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ABSTRACT 

Th is  r e p o r t  descr ibes t h e  design and development o f  an on-board 

charger power module fo r  use i n  e l e c t r i c  vehicles. The module operates 

a t  20KHz i n  a  se r ies  resonant, h a l f  b r i dge  con f i gu ra t i on .  

The r e p o r t  d e t a i l s  c i r c u i t  design t rade -o f f s ,  module performance, 

and s o l u t i o n s  t o  t h e  problems o f  acoust ic  noise, ma in ta in ing  h igh  power 

f a c t o r ,  c i r c u i t  p r o t e c t i o n  and opera t ing  r e l i a b i l i t y .  

The power module operates f rom a  s i n g l e  phase, 240 V, 50160 Hz 

u t i l i t y  l i n e .  Average power f a c t o r  i s  0.90; e f f i c i e n c y  a t  maximum power 

ou tput  i s  86 percent. The module i s  r a t e d  t o  charge a  bank c o n s i s t i n g  

o f  20 Exide EV-106 b a t t e r i e s  (60 c e l l s )  t o  an end vo l tage of 2.42 

V l c e l l  . 
P h y s i c a l l y ,  t h e  module weighs l e s s  than 17 Kg. P r o j e c t e d  

manufactur ing cos t  a t  t h e  thousand u n i t  l e v e l  i s  $394.00 (1978 d o l l a r s ) .  
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FORWARD 

E x i s t i n g  b a t t e r y  charger technology i s  b u i l t  around magnetics 

opera t ing  a t  power l i n e  frequencies, which are  o f t e n  very c o s t l y ,  l a r g e  

and heavy. These chargers a re  o f t e n  l a r g e l y  dominated by raw m a t e r i a l  

cos ts  and the re fo re  c l o s e l y  f o l l o w  t h e  r i s i n g  ' cos t  o f  copper and i ron.  

One technique t h a t  can be used t o  reduce the  cos t  o f  60Hz magnetics 

i s  t o  e l i m i n a t e  t h e  transformer. Such chargers connect t he  b a t t e r y  

d i r e c t l y  t o  t h e  u t i l i t y  l i n e .  These chargers r e q u i r e  p r o t e c t i v e  

fea tu res  t o  prevent e l e c t r i c a l  shock hazards du r ing  operat ion. I n  

add i t i on ,  as w i t h  many 60Hz chargers, t h e  power fac to r  presented t o  t h e  

u t i l i t y  l i n e  i s  very low. 

A second approach t o  reducing t h e  cos t  and weight  o f  magnetic 

components i s  the  use o f  h igh  frequency power conversion techniques. 

Th i s  r e p o r t  describes t h e  concept, designs and opera t ion  o f  a 
9 

spec ia l  i zed  b a t t e r y  charger f o r  e l e c t r i c a l  vehic les t h a t  i s  based on a 

h igh  frequency se r ies  resonant power conversion c i r c u i t .  

We b e l i e v e  t h a t  i t  i s  advantageous t o  use h igh  frequency power 

conversion techniques t o  achieve s i z e  a'nd weight  reduct ion.  With 

p resen t l y  a v a i l a b l e  components, a h igh  frequency charger can be made 

more f l e x i b l e ,  and more soph is t i ca ted  charge regimes are  poss ib le  w i t h  

l i t t l e  add i t  iuna l  cust. The use o f  SCR1s w f t h  t h e i r  i n h e r e n t l y  h igh  

surge cu r ren t  c a p a b i l i t y  and h igh  power ga in  can r e s u l t  i n  equipment 

w i t h  e x c e l l e n t  e f f i c i e n c y  as w e l l  as compet i t i ve  cost. The se r ies  

resonant i n v e r t e r  has been used f o r  years i n  aerospace app l ica t ions .  

Wi th t h e  recent  development o f  f a s t  t u r n - . o f f  SCR1s, a major b a r r i e r  t o  a 

successfu l  h igh  frequency charger has been e l  i m b  nated. These semi - 
conductors have f a s t  turn-on time, h igh  r a t e  o f  change o f  reapp l i ed  



vo l tage (dv j d t  ) . and f a s t  t u r  n-of f time. S i m i  1 ar advances are being made 

i n  other component designs, notably capacitor s and transformer core 

mater ia ls.  With these developments, t he re  w i  11 be ava i lab le  canponents 

t o  produce high frequency chargers a t  a cost  competi t ive t o  t h a t  o f  60Hz 

chargers. I n  addi t ion,  t h e  performance o f  t he  high frequency charger can 

be superior , i n 1 i ne power ' fac tor  and e f f i c iency ,  t o  standard 60Hz 

chargers. 

v i i i  



1; 0 BACKGROUND 

1.1 Elements o f  Charginq Equipment 

Most s torage b a t t e r i e s  a re  recharged f rom t h e  commercial "ti 1 i t y  1 i ne  

us ing  equipment dedicated t o  charging a s p e c i f i c  b a t t e r y  type and size. 

Two o f  t h e  essen t ia l  elements o f  t h i s  equipment are a r e c t i f i e r ,  f o r  

charging t h e  AC de l i ve red  by the  u t i l i t y  1 i n e  t o  DC requ i red  by the 

b a t t e r y ,  and some means o f  changing t h e  vo l tage o f  the  u t i l  i t y  1 ine  t o  t h a t  

requ i red  f o r  e f f i c i e n t  charging o f  the bat te ry .  The vast m a j o r i t y  o f  

chargers t h a t  operate from t h e  u t i  1  i t y  1 i n e  empl oy magnetic transformers t o  

change the  l i n e  vo l tage l e v e l  t o  t h a t  requ i red  by the  r e c t i f i e r  and b a t t e r y  
' 

w i t h  minimum losses. The t ransformer a l so  serves t o  i s o l a t e  the  b a t t e r y  

f rom t h e  u t i l i t y  l i n e  t o  reduce the r i s k  o f  shock hazard from accidenta l  

contac t  w i t h  a b a t t e r y  terminal .  

A t h i r d  element normally inc luded i n  charging equipment i s  a means fo r  

c o n t r o l l i n g  the  amount o f  charge de l i ve red  t o  the ba t te ry ,  o r  f o r  measuring 

o r  sensing t h e  b a t t e r y  s t a t e  o f  charge, and terrni na t i ng  t h e  charging 

process when t h e  b a t t e r y  i s  determined t o  be f u l l y  charged. Both open-loop 

and closed-loop c o n t r o l  systems w e  i n  use. 

Open- 1 oop c o n t r o l  systems are best  exempl i f i ed by t h e  ferro-resonant  

( o r  constant-vol  tage) t ransformer c l  ass o f  charger. Thi  s  charger i s  

cha rac te r i  zed by d wcl 1 - regul  a tcd  open-c i rcui  t output  vo l tage and an 

i n h e r e n t l y  1 i m i  t e d  s t a r t  i n g  current .  The r e s u l t  i s  a tapered charging 

c h a r a c t e r i s t i c ,  as shown i n  f i g u r e  1-1. 

Closed-loop c o n t r o l  systems operate by c o n t r o l l i n g  t h e  flow o f  

charging cu r ren t  t o  t h e  b a t t e r y  i n  response t o  some measured. b a t t e r y  

parameter, such as terminal.  voltage. Closed-loop systems have been 

implemented w i t h  many types o f  c i r c u i t s .  Two o f  t he  most common are 
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magnetic amp1 i f i e r s  and semi conductor sw i tch ing '  c i r c u i t s  us ing  SCR's 

( s i l i c o n  c o n t r o l l e d  r e c t i f i e r s )  o r  t r a n s i s t o r s .  Because o f  t h e  g r e a t e r  

degree o f  c o n t r o l  permi t t e d ,  c  1  osed-1 oop systems usual l y  have a  charge 

p r o f i l e  cha rac te r i zed  by a  constant  s t a r t i n g  c u r r e n t  r a t e  and a  w e l l -  

c o n t r o l l e d  f i n i s h  vol tage, as shown i n  f i g u r e  1-2. 

1.2 High Frequency Power Conversion 

I n  a l l  convent ional  chargers, t h e  t ransformer operates a t  t h e  power 

1 i n e  frequency (60 Hz i n  t h e  U. 5 .  ) ;  t he re fo re ,  f o r  chargers r a t e d  a t  over  

a few tens  o f  wat ts ,  t h e  t ransformer requ i red  becomes very l a r g e  and heavy. 

Consequently, by addressi  ng t h e  t rans former  design, s i g n i f i c a n t  savi  ngs 

c o u l d  be obta ined i n  t h e  areas o f  s ize,  weight  and cos t  o f  a  charger. 

The s i z e  and weight  o f  a  t rans former  a re  very much a  f u n c t i o n  o f  t he  

power l i n e  frequency. As t h e  frequency increases, t h e  requ i red  core cross-  

s e c t i o n a l  area decreases. Wh i 1 e  t h e  t r i  r e  s i z e  w i  11 no t  decrease fo r  a  

g i ven  c u r r e n t - c a r r y i n g  capac i ty ,  fewer ' turns and s h o r t e r  l e n g t h  per t u r n  

r e s u l t  i n  reduced w i r e  content.  A t rans former  opera t ing  a t  a  power 1  i n e  

frequency i n  t h e  range of 5 t o  20KHz can be designed t o  be l e s s  than 1/10 

t h e  s i z e  of a  60Hz t rans former  o f  comparable power r d t i n g .  

Real i z i n g  t h e  s i z e  and we igh t  savings t h a t  can accompany h igh  

frequency t rans former  ope ra t i on  requ i res  t h a t  a  h igh  frequency power 1  i n e  

be made ava i lab le .  Since t h e  power l i n e  i s  f i x e d  a t  60Hz, t h e  usual method 

used f o r  h igh  frequency power convers ion i s  t o  r e c t i f y  and f i l t e r  t h e  60Hz 

1  ine, and use t h e  r e s u l t i n g  DC t o  operate a  l o c a l  AC generator  ( i n v e r t e r )  . 
For  charge operat ion,  t h e  ou tpu t  o f  t h e  t rans former  would be r e c t i f i e d  f o r  

a p p l i c a t i o n  t o  t h e  b a t t e r y .  Thus t h e  t o t a l  convers ion steps c o n s i s t  of AC- 

DC conversion, DC-AC i rivers-ion, t rans format ion ,  and f i n a l l y ,  AC-DC 

convers i  on. 
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Conversion o f  power a t  h igh  frequency o f f e r s  c e r t a i n  advantages. 

The most obvious i s  reduc t i on  i n  transformer s i z e  and weight. Another 

i s  t h e  reduced f i  1  te r  component requirements' f o r  t h e  r e c t i f i e d  ou tput  

(ou tpu t  f i l t e r  i n g  reduces output  RMS cu r ren t  and t h e r e f o r e  i n t e r n a l  heat 

l o s s  o f  t h e  b a t t e r y  being charged). 

One o f  t h e  most important  b e n e f i t s  i s  cos t ;  even w i t h  the  e x t r a  

stage o f  AC-DC conversion, a  h igh  frequency charger w i t h  power l i n e  

i s o l a t i o n  has slower r i s i n g  cos t  t rends than 60Hz equipment, because o f  

t h e  g r e a t l y  reduced raw mater i a l s  requirement. F i  na l  ly, ou tpu t  power 

c o n t r o l  can be achieved by c o n t r o l  l i n g  parameters (such as frequency) o f  

t he  DC-AC i n v e r t e r ,  thus reducing f i x e d  power losses when the  converter 

i s  i n  t h e  "standby" mode (no output  power demand). 

Sever a1 c i r c u i t  approaches have been developed f o r  power conver s i  on 

a t  h igh  frequencies. The basic  c i r c u i t s  are t h e  p a r a l l e l  and b r i dge  

i nve r te r  c i r c u i t s ,  o r i g i n a l l y  designed fo r  60 Hz operat ion,  adapted t o  

opera t ion  a t  higher frequencies. These c i r c u i t s  are compatible w i t h  

e i t h e r  t r a n s i s t o r s  or SCR's. Va r ia t i ons  o f  t h e  par a1 l e l  t r a n s i s t o r  

i nve r te rs ,  us ing  square-loop s tee l  t ransformer core  mater i a l s  t o  c o n t r o l  

' t he  oper a t  i ng par ameter s, have been used f o r  many year s  i n  aer ospace 

power supply appl i ca t i ons .  More recen t l y ,  c i r c u i t s  designed espec ia l l y  

f o r  h igh - f r  equency opera t ion  have been appl i e d  t o  swi l ch- i  r ~ y  power 

suppl i e s  (so-ca l led  " o f f - 1  ine"  swi tcher s ) .  These c i r c u i t s  inc lude "buck" 

and "boost" regu la tors ,  v a r i a t i o n s  of b lock ing  o s c i l l a t o r s ,  and p a r a l l e l  

and se r ies  resonant swi tch ing  c i r c u i t s .  

The ser i e s  resonant c i r c u i t  i s  p a r t i c u l a r  l y  s u i t a b l e  fo r  opera t ion  

w i t h  SCR's, because SCR commutation occurs n a t u r a l l y  every h a l f  c y c l e  o f  

operat ion,  w i thou t  t h e  use o f  a u x i l i a r y  commutation components. For 



t h i s ,  and other advantages, ESB developed a charger f o r  i n d u s t r i a l  

app l i ca t ions  based on the  ser ies  resonant c i r c u i t ,  operat ing from a 

three-phase u t i l i t y  l i ne .  

The comnon cha rac te r i s t i c  o f  a l l  o f  the c i r c u i t s  described above i s  

t h a t  they operate from a r e l a t i v e l y  constant DC voltage -- a bat tery ,  

r e c t i f i e d  and f i l t e r e d  AC l i n e ,  etc. The three-phase u t i l i t y  l i ne ,  when 

r e c t i f i e d ,  provides a DC vol tage w i t h  only 5 percent r i p p l e  wi thout  

f i l t e r i n g .  The series-resonant c i r c u i t ,  as configured f o r  3-phase 

operation, cannot operate from a widely and rap id l y  f l u c t u a t i n g  voltage 

s ~ ~ p p l y ,  such as would be encountered i n  a r e c t i f i e d ,  bu t  unti l tel 'ed, 

s i ng le  phase u t i l i t y  l i ne .  

The power converter  t h a t  ESB proposed t o  develop f o r  t h i s  cont ract  

i s  an expansion o f  t he  technology developed a t  the ESB Technology Center 

i n  the  past several years. U n t i l  recent ly,  t h i s  c i r c u i t  was e i t h e r  

experimental o r  depended on high-cost components and techniques fo r  i t s  

success. ESB' s con t r i bu t i on  has been t o  develop an i nve r t e r  for  three- 

phase appl ica t ions t h a t  uses economical components and techniques t o  

achieve a h i gh l y  re1 i a b l e  and s tab le  charger. Our goal f o r  t h i s  

con t rac t  i s  t o  extend t h i s  basic technology t o  a power conversion 

c i r c u i t  t h a t  w i l l  operate from a r e c t i f i e d ,  u n f i l t e r e d  single-phase 

u t i l i t y  l i n e  wh i le  maintain ing e f f i c i ency  and input  power f ac to r  goals. 



2.0 TECHNOLOGY DESCRIPTION 

2.1 Basic  Operat ion 

The bas ic  opera t ion  of t h e  c o n t r o l l a b l e  power module w i  11 be 

presented here. The speci.f i c  imp1 ementation i s  discussed i n  Sect ion  

3.0. 

The power stage o f  t h e  c o n t r o l l a b l e  power module i s  an SCR s e r i e s  

resonant i n v e r t e r .  I n  t h i s  t ype  o f  i n v e r t e r ,  t h e  load ( i n  our case a  

b a t t e r y )  i s  placed i n  se r i es  w i t h  a resonat ing induc tor  (1) and 

capaci tor  (C), This prevents t h e  user, who has on ly  t h e  output  

t e rm i  nal s  ava i l ab le ,  f rom i n a d v e r t e n t l y  p l  acing any h igh  cur r e n t  s t ress  

(e.g., sho r t  c i r c u i t )  on any o f  t he  semi-conductor switches. 

Re fe r r i ng  t o  f i g u r e  2-1, assume t h a t  a  DC supply vo l tage i s  app l ied  

t o  the  Input  Capacitor (C3). When one o f  t he  main swi tch ing  elements 

(e.g., SCR1) i s  turned on, a  se r ies  resonant c u r r e n t  pu lse  w i l l  f low 

through SCR1, L1, TI,  i n t o  C1 and C2, charging p o i n t  A above t h e  DC 

supply voltage. Th is  p o r t i o n  o f  t he  cu r ren t  waveform i s  c a l l e d  the  

"main" cu r ren t  pulse. P o i n t  A i s  now higher than t h e  DC supply voltage. 

Now, a  se r ies  resonant cu r ren t  pulse w i l l  f l o w  i n  reverse  from C1 and C2 

through T I ,  L1, and CR1 i n t o  t h e  DC supply. Th is  p o r t i o n  o f  t he  cu r ren t  

waveform i s  c a l l e d  the  " r  ingback" cu r ren t  pulse, as shown i n  f i g u r e  2-2. 

I t  i s  important  t o  note t h a t  t h e  main cu r ren t  pu lse  i s  always l a rge r  i n  

ampl i tude than t h e  r ingback c u r r e n t  pulse. The SCR i s  conduct ing du r ing  

t h e  main cu r ren t  pulses. To shut o f f  t h i s  device, i t  i s  requ i red  t h a t  

t h e  cu r ren t  be reduced below some minimum value ( h o l d i n g  cu r ren t )  and 

remain below t h a t  value f o r  a  per iod  o f  t ime (commutation t ime) be fore  

t h e  SCR w i l l  swi tch t o  t h e  forward b lock ing  state.  The r ingback cu r ren t  

pu lse  prov ides a  na tu ra l ,  convenient method t o  achieve SCR commutation. 
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The only requirement i s  t h a t  no other ac t ion  w i l l  cause the SCR t o  

conduct u n t i l  t he  minimum commutation i n t e r v a l  has passed. The main 

resonant cur rent  and subsequent ringback cur rent  pulses are s imi lar ,  bu t  

negative, when the  lower SCR i s  turned on, as shown i n  f i g u r e  2-2. 

If we neglect t h e  small r e s i s t i v e  components i n  the c i r c u i t  and the 

DC power source, we can describe the main cur rent  f lowing when SCR l  i s  

f l r e d :  

v~~ - v~~~ s i n  t i = 

where VC1 i s  t he  vo l tage across C1 a t  the ins tan t  the SCR i s  turned on, 

"BAT i s  the  load vo l tage re f lec ted  i n t o  the resonant c i r c u i t  and the 

i npu t  capac i tor  (C3) i s  much l a rge r  than capaci tors C1 o r  C2. 

1n addi t ion,  we now can see t ha t  the cur rent  i s  sinusoidal i n  

nature, and there fo re  the  SCR w i l l  see a  low r a t e  o f  change o f  current  

o r  d i /d t ,  minimizit i9 the  power d l  s s l p d l  ~ U I I  L(ur.ilig llre f i r s t  1  or 2 

microseconds of SCR conduction, when the forward conducting vol tage can 

bo high, 

It i s  obvious t h a t  i f  we decrease the number of  cur rent  pulses 

w i t h i n  a f i xed  per iod  of time, we can cont ro l  the  average current  i n t o  

t h e  bat tery .  It i s  no t  obvious t h a t  i f  we f i r e  the  next SCR during the 

r ingback cur rent  pu lse o f  the previous SCR, we obtain an added 

advantage. As we move f rom the  end o f  the ringback pulse toward the 

beginning of t h i s  pulse, we w i l l  achieve an apparent increase i n  supply 

voltage. The main cu r ren t  pulse ( r e s u l t i n g  from f i r i n g  SCR1, f o r  

example) causes the  vo l tage a t  po in t  A t o  r i s e  above the supply voltage; 



dur ing  the  r ingback c u r r e n t  pulse,, t h e  vo l tage a t  p o i n t  A r e t u r n s  

s inuso ida l  l y  t o  a p o i n t  be1 ow t h e  supply voltage. F i r i n g  SCR2 before  

t h i s  c y c l e  i s  complete w i  11 increase i t s  apparent supply voltage. A 

s i m i l a r  r e l a t i o n s h i p  e x i s t s  i n  t h e  next ha l f -cyc le .  The on ly  

r e s t r i c t i o n  t o  t h i s  technique i s  t h a t  a t  no t ime can e i t h e r  SCR be f i r e d  

u n t i  1  t h e  minimum commutation t ime has elapsed. 

2.2 C i r c u i t  C h a r a c t e r i s t i c s  

The se r ies  resonant i n v e r t e r  a l lows h igh  speed i n v e r t e r  SCR's t o  be 

r u n  a t  t h e i r  maximum opera t ing  frequency wh i l e  m i  n i m i z i  ng swi tch ing  

losses f o r  t h a t  frequency. A ha l f - resonant  c y c l e  can be used f o r  

comnutation, w h i l e  t h e  resonant inductors  l i m i t  d i / d t .  High operat ing 

frequencies are des i rab le  because they permi t  reduc t ion  i n  t h e  cost,  

s i z e  and weight  o f  power conversion equipment. O f f -1  i ne swi tch ing  power 

supp l ies  i l l u s t r a t e  t h i s  wel l .  The cos t  savings i n  power t ransformers 

and inductors  a t  h ighe r  conversion f requencies can more than o f f s e t  t h e  

increased compl e x i t y  and cos t  o f  generat ing t h e  h igh frequency. 

The se r ies  resonant i n v e r t e r  has t h e  advantage o f  s i m p l i c i t y  when 

compared t o  p a r a l l e l  o r  b r i dge  type SCR i nve r te rs .  The a u x i l i a r y  

comnutation SCR(s) i nhe ren t  i n  t h e  l a t t e r  i n v e r t e r s  are not  requ i red  i n  

t h e  se r ies  resonant i n v e r t e r .  Compared t o  t r a n s i s t o r  i nve r te rs ,  t h e  

se r ies  resonant SCR i n v e r t e r  has much b e t t e r  power handl i ng capabi 1 i t y  

w i thou t  t h e  necessi ty  of para1 1 e l  ed semi conductor switches. Compared t o  

t r a n s i s t o r i z e d  o f f - l i n e  swi tch ing  regu l  a to rs  of t h e  buck-boost type, t h e  

s e r i e s  resonant i n v e r t e r  i s  more rugged and re1 i a b l e  and, i n  t h e  

m u l t i k i l o w a t t  power range, more economical. Th is  i s  espec ia l l y  t r u e  

when opera t ing  from 240 Vrms o r  h igher  s ince h igh  vo l tage t r a n s i s t o r s  

w i t h  t h e  same power handl i n g  c a p a b i l i t i e s  are more expensive than SCR's 

a t  present. 

-1 1 - 



One penal ty t h a t  must be paid f o r  the  above bene f i t s  i s  higher peak 

operat ing currents than i n  the  other inver te r  types. Despi te the current  

peaks, e f f i c i e n c i e s  o f  88-90 percent are obtainable. 

Another disadvantage t o  the ser ies resonant converter i s  the generation 

o f  acoust ic noise when output  power i s  reduced. Noise can be reduced 

through care fu l  con t ro l  o f  component design and c i r c u i t  operating 

parameters. 

A t h i r d  disadvantage, a l so  i n  common w i t h  a l l  high frequency 

converters, i s  the generat ion o f  RFI/EMI. This problem w i l l  y i e l d  t o  

c l a s s i c a l  solut ions. 

3.0 @?ULE .DEVELOPMENT 

3.1 Spec i f i ca t ion  Goals 

The development of a bas ic  con t ro l lab le  power module, su i tab le  f o r  on- 

board i n s t a l l a t i o n ,  i s  presented here. The power module w i  11 be capable of 

charging a 20KWH ba t te ry  i n  6-8 hours. The power module w i  11 be operating 

f rom any standard 240V, 2-wire, s ing le  phase u t i l i t y  l i ne .  Although it i s  

capable of bei nq completely con t ro l l ab le  ( t o  a user defined charqe cont ro l  
. : 

regime) t h i s  model w i l l  be equipped w i t h  a f i x e d  func t ion  cont ro l  c i r c u i t  

t h a t  provides constant cur rent ,  constant v o l t a g e  w i t h  iu tomat ic  crossover, 

t o  permit  an eva luat ion against  known standards. 

The power module goals are: 

OUTPUT: 145 v o l t s  DC, 23 amperes,~O-3300W continuously va r iab le  

SIZE: 
3 20,000-26,000 cm (1200-1600 i n2) 

WEIGHT: 16-20 Kg (35-45 l b s )  

EFFICIENCY: 88% 

POWER FACTOR: 0.9 

INPUT REQUIREMENTS: l ess  than 20A RMS a t  240VAC nominal RMS 

s i ng le  phase . . 



INITIAL PROTOTYPE COST ESTIMATE.: Less than $400 each i n  small 

quan t i t i es  (100-1000) u n i t s  (1978 do l lars) .  

RELIABILITY: Comnensurate w i t h  automotive indust ry  e l e c t r i c a l  

equi p e n t .  

ELECTRICAL SAFETY: Bat tery  1 oad w i  11 be e l e c t r i c a l  ly is01 ated 

from u t i l i t y  l i ne .  

3.2 Conceptual Design 

3.2.1 Power Factor 

To f u l f i l l  the above goals, i t  became .obvious t ha t  t o  achieve the 

requ i red l i n e  power fac to r  (0.9), the charger must draw a s inusoidal  

cur rent  t h a t  i s  i n  phase w i t h  the input  voltage. This e l iminates the  

p o s s i b i l i t y  o f  extensive l i n e  f i l t e r i n g  t o  es tab l i sh  a DC supply. The 

method chosen requires t ha t  the power rnodul e operate over the e n t i r e  1 i ne  

vol tage swing. However, the  operation o f  the power module requires a 

minimum DC supply voltage. To obta in  reasonable power fac to r  (which would 

be measured by standard meters), the charger i s  prevented from operating 

u n t i l  the instantaneous l i n e  voltage reaches 170V. The charger i s  then 

turned on, and the instantaneous l i n e  cur rent  i s  a func t ion  o f  the appl ied 

1 ine  voltage (see F igure 3-1). 

3.2.2 Power C i r c u i t  Conf igurat ion 

The se lec t ion  o f  a h a l f  br idge conf lgurat i6n was made f o r  several 

reasons. F i r s t ,  the reduced voltage stresses on the resonant capaci tors 

permit  the use o f  standard component,s; second, t he  number o f  switching 

elements i s  h a l f  t h a t  o f  a f u l l  br idge conf igurat ion.  The penalty paid f o r  

t h e  h a l f  br idge i s  t h a t  the cur rent  i n  each switching element i s  double t h a t  

for  the f u l l  bridge. I n  conversation w i t h  SCR Manufacturers, we have 
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learned that ,  although SCR's capable o f  operating i n  the charger are 

present ly  l i m i t e d  t o  40A RMS, higher ra ted devices are i n  the  labora to r ies  

and should be ava i lab le  i n  the near future. Hal f -br idge operation would 

then be economically achieved w i t h  a s ing le  device i n  each switching 

element. 

A t  present, the resonant cur rent  required i s  greater than a s ing le  SCR 

can handle, so two SCR's configured i n  p a r a l l e l  are f i r e d  simultaneously. 

The a1 ternate  switch i s  constructed s im i l a r l y .  To d i v i de  the cur rent  

equal ly  i n  each SCR l eg, we have spl  i t  the resonant inductor and placed a 

po r t i on  i n  each leg. The cur rent  t h a t  f lows i n  each switch l eg  i s  

con t ro l  l ed  by t h i  s  domi nant impedance, m i  nimi z ing cur rent  imbalances caused 

by d i f f e r e n t  SCR conduction character is t ics .  This inductor w i l l  a l so  

provide the  small but  necessary snubbing inductance t o  l i m i t  the r a t e  o f  

change o f  reappl ied forward voltage (dv ld t )  on the SCR's. 

The output transformer i s  bas i ca l l y  a cur rent  fed device. The 

p r i nc i pa l  d r i ve  cur rent  i s  the 20 KHz inver te r  current. I n  addit ion, t he  

cur rent  w i l l  be modulated a t  a 120Hz rate. Control o f  the f l u x  i n  the core 

i s  o f  prime importance. The only f i x e d  voltage ava i lab le  i n  the power 

c i r c u i t  i s  the bat tery.  Therefore, the secondary (ba t te ry  side) o f  the 

transformer i s  placed c losest  t o  the core and s t a b i l i z e s  the core f l ux .  The 

mismatches o f  the diodes and other cont r ibutors  t o  a DC imbalance are 

compensated by a small a i r  gap between core halves. The prfmary I s  spaced 

o f f  the secondary winding t o  provide a leakage inductance between the 

primary and secondary windings, and i n  addi t ion,  t o  provide increased 

coo l ing  of both windings. 



3.2.3 Control  C i r c u i t  

Although t h e  basic con t ro l  o f  the  i nve r t e r  i s  st ra ight forward,  i t  i s  

necessary t o  monitor such functions as l i n e  voltage, ba t t e r y  voltage, charger 

cu r ren t  and instantaneous resonant current, t o  maintain semiconductor 

operat ion w i t h i n  t h e i r  ra t ings.  

The con t ro l  c i r c u i t  block diagram shown i n  f i g u r e  3-2 helps i l l u s t r a t e  

t h e  interdependence o f  the  above condit ions. 

The Power Supply provides power t o  a1 1 the l o g i c  cont ro l  elements and 

i s  advantageously operated from the  u t i l i t y  l i ne .  This power supply i s  

cons tan t l y  monitored by the Low Voltage Shutdown so t ha t  the t r i gge r  s ignals 

t o  t h e  main SCR's are stopped whenever the supply vol tage drops below t h a t  

requ i red  f o r  r e l i a b l e  operation. Also, dur ing the f i r s t  app l i ca t ion  o f  the 

power supply, a Start-Up and Delay C i r c u i t  i n h i b i t s  the t r i g q e r i n q  o f  the 

SCR's and al lows the c i r c u i t  t o  s t a b i l i z e  before s t a r t i n g  the charger. 

The Start-Up and Delay c i r c u i t  i s  bas i ca l l y  a r e t r i ge rab le  mu l t i -  

v ib ra to r .  When t h e  charger i s  not operating, t h i s  c i r c u i t  gives a command 

a l low ing  t he  charger t o  de l i ve r  one t r i gge r  s ignal  t o  an SCR i f  and only i f  

a l l  other c r i t e r i a  are sa t i s f i ed .  When the charger i s  operating, each 

t r i g g e r i n g  o f  the  SCR's must g ive r i s e  t o  a corresponding cur rent  pulse. 

The Voltage and Current Regulator c i r c u i t  con t inua l l y  monitors the 

b a t t e r y  vol tage and charger and output current. These then determine the 

amount o f  cur rent  required from t h e  charger t o  maintain the required 

parameters. The L ine Voltage Sensor monitors the l i n e  vol tage and i n h i b i t s  

any t r i g g e r i n g  o f  the SCK's u n t i l  the minimum l i n e  voltage has been 

achieved. This i n h i b i t  s ignal  and the  output s ignal  from the  Voltage and 

Current Regulator are combined and fed t o  the Time Delay Generator. I t  i s  

important  t o  note t h a t  the i n h i b i t  signal i s  operating a t  tw ice the power 

1 i n e  frequency. 





The Time Delay Generator i s  t h e  means by which t h e  power module output  

power i s  c o n t r o l  led. It c o n t r o l s  t h e  t ime between SCR t r i g g e r s .  The 

c o n t r o l  i s  responsive t o  t h e  magnitude o f  t h e  output  cu r ren t  required. 

Demand f o r  more output  c u r r e n t  requ i res  t h a t  t h e  t ime between t h k  end of one 

main c u r r e n t  pu lse  and t h e  t r i g g e r i n g  o f  t h e  next SCR decrease. Th is  

decrease i n  t ime r e s u l t s  i n  t h e  a l t e r n a t e  SCR s t a r t i n g  t o  conduct be fore  

complet ion o f  t h e  r ingback pulse o f  t h e  previous SCR. The t r i g g e r i n g  o f  t h e  

second SCR d u r i n g  t h e  r ingback pulