mode change) t h e  F o r t r a n .  program a u s t  o r d e r l y  compl e t e  whatever i t s  d o i  ng, 

acknowl edge t h e  reques t  (FM00E=-1) dr'ld r e t u r n  c o n t r o l  back t o  t.he execu t i ve .  

The e x e c u t i v e  rnay then  s e l e c t  a  new mode, o r  ' t h e  i n t e r r u p t  program can shut  

t h e  system down depcandlng I.lpnn rsequir-ernents. Th is  r igorol.rS Tequerlce 

guarantees p r e d i c t a b l e  systeirl o p e r a t i o n  whether t h e  F o r t r a n  program i s  w r i t t e n  

w i t h  a l o o p i n g  (CHGFOR, DISFOR) o r  s e q u e n t i a l  (RSTFUR, INIFOR) program 

s t r u c t u r e .  

A  comlnon area i n  RAM has been d e f i n e d  t o  p r o v i d e  a  ineans of pass ing 

arguments ( d a t a )  between t h e  d ~ s e m b l y  language e x e c u t i v e  and t h e  F o r t r a n  

s u b r o u t i n e s  and f u n c t i o n s .  T h i s  a r e d  i s  d e f i n e d  and r c p r e s s n t e d  i n  F i g u r e  

2.D.19 us ing  a  cc~rnrnon s ta tement  t o r  each ForLr.drr r.wutlne dnd CSCT i n  t h r  

assembly language program, S ince t h e  e n t r i e s  i n  a  common area share s to rage  

l o c a t i o n s ,  t h e i r  o r d e r  ( o r  rnernory address) i s  s i g n i f i c a n t  b u t  n o t  t h e  v a r i a b l e  

name. It shou ld  be noted t h a t  in1eyer.s occupy 2 b y t e s  o f  s to rage  w h i l e  r e a l  

numbers occupy 4 by tes  o f  s torage.  A unique dspect  o f  t h e  BCISCI common area 

i s  t h a t  v a r i a b l e s  which a r e  d e f i n e d  by t h e  f i r s t  t h r e e  s ta tements  (32 b y t e s )  

a r e  i n i t i a l  i zed t o  zero d u r  i ng each power-up sequence; whereas the  remai n i  ng 

e i g h t  s ta te lnents  (218 b y t e s )  a r e  non-vol  a t i  1  e  i n  na tu re .  Th is  s t r u c t u r e ,  
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w h i l e  be ing  memory e f f i c i e n t  a l s o  s i m p l i f i e s  t h e  task  o f  c a l l i n g  a  Fo r t r an  

sub rou t i ne  f rom an assembly language program s ince  arguments a re  passed i n  

t h i s  common area r a t h e r  t han  a t  t ime  o f  c a l l .  

Several s i g n i f i c a n t  advantages should be obvious from t h e  descr ibed  

s t r u c t u r e .  F i  r s t  t h e  da ta  a c q u i s i t i o n  and hardware f u n c t i o n s  a re  t r anspa ren t  

t o  t h e  Fo r t r an  programs. Secondly, each module may be w r i t t e n  and mod i f i ed  

i ndependent ly of t h e  o the rs  (except  f u r  colnmon s ta tements) .  And f i n a l  1  y , 
simp1 e  handshaki ng and v a r i a b l e  pass1 ny 'i ns tires h.i ghl  y re1  i ab! rt and 

p r e d i c t a b l e  system performance. 

2.D.3.b _System Operat ion and C a l i b r a t i o n  ..- 

The system has been designed t o  min imize opera to r  i n t e r f a c e  and 

c a l i b r a t i o n  requirements.  The ope ra t i on  o f  the  SCI i s  s laved t o  t he  e l e c t r i c  

v e h i c l e  c o n t r u l l e r ~ ~  v i a  a s imple two w i r e  i n t e r f ace .  The c o n t r o l l e r  must 

supply  an i s o l a t e d  sw i t ch  c l o s u r e  t o  t he  green and b lack  w i r e  o f  t he  i n t e r f a c e  

cable .  (Note:  Black w i r e  common t o  propul  s i u r ~  b a t t e r y  negat ive. )  Th is  se t  o f  

con tac t5  should  be norma l l y  open and c l ose  n n l y  when t he  e l e c t r i c  v e h i c l e  i s  

enabled. As a  s a f e t y  f ea tu re  t h e  BC/SCI p rov ides  an i s o l a t e d  i n t e r l o c k . s i g n a 1  

( w h i t e  and r e d  w i res )  f o r  use by t h e  c o n t r o l l e r .  This s igna l  w i l l  be norma l l y  

open bu t  i s  c losed  when t h e  ac l i n e  cu rd  i s  a t tached t o  t he  B C / S C i .  Th is  

c i g n a l  shel.llr1 he u t i l i z e d  t o  prevent  c o n t r o l l e r  ope ra t i on  when t he  1  i r ~ e  c o r d  

i s  connected. 

The d ~ s c h a r g e  mode w i i  1  then  bu ~ e l s c t e d  \~dhrncver t h e  f r n n t  panel 

s e l e c t o r  i s  i n  a  normal p o s i t i o n  (15, 20, o r  30 amps) and t he  e l e c t r i c  v e h i c l e  

i s  operated. I n  t h i s  mode t h e  remote d i s p l a y  w i l l  no rma l l y  i l l u m i n a t e  t h e  SOC 

bargraph. The m i l e s  rcmain ing d i s p l a y  may be requested by p ress ing  t h e  

pushbut ton s w i t c h  marked " m i  1  es remain ing"  on t h e  d i  sp l  ay modul e. The d i  sp? ay 

w i l l  now show, t o  t he  nearest  m i l e ,  ins tantaneous m i l e s  remain ing (averaged 

ove r  t h e  most recen t  30 sec o f  d r i v i n g ) .  Th is  f u n c t i o n  i s  o n l y  c a l c u l a t e d  f o r  

power 1  eve1 s  exceedng 30 w a t t s / c e l l  . This mode w i l l  be mai n t a i  ned as 1  ong as 



t h e  pushbutton i s  depressed and f o r  f i v e  seconds a f t e r  i t  i s  re leased.  It 

should be noted t h a t  a f t e r  t h e  u n i t  i s  switched o f f  t h e  system must t e rm ina te  

present  a c t i v i t y  before t h e  d i s p l a y  disappears. .This r e s u l t s  i n  a  v a r i a b l e  

t u r n - o f f - d e l a y  poss ib l y  as l ong  as 17 seconds. 

Charge 

The charge c y c l e  i s  i n i t i a t e d  by s e l e c t i n g  t h e  app rop r i a t e  c u r r e n t  

s e t t i n g ,  p lugg ing  t h e  ac l i n e  cord i n t o  t he  f r o n t  panel r ecep tac l e  and 

s w i t c h i n g  t h e  f r o n t  breaker .  from t h e  "o f f "  t o  t h e  "on" p o s i t i o n .  Th is  i n - t u r n  

supp l i es  power t o  t h e  f an  and base d r i v e  power supply and sends a  one-second 

enable  pu lse  t o  t h e  system l o g i c  power supply.  

Th is  enable pu lse prov ides s u f f i c i e n t  t ime  f o r  t h e  microcomputer t o  

s t a r t  ope ra t i ng  and l a t c h  t h e  power supply on. The power up sequence i s  noted 

by a l l  f r o n t  panel l i g h t s  be ing i l l u m i n a t e d  f o r  a  sho r t  t ime.  I f  a  charge 

c y c l e  has been requested (by t h e  charge mode) t h e  "charge" 1  i g h t  w i l l  beg in  

' f l a s h i n g  a t  a  0.5Hz ra te .  This i n d i c a t e s  t h a t  t h e  power s tage w i l l  be enabled 
a f t e r  a  10 second de lay  (5 f l ashes) .  Once enabled t h e  "charge" 1  i g h t  i s  

i 11 umi nated con t inuous ly .  Dur ing t h e  charge c y c l e  t he  remote d i s p l a y  i s  

no rma l . 1~  b l a n k t u  b ~ ;  s t a t e  o f  charge may be requested by depress ing t he  "m i l es  

r e m a i r , i ~ , ~ "  pushbutton. This d i s p l a y  w i l l  be mainta ined as l ong  as t h e  

pushbut ton i s  depressed and w i l l  e x t i n g u i s h  5 seconds a f t e r  i t  i s  released. 

1.t should be l ioted t h e  s t a t e  o t  charge d isp layed  du r i ng  a  charge c y c l e  i s  

n o t  t h e  same as t h a t  which i s  d isp layed  d u r i n g  d ischarge.  ~ h ' e  charge c y c l e  

, 
d isp layed i s  a  s imple percentage of ampere-hours normal i zed f o r  a  new b a t t e r y  

a t  room temperature.  The f r o n t  panel c u r r e n t  s e l e c t o r  i s  marked f o r  t he  

o r f ? i n a l  ac 1 i n e  requirements (15, 20, o r  30 amps) f o r  a  3kW charger .  These 

s e t t i n g s  have been appr;, r i a t e l y  sca led f o r  t h e  present  IkW r a t i n g  (3 ,  6 ,  o r  9 

amps). 

If t h e  system has requested an equa l i ze  c y c l e  (500 A-hr removed o r  7 

days has elapsed s ince  t he  . l a s t  equal i z e  cyc l e )  t he  "EQUALIZE" 1  i g h t  w i l l  

i l l u m i n a t e  when. t h e  charger  i s  tu rned  on. T h i s  i r i d i ca tes  t h a t  t h e  b a t t e r y  

w i l l  be equa l i zed  du r i ng  t h i s  charge c y c l e  un less t h e  opera to r  de fe r s  i t  by 



d e p r e s s i n g  t h e  f r o n t  panel  s w i t c h  marked "DEFER EQUALIZE" .  Th is  w i l l  d e f e r  

t h e  e q u a l i z e  c y c l e  u n t i l  t h e  nex t  t i m e  a  charge c y c l e  i s  i n i t i a t e d .  

When t h e  charge c y c l e  i s  completed t h e  rnicrocomputer w i l l  e x t i n g u i s h  

a l l  i n d i c a t o r s  and shut  i t s e l f  o f f .  It shou ld  be noted t h a t  a l though  t h e  

charge  c y c l e  i s  comple ted t h e  main power b reaker  w i l l  remain on and t h e  

i n t e r n a l  f a n  w i l l  c o n t i n u e  t o  operate ,  A d i scharge  c y c l e  may now be r u n  by  

t u r n i n g  t h e  power b r e a k e r  t o  t h e  " o f f "  p o s l t i o n  and d i s c o n n e c t i n g  t h e  ac l i n e  

cord .  I f  nu d.isckarge c y c l e  i s '  r e q u i r e d  t he  breakern rnaybe l e f t  i n  t h e  "on" 

p o s i t i o n .  T h i s  w i l l  a l l o w  t h e  microcomputer t o  run  arl e q u a l i z e  charge c y c l e  

e v e r y  7 days, an accepted s tandard f o r  keeping t h e  b a t t e r y  i n  good c o n d i t i o n .  

T h i s  s p e c i a l  mode i s  n o n n a l l y  t r a n s p a r e n t  t o  t h e  opera to r .  The inode 

w i l l  be s e l f - i n i t i a t e d  when t h e  b a t t e r y  has r e s t e d  two hours a f t e r  a  

d i s c h a r g e - c y c l e  o f  a t  l e a s t  4.8 ampere-hours. The system w i l l  power i t s e l f  

up, read b a t t e r y  da ta  and a p p r o p r i a t e l y  mod i f y  t h e  sys t .m ampere-hour meter  i f  

r e q u i r e d  b e f o r e  t u r n i n g  i t s e l f  off .  Once t h i s  mode i s  completed,  another  

d i s c h a r g e  must t a k e  p l a c e  b e f o r e  t h e  mode i s  aga in  reques led.  

C a l i b r a t i o n  

The system was designed eo rn.1 r~ i w i  ~e 1.1, l i t ia l  i z a t i o n  and c a l  i b r a t  i n n  

requ i  rements. Once t h e  S C I  has been c o n f i g u r e d  f o r  a  p a r t i c u l a r  

b a t t e r y l v e h i c l e  combinat ion,  no a d d i t i o n a l  u p e r a t o r  i n t e r a c t i o n  i s  nor rnd l ly  

r e q u i r e d .  To proper - ly  conf iyur%e t h e  S C I ,  t h e  bat t .ery parameters must be 

i n i t i a l  i z e d  and t h e  speed t r d r ~ s d u c e ~ -  c a l  I b r i l t c d .  A new ~ q 1 . 1 ~ 3 1  i z e d  bat ter .y  

shou ld  be a t t a c h e d  t o  t h e  system and t h e  i n d u c t i v e  speed p i c k u p  w i t h  magnets 

p r o p e r l y  mounted t o  t h e  v e h i c l e .  To pe r fo rm t h i s  s imp le  pr'ocedure, t u r n  t h e  

f r o r ~ t  panel s e l e c t o r  s w i t c h  t o  t h e  14n-marked p o s i t i o n  immedia te ly  t o  t h e  l e f t  

o f  "AUX".  Next, t u r n  t h e  u n i t  on f o r  a  normal d i scharge  c y c l e .  The u n i t  w i l l  

power up and t h e  "warn ing"  i n d i c a t o r  w i l l  f l a s h  w i t h  a l l  zeros on t h e  numeric 

d i s p l a y .  The warn ing i n d i c a t o r  s i g n i f i e s  t h a t  you a r e  i n  t h e  " c a l i b r a t i o n  

mode." The b a t t e r y  parameters have a l r e a d y  been i n i t i a l i z e d ,  and t h e  system 



i s  awa i t i ng  t h e  t ransducer  c a l i b r a t i o n  sequence. The system has a  de fau l t  

c a l i b r a t i o n  f a c t o r  which i s  se lec ted  f o r  a  v e h i c l e  hav ing 13" d iameter  wheels, 

r a d i a l  t i r e s  and sensing a  r o t a t i n g  element w i t h  a  1  :1 speed r a t i o  w i t h  
, respect t o  t h e  wheels. If t h i s  c o n f i g u r a t i o n  i s  adequate the  sequence can be 

te rmina ted  by r e t u r n i n g  t h e  f r o n t  panel s e l e c t i o n  t o  one o f  t h e  normal 

p o s i t i o n s  (15, 20 o r  30 amps). If not,  t he  v e h i c l e  should be d r i v e n  over a  

measured m i l e  w i t h  t h e  "mi les  remaining" pushbutton depressed once a t  t h e  

beg in ing  and again a t  t he  end. The numeric d i s p l a y  w i l l  f l a s h  and s l ow l y  

increment d u r i n g  t h i s  c a l i b r a t i o n  i n t e r v a l .  Speed i s  no t  a  f a c t o r  du r i ng  t h i s  

proceedure s i nce  pu l  ses lm i l e  a re  be ing determined. Once t h i s  i s  completed t h e  

: sequence i s  te rmina ted  . . by r e t u r n i n g  t he  f r o n t  panel s e l e c t o r  t o  i t s  o r i g i n a l  

pos i t i on .  C a l i b r a t i o n  i s  now complete and the  system w i l l  "remember" these 

f ac to r s  as l ong  as t h e  system memory remains n o n - v o l a t i l e  .(see l o g i c  

desc r i  p t i  on). 

'D iagnost ics  

The BCISCI has a  h i gh  degree o f  s e l f - d i a g n o s t i c s  t o  a s s i s t  bo th  t h e  

opera to r  o r  r e p a i r  personnel i n  i s01  a t i n g  problems i n  t he  system. Tables 

2.D.2 and 2.0.3 l i s t  a l l  p o s s i b l e  f a u l t  codes p resen t l y  incorpora ted  i n t o  t h e  

system. A f a u l t  i s  norma l l y  i n d i c a t e d  t h r e e  ways. F i r s t ,  t he  "FAULT" 

i n d i c a t o r  on t h e  f r o n t  panel w i l l  be enabled f o r  a l l  f a u l t s .  Second, t h e  

remote d i s p l a y  w i l l  show an e r r o r  code us ing  t h e  t h r e e  numeric d i g i t s .  

F i n a l l y ,  i f  t h e  f a u l t  corresponds t o  a  p a r t i c u l a r  board t h e  edge mounted LED 

on t h a t  board wi 11 be ill umi nated. 

A complete d i agnos t i c  sequence i s  executed everyt ime t h e  u n i t  i s  

powered-up, and a  sub-set t he reo f  i s  performed w h i l e  the  system i s  

operat ing.  As d i agnos t i cs  a re  performed on each board t h e  LED on t h e  

p a r t i c u l a r  board w i l l  be i l l u m i n a t e d  and then ex t ingu ished  a f t e r  the  t e s t  i s  

success fu l l y  completed. I f  a  f a u l t  i s  detected, t h e  t e s t  sequence w i l l  be 

stopped, and t he  d i s p l a y  w i l l  show a  p a r t i c u l a r  e r r o r  code. This code can 

then  be used t o  determine t h e  p a r t i c u l a r  t e s t  which f a i l e d  and i s o l a t e  

poss ib le  causes. The f a u l t  d e s c r i p t i o n s  prov ided i n  t he  t a b l e s  p r i m a r i l y  

i d e n t i f y  t h e  t e s t  and make no a t t a i i p t  t o  ou t l . l ne  a l l  poss ib l e  causes f o r  a  
g iven  problem. 



Table 2.0.2 

Charger Run Time Fau l t  D e s c r i p t i o n  

F a u l t  E r r o r  Codes Appear on D i sp lay  as: O=X o r  2-X 

01 ERRBLO - B a t t e r y  Below Min Value 

02  ERRBHI - B a t t e r y  Above  ax Vdluk 

03 EKRBOP - .  B a t t e r y  U i  scvnneceed Dur ing Opera1 ion (Opened) 

04 ERRTF1 - T i m ~  Fali l t .  =1 - P r ~ l o n q e d  Low B a t t e r y  Vol tage 

Operat ion 

05 ERRTF2 - Time F a u l t  =2 - Prolonged Operat ion Witho-ut Reaching 

Vol tage Regul a t  i on 

OG t R R S W 3  - I n v a l i d  Sw i t ch  S e t t i n g  fnr Charger . Operat ion . 
. . 

I. . 
21 ERRCHG - Power Stage F a u l t  



Table 2.0.3 

System E r r o r  Codes 

4 MSB Primary - Assembly o r  Category 
4 LSB Secondary - E r r o r  W i th i n  Assembly o r  Category 

Note: nOX Ind i ca tes  Run Time Fau l t s  Check MPL L i s t i n g  

ERRPWR 

ERRCHG 

ERRADC 
ERROF 
ERRNEG 
ERRSMl 

ERRROM 
ERRRAM 
E R R C I O  
ERRCLK 
ERRP I A  
ERRP I B 
ERRPOA 
ERP.POB 

ERRTBS 
ERRTES 
ERKTFS 
ERRTAS 
ERRTBO 
ERRTEO 
ERRTFO 
ERRTAO 

ERRTBA 
ERRTEN 
ERRTFE 
ERRTAM 

ERRBAT 
ERKFPI 
ERRSOF 
ERRSHI 

AUX. - Power De fec t i ve  - RAM, Time In fo .  Los t  

Power Stage Fau l t  Used INLMPL 

A/D Conversion I n v a l i d  
A/D Overf low . I nd i ca t i on  
Analog I n p u t  I n c o r r e c t  P o l a r i t y  
Select  Mode '- I n v a l i d  Mode 

ROM Checksum E r r o r  
B i t s  I n  RAM W i l l  Mot' Toggle 
1 /Sec I n t e r r u p t  
Real Time Clock Doesn' t  Advance 
PIA A I n p u t  F a u l t  
PIA B Inpu t  Fau l t  
P I A  A Output F a u l t  
PIA B Output Fau l t  ( I n t e r n a l  Check Only.) 

B a t t e r y  Thermi s t o r  Shorted 
Enclosure Thermistor  Shorted 
Fe t  Thermistor  Shorted 
Ambient Thermistor  Shorted 
B a t t e r y  Thermistor  Open o r  Fuse Blown 
Enclosure Thermistor Open 
FET Thermistor  Open o r  Fuse Blown 
Ambient Thermistor  Open o r  Fuse Blown 

B a t t e r y  Overtemp. 
Encl osure Overtemp. 
FET Overtemp. 
Ambient Overtemp. 

BAT. Below Min. Value 
I n v a l  i d  Switch S e t t i  ng 
Speed Transducer C a l i b r a t i o n  E r r o r  
Speed Counter Ove r f l  ow 



Since a  g iven  problem may p rov ide  mu1 t i p l e  f a u l t  codes, a l l  codes 

should be viewed be fo re  a  de te rmina t ion  i s  made as t o  ' t h e  cause. This i s  done 

by depressing t h e  "MILES REMAINING"  pushbutton t o  d i r e c t  t he  system t o  proceed 

w i t h  t he  remaining d i agnos t i cs .  Th is  sequence should be repeated u n t i l  a l l  

codes a re  noted. Care should be exerc ised  s ince  t h e  system w i l l  a t tempt  

ope ra t i on  a f t e r  a1 1  f a u l t s  are i d e n t i f i e d .  

The format o f  t h e  codes a re  two d i g i t s  separated by a hyphen (i.e., x- 

x ) .  Thc f i r s t  n~~rnber  correspdnds t o  a category wh i l e  the secur~d number 

i d e n t i f i e s  a p a r t i c u l a r  problem w i t h i n  t h a t  category.  For example a l  l codes 

w i t h  a seven as the  f i r s t  d i g i t  correspoi ld t u  d t he rm is to r  r c l a t 8 d  prnl~lem. A 

7 -5  s i g n i f i e s  b a t t e r y  t h e r m i s t o r  open o r  f use  blown.. Th is  cou ld  be caused by 

a fuse blown on A3, a  bad t he rm is to r  (opened) o r  poss lb l y  t h e  b a t t e r y  probe 

n o t  p rope r l y  connected. . . 

A f a u l t  t h a t  i s  detected du r i ng  normal system operat,i.on stops a l l  

activities. T l~e  f a u l t  w i l l  be d isp layed  as l onq  as' i t  exi ,sts o r . . f o r  a  minimum 

o f  f i v e  seconds. I f  t h e  p rob le~ i l  dicsappcars t h e  .system . w i l l  a t tempt  t o  

cant-i nue where i t  was i n t e r r u p t e d  p r i o r ,  t o  t h e  f a u l t  . &ndi  t i o n  (e.g. 8-2 

enc losure  overten~per 'ature) . ~ d d i  t iona l '  i nfo i ina t ion  r e g a r d l  nb' t h e  csu le  of a 

p a r t i c u , l  ar ope ra t i ng  f a u l t  may be o b t a j  ned from a  complgte .power-@ d iagnos t i c  
. . proceedure. 

Test 

9 .  

A spec id l  111ode has been inc11.1rled i n  the  system t o '  p rov ide  useful 

i n f o r m a t i o n  du r i ng  system t roub leshoot  i rig. Th is  mode a1 lows yo11 t o  observe 

se lec ted  v a r i a b l e s  d u r i n g  ac tua l  sysrern oper-st ion. The rr~ude i s  . e n t c r ~ d  a f t e r  

t he  system i s  operating-.,by sw i t ch ing  t he  DIP sw i t ch  No.4 on A3 t o  t he  "ON" 

p o s i t i o n .  Dur ing  d i scha rge  . t h i s  . same mode cdn be en te red  by t u r n i n g  t h e  f r o n t  . .  , . , ,. 

panel s e l e c t o r  sw i t ch  t o  the  url-marKed 1'2 .,'o',c.l ock-"set t i ng. 

The d i s p l  ay w i l l  i 1  lumina te  :. t h e  war-ning, bargraph and numeric 

e l  ements. The va l  ut! d i  sp l  ayed corresponds t o  t h e  present  sof tware ve rs i on  

number. The mode can d i s p l a y  up t o  t e n  by tes  (8 b i t s )  i n  decimal form of any 



Figure 2.D.20 BCISCI System 



memory location. The resu l t ing  display i,s non-standard but can be extremely 
useful for troubleshooting without any sophisticated t e s t  equipment . 

The t e s t  sequence i n  the present version ( i  .em, 1.00) i s  as follows: 

10% - Battery Voltage (8MSB) 
20% - Battery Voltage (8LSB) .050 v/BIT 
30% - Charqinq Voltage L imi t  (8MSB) 

40% - Charging Voltage l imit (8LSii) .050 v/BIT 
50% - Ampere- hour (8MSB) 
6096 - Ampere-hour (8LSB) .2421 A-HR/BIT 
70% - Battery Current (8MSB) 

I- 

80% - Battery Current (8LSB) .lA/BIT 

90% - Mode Flag O=Normal; 1tRequest change; 256aGrant Ghange 

The percentage factor  corresponds t o  the bargraph display when the 

information i s  showri. A par t icu lar  ttm flay be selected by depressing the 
"MILES REMAINING" button the appropriate number o f  times. Scal i n g  factors 
have been included t o  allow conversion t o  more familar units, but care should 
be exercised t o  properly weigh the most s ign i f i can t  b i ts .  Fur rxarngle A 

voltage reading o f  008 (8MSl3) and 112 (EILSB) could be tOt!vePted t o  vo l ts  by 

the  fo l  lmilng equation. $% 
& 

[ (~MsB)]  x 256 + (8LSB)l .060 = Battery Voltage 

o r  [(008)] ; 256 + (1 12 ) l  .a50 - 108.0 Volts 

It should be noted tha t  a number f o r  battery current between 128 and 
256 as the most s ign i f i can t  byte indicates a negative quantity i n  two's- 

complement arithmetic and should be converted before using the scaling factor 
provided. 

2.0.4 Physical Description 

The complete BC/SCI i s  pictured i n  Figure 2.0.20. This photo shows the 

main enclosure housing the power section and the control electronics and the 

remote display. Figure 2.D,21 shows the comparison in ter face module used t o  



, Figure 2.D.21 System Interface Module 



i n s e r t  the system transducers between the bat tery  and vehicle contro l ler  and 

provide the charger connection t o  the battery.  The weights and dime~sions o f  
those three assemblies i s  sunmarized i n  Table 2.D.4. 

Table 2.D.4 
BC/SCI Assemblies Weight-Dimensions 

Assembly Weight 

Main Encl osurc 29.5 lbs  

Display 1.05 l b  
In ter face 





The weight d i s t r i b u t i o n  o f  the  Main Enclosure i s  summarized i n  Table 2.0.5. 

Table 2.D.5 

Enclosure 

ac Ci r c u i t  Breaker and ConnecLur. 

Control El ectronics/t%wer Suppl ies/Card l iest 

Power El ectronics 
Transformer 

Output F i  1 t e r  
Output Diode and H ~ a t  Sink 

Input Diode and Heat Sink 

F i l t e r  Inductor, Capacitor 

Boost Inductor 
Dar l ington X is tors  and Heat Sink 

FET dnd Heat Sink 

Fa n 

Base Dr ive 

Bus Bars/Mounti ng Hardware 

FET Dr ivc  

Total 

Weight (1 b) 

7 .O 

29.7 ' l b  

The goal o f  h igh e l e c t r i c a l  e f f i c i ency  impacted the mechanical design 
of the  charger, p a r t i c u l a r l y  the construct ion o f  the , power c i r c u i t  
secondary. I n  order t o  minimize the leakage inductance inserted between the 

i s o l a t i o n  t ransformer 's . - secondary termina ls  and the f i l t e r  cabacitor, a s t r i p  
I - ' .  , :-\7!'f!@yq'.- ;-' . = .  - ,., ! -+,, 5 ? .,' ,;,.;I: >+:,-. .j>;:',',#! :+a;. 
- -  - - 
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Figure 2.D.22 (b) Photo of Stripline Style Cmmction W e e n  Rectifiers and Occtpul Czpacitor 



1 i ne paral 1 e l  -p l  a te  conductor construction was ernpl oyed. This i s  i 11 ustrated 

i n  Figures 2.0.22 (a) and (b) respect ively which show the interconnects 

between the transformer and the output r e c t i f i e r s  (a) and between the 

r e c t i f i e r s  and the  output f i 1 t e r  capacitor (b) . The paral 1 e l  p l  ate conductor 

construct ion I s mandatory t o  minimize secondary c i r c u i t  1 eakage inductance. 

For completeness, the weight o f  the en t i r e  BC/SCI  system i s  tabulated 
i ncl  ud i  ng a1 1 power and in te r face  cab1 es. 

Item - Wight (1L) 

Main Enclosure 29.7 

Dl spl ay Modul e 1.1 

In ter face Modul e 3.2 
Charger-Interface Cab1 es 3.5 

ac Line Cord 10.0 
GFI P i g t a i l  5.0 

Module Interconnection Cabl f ng 0.5 

Total 



2.E Test  Program 

The t e s t  program c o n s i s t e d  o f  a  s e r i e s  o f  measurements t o  q u a n t i f y  t h e  

e f f i c i e n c y  o f  t h e  charger ,  t h e  l i n e  d i s t o r t i o n ,  and t h e  accuracy of t h e  

o p e r a t i o n a l  SOC a l g o r i t h m  imbedded i n  t h e  microcomputer system. 

2.E.1 Power E l e c t r o n i c s  

It shou ld  be noted t h a t  .downgrading t h e  o u t p u t  power t o  1kW d i d  r e s u l t  

i n  reduced e f f i c i e n c y  and inc reased  d i s t o r t i o n  compared t o  t h e  o r i g i n a l  t a r g e t  

goals.  The e f f i c i e n c y  o f  t h e  charger  was measured a t  an o p e r a t i n g  i n p u t  power 

l e v e l  o f  1 kW. The i n p u t  power was measured w i t h  a  Weston Model 432 wa t tme te r ,  

and t h e  o u t p u t  power was c a l c u l a t e d  u s i n g  t h e  p r o d u c t  o f  t h e  average b a t t e r y  

v o l t a g e  and t h e  average b a t t e r y  c u r r e n t  u s i n g  4 112 d i g i t  FLUKE meters.  T h i s  

approx ima t ion  t o  determine t h e  o u t p u t  power i s  v a l i d  s i n c e  t h e  b a t t e r y  r i p p l e  

v o l t a g e  i s  o n l y  2Vp-p. The measured e f f i c i e n c y  was 87%. Th is  i n c l u d e s  t h e  

l o s s  a t t r i b u t a b l e  t o  t h e  coo l  i n g  fans,  power suppl i e s ,  and microcomputer  

system. The power c i r c u i t  i t s e l f  approaches t h e  90% e f f i c i e n c y  1  eve1 . 
Approx imate ly  3% o f  t h e  power i , s  consumed by t h e  fans  and power supp l ies .  

The l i n e  d i s t o r t i o n  o f  t h e  i n p u t  c u r r e n t  waveform was measured w i t h  a' 

HP333A D i s t o r t i o n  Analyzer- and a  HP3580 Spectrum Analyzer.  The nleasured 

harmonic d i s t o r t i o n  o f  t h e  l i n e  c u r r e n t  i s  7.4%. .Th is  i ,s  compared t o  t h e  

c a l c u l a t e d  d i s t o r t i o n  employing a1 1  s i g n i f i c a n t  harmonics up th rough  t h e  1 7 t h  

o f  7.98%. F i g u r e  2.E.1 shows t h e  low o r d e r  c u r r e n t  spectrum. However, t h e  ac 

1  i n e  v o l t a g e  used t o  program t h e  c u r r e n t  i s  n o t  a  pu re  s i n u s o i d ,  as shown by 
i t s  v o l t a g e  spectrum i n  F i g u r e  2.E.2. I t s  c a l c u l a t e d  T o t a l  Harmonic 

D i s t o r t i o n  (THD), a l s o  th rough  t h e  1 7 t h  harmonic,  i s  2.5% and i m p l i e s  t h a t  t h e  

charger ,  i f  p e r f e c t ,  would a l s o  e x h i b i t  a  c u r r e n t  THD o f  2.5%. There fo re  t h e  

c h a r g e r  i n t r o d u c e s  a  THD o f  approx ima te ly  5% (7.4-2.5) on t h e  u t i l  i t y  g r i d  a t  

t h e  1kW o p e r a t i n g  p o i n t .  F i g u r e  2.E.3 shows t h e  h i g h  o r d e r  c u r r e n t  spectrum, 

s p e c i f i c a l l y  t h e  40kHz 'and 20kHz s w i t c h i n g  no ise.  The THD i n t r o d u c e d  by t h e s e  

s p e c t r a l  1 i n e s  i s  o n l y  0.64%. 
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LOW QRDER CURRENT 

I i! SPECTRUM 

Figure 2.E.1 Harmonic Spectra of the BCISCI line current 
1st harmonic = 6 0  Hz; 2nd harmonic = 120 Hz; etc. 







2.E.2 SOC A lgor i thm 

The compl e t e  BCISCI ' system was at tached t o  a  54-ce l l  b a t t e r y  composed 

of Gould PB-220 6V go1 f - c a r t  b a t t e r i e s .  Two compl e t e  d i  scharge-charge cyc les  

were performed and t he  r e s u l t s  presented g r a p h i c a l l y  i n  F igures 2.E.4 and 

2.E.5. 

I n  F igure  2.E.4, t h e  ac tua l  b a t t e r y  s ta te-of -charge,  t h e  average c e l l  

vo l tage,  and t he  d isp layed  SOC i s  p l o t t e d  as a f u n c t i o n  o f  t ime du r i ng  a 
constant-power d ischarge o f  lOkW (185W/cel l ) .  The p red i c ted  SOC i s  o p t i m i s t i c  
near t h i s  end o f  t he  d ischal rge.  This i s  due i n  p a r t  t o  t h e  poor performance 

of t h i s  p a r t i c u l  a r  b a t t e r y  pack ( o n l y  148Wh/cell compared w i t h  200Whlcell  

nomina l l y )  and t he  u n a v a i l a b i l i t y  o f  a  parameter adapter i n  t he  implemented 

I n  F igure  2.E.5, a  constant-power d ischarge was a l s o  performed, b u t  two 

s ix-minute r e s t  per iods were i n c l  uded i n  the  t e s t  * t o  demonstrate t h e  a b i l  i t y  

of t h e  SOC t o  t r a c k  b a t t e r y  recuperat ion.  Again, , the SOC i s  o p t i m i s t i c .  The 

b a t t e r y  parameter adaptor was not  inc luded  i n  t h e  SOC hardware and sof tware 

due t o  t h e  t ime  l i m i t a t i o n  of t h e  con t rac t .  The adaptor would a l l o w  f o r  more 

accurate SOC i n d i c a t i o n s ,  especi a1 l y  w i t h  sub-standard b a t t e r y  packs. 
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3. Conclusions and Recommendations 

The BC/SCI system designed and cons t ruc ted  d u r i n g  t h i s  c o n t r a c t  

' s u c c e s s f u l l y  f u l f i l l e d  most o f  t he  o r i g i n a l  performance t a r g e t  goals.  Some of  

t h e  t a r g e t s  were r ev i sed  d u r i n g  t h e  'program due t o  s t a t e - o f - t h e - a r t  

1  i m i t a t i o n s  and t h e  sho r t  d u r a t i o n  o f  t h e  program. Overa l l  e f f i c i e n c y  of t h e  

charger  i s  87% a t  an ou tpu t  power l e v e l  o f  lkVA which i s  c o n s i s t e n t  w i t h  t h e  

o r i g i n a l  goal of 90 percent  o r  b e t t e r  a t  3kVA. The weight '  o f  t h e  e n t i r e  

BC/SCI system i s  under 531b i n c l u d i n g  t h e  p i g t a i l s  and i n t e r c o n n e c t i n g  

cables.  The charger  in t roduces  a  T.H.D. o f  5% on t h e  u t i l i t y  g r i d  a t  t h e  1kW 

ope ra t i ng  po in t .  Al though t h i s  i s  more than  t h e  o r i g i n a l  t a r g e t ,  i t  i s  

ext remely  low cons ide r i ng  t he  present  s t a t e - o f - t h e - a r t .  The power f a c t o r  of 

t h e  charger  i s  a t  t h e  t a r g e t e d  goal o f  0.54. 
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Fiqure ;! F 4 .WC test nn a cnnstant-power discharge (185W/cell) 
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Figure 2.E.5 W C  test on a constant-power discharge ( 185WIcell) 
with rest intervals 



a The b a t t e r y  SOC a lgor i thm impl emented i n  t he  BC/SCI i s  capable o f  t o ,  
-10% accuracy on ly  when equipped w i t h  accurate b a t t e r y  parameters. The 

f e a s i b i l i t y  "o f  t r a c k i n g  these b a t t e r y  parameters as the  b a t t e r y  ages was 

demonstrated under 1  aboratory condi t ions;  however it i s  not  i n c l  uded i n  the  

BC/SCI software set. The con t rac t  program was too  shor t  t o  complete the  

development requ i red  t o  impl ement the  adaptor a1 g o r i  thm. 

The b a t t e r y  recharge a lgor i thm incorporates depth-of-charge in format ion 

obta ined wh i le  ca'tcul a t i n g  the SOC. This charging in fo rmat ion  should p r ~ l o n g  

t h e  1-i fe  of t h e  propul s ion  b a t t e r y  sirice the  amount o f  overcharge i c  care fu l  l y  

c o n t r o l  1  ed.. 
, 

The impact o f  t ransformer is01 a t i o n  on c i r c u i t  e f f i c i e n c i e s  and 

p r o t e c t i o n  c i r c u i t r y  i s  s i g n i f i c a n t .  The i n c l u s i o n  o f  the  transformer i n  the  

charger e l im ina tes  the  on ly  s t i f f  vo l tage bus i n  the  system ( the  b a t t e r y )  and 

makes measurements o f  the b a t t e r y  terminal  vo l tage f o r  c i r c u i t  p ro tec t i on  

d i f f i c u l t .  As a  r e s u l t ,  the  t ransformer must be o f  extremely h igh qua1 i t y ,  

p a r t i c u l a r l y  i n  min imiz ing i t s  leakage inductance, s ince no vol tage source i s  

avai 1  able f o r  snubbing. 

The microcomputer system which exerc ises the  a1 gorithms i s  a lso 

complex. The se l f -d iagnos t i cs  imbedded w i t h i n  the  system dr-e a l s o  mandatory 

i n  a  computer o f  t h i s  size. 

Some recommendations are suggested f o r  f u t u r e  h igh  performance EV 

b a t t e r y  chargers: 

1. €1 im inat  i o n  o f  the transformer i n  the  charger c i r c u i t  topo l o g j  could  

increase [;he enefgy curiver~sion e f f i c i ~ n c y  by 3% o r  more. I n  add i t ion ,  

a  more foo lp roof  scheme o f  c i r c u i t  p r o t e c t i o n  could be i n s t i t u t e d .  

There i s ,  however, a sa fe ty  requ i  rement t o  i sol  a te  the input  power 1  i n e  

from the  b a t t e r y  charging cables. A l te rna te  means o f  accomplishing 

t h i s  i s o l a t i o n  could be inves t iga ted .  



2. The goal. o f  l i m i t i n g  t h e  RMS harmonic c u r r e n t s  i n j e c t e d  i n t o  t h e  

u t i l i t y . t o  lOOmA o r  l e s s  i s ,  i n  Gou ld ' s  o p i n i o n ,  t o o  s t r i c t .  The lOOmA 

l i m i t  i s  e q u i v a l e n t  t , o 0 . 4 %  T.H.D. U t i l i t i e s  can be s a t i s f i e d  w i t h  

s i g n i f i c a n t l y  h i g h e r  d i s t o r t i o n .  If t h e  i n j e c t e d  RMS c u r r e n t  was l A ,  

t h e  T.H.D. . i n  t h e  l i n e  c u r r e n t  wou1d:only be 4%. T h i s  assumes f u l l  

c u r r e n t  o p e r a t i o n  of ?!?ARMS. Gould reccmmends t h a t  5% T.H.D. be t h e  

l i m i t .  

;3. An a d a p t i v e  a l g o r i t h m  i s  r e q u i r e d  t o  i n s u r e  accura te  (+O, -10%) SOC 

. I i n d i c a t i o n  ove r  t h e  useful  l i f e  o f  t h e  b a t t e r y . .  A s i g n i f i c a n t  

development e f f o r t  would be r e q u i r e d  t o  implement an a l g o r i t h m  w i t h  t h e  

e x i s t i n g  hardware package. Gould recommends t h a t  t h i s  developmental  

i b e f f o r t  be i n i t i a t e d .  I .  

. . 
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Appendix 11 
I 

BCJSCI Elektri cal Schematics 
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Appendix 2 

A1 phabet i  ca1 GI ossary o f  BC/SCI FORTRAN Modules 



A1 phabet i cal G I  ossary o f  B C / S C I  FORTRAN Modul es 

AVGFOR - This subrout ine performs the  .required averaging of data fo r  t ime 
constants g rea te r .  than t h i r t y  seconds i n  duration., Bat te ry  cu r ren t  and 

temperature are  averaged over one b a t t e r y  t ime constant .(6 mir~). ,  whi le  veh ic le  
speed and power are averaged over t h i r t y  seconds. Proper sca l i ng  t o  common 

engineering u n i t s  i s  a1 so performed by . t h i s  rou t ine .  

BATMOD - This func t ion  models the  b a t t e r y  i n  increments of t ime using the 

i npu t  parameters as a s t a r t i n g  po in t  and i t e r a t i v e l y  removes energy a t  

constant  power u n t i l  t he  c u t o f f  vo l tage i s  reached. The module i s  c a l l e d  w i t h  

arguments f o r  the present cur ren t ,  temperature, and s t a t e  (amp-hours) o t  t he  

b a t t e r y ,  i n  a d d i t i o n  t o  the  desi red values f o r  the discharge power l e v e l  and 

f i n a l  c u t o f f  vol tage. The simul a t i o n  i t e r a t e s  u n t i l  the pred ic ted  voltage i s  
l e s s  than t h c  desi red c u t o f f  vol tage. The f~lnc.t.icln re tu rns  t o  the  c a l l i n q  

program w i t h  a value f o r  the t ime ( i n  hours) t o  cutof f .  

CHGFOR - The charge moni tor  subrout i  ne con t ro l  s the,  RC/SCT operat ion dur ing 

the  charge cyc le.  The rou t i ne  ca lcu la tes  the charge requi red t o  recharge a 

b a t t e r y  f o r  a g iven temperature and depth o f  discharge. It a lso  determines 

t.he appropr iate vol tage l i m i t  based upon e l e c t r u l y t t :  te~~~per~atu t -e .  and whether 

equa l i za t i on  i s  requi red.  Charge acceptance and s t a t e  o f  charge func t ions  are 

a l so  performed by t h i s  program. 

DISFOR - The discharge monitor t racks  parameters dur ing a discharge and 

determines the b a t t e r y  state-of-charge f o r  both the standard and a r b i t r a r y  

rates.  Amp-hour meter compensation i s  a lso provided by comparing the  known 

vol tage w i t h  the  predic ted val ues. This e r r o r  signal i s  app rop r ia te l y  

"weighted" w i t h  a conf idence factor .  



EVALZD ' -  Th is  f u n c t i o n  c a l c u l a t e s  t h e  b a t t e r y  parameter va lues f rom a  two 

dimensional  t ab l e .  Using t he  indexes and f r a c t i o n s  f o r  each o f  t h e  two 

dimensions of t h e  b a t t e r y  parameter t a b l e ,  a  l i n e a r  i n t e r p o l a t i o n  i s  made t o  

determine t h e  ac tua l  va lue f o r  a  g iven temperature and c u r r e n t .  This general  

approach a1 lows t h e  f u n c t i o n  t o  be,'usedS. f o r  .a1 1  t h r e e  b a t t e r y  parameters (R1 , 
R2, Q2) us ing  app rop r i a t e  arguments. 

' . . . .  : .. . . . :  . . 
- .  . . . . . 

FDELTA - The f u n c t i o n  c a l  cu1,atSs ,the f r ac t i ona l "  d i 's tance t h a t  a, 'g iven.  va lue  i s  
. r _ .  . . ' between t h e '  two niost ad jacen t *  e-lements i n  a  I ' i s t .  ' 

. 

? .  . ; , , . .  . . . . ,, 

INIFOR - The i n i t i a l  i z a t i i i -  subrou t ine  i n i t i a l  i z e s  a ' l l  parameters " n o k a l ' l y  

s t o red  i n  Fo r t r an  common area (RAM). These parameters i nc l ude  t h e  , I -T t a b l e  

" .o f  R1; RZ and Q2 determined f o r  a  s e t  o f  54-Gould PB22O l ead -ac i d  c e l l s .  

F o r t r a n  'scal i n i  ' f a c t o r s  norrrial l y  . s t o red  i n  random ' access. memory a re  a1 so 
i n d t i a l i z e d  by t h i s  r ou t i ne .  " ' I f  requested t h i . s  program w i l l  a l s o  i n i t i a l i z e  

( 
t h e  amp-hour meter* us ing .  t h e  equi  1  i b r i m  vo l t age  and temperature as a  ' d i r e c t  

. . 
de te r r i i  n a t i o n '  f ir  t h e  battei-y" s. s t a t e  o f  charge. 

' 
- ' . , 

. . .. . a , .  I . . . . .. , . . . 

RSTFOR - The r e s t .  mbni t o r  'subrout ine,  uses t h e  b a t t e r y  vo l t age  and temperature 

t o  determine a  c o r r e c t i o n  f a c t o r  f o r  the 'sys tem amp-hour meter. 

. . 

TEMPFN -   his ' f i x e d  shaped .' f u n c t i o n  i s  eva l  uated for a  s p e c i f i c  p la teau  and 
. . .  

v a l i e y  o v e r  a  4 0 < ~  temperature range. The " V "  shaped f u n c t i o n  i s  cen te red  a t  

27 ;5<C and .spans +20<C. 
, . .  . . . - .  

VDROP - This  f u n c t i o n  c a l c u l a t e s  t h e  i n t e r n a l  vo l t age  term f o r  t h e  b a t t e r y  

model 's  impedance. This f a c t o r  i s  based upon t he  b a t t e r y  parameters (R l ,  R2, 

42) and present  c o n d i t i o n s  (Q, I ) .  The answer i s  sca led t o  a  vo l  t s / c e l l  
. . 

. .bas is . '  
. . 

V E Q  - ~ h i i  f u n d t i o n  c'a1c"la'tes t h e  e q i l  i b r i u m  vo l t age  based upon ' b a t t e r y  s t a t e  

of :charge and temper'ature. The c a l c u l a t e d  answer i s  sca led i n  v o l t s  per c e l l .  



ZONE - This subrout ine c o n t r o l s  t he  tab1 e '  search, and i n t e r p o l a t i o n  of t he  

b a t t e r y  parameters as a func t i on  o f  cur ren t  .and temperature. The boundary 

values f o r  t he  I - T  m a t r i x  a re  def ined by the  subroutine. 
' 

ZRQQl - This func t ion  ca lcu la tes  the  po r t i on  o f  the b a t t e r y  impedance term 

which i s  dependent upon s t a t e  of charge. An upper l i m i t  i s  imposed f o r  t he  

maximum value f o r  t h i s  term. 

SPECIAL NOTES: 

THKFOR - This subrout ine i s  where the  par'ameter adaptat ion scheme would 

normal ly  be implemented. A dumw subr -u" t l i k .  is ine ludcd t o  s a t i s f y  a l l  the 

symbol requirements o f  'the 1 i n k i n g  loader. , 

' . I  . . '  
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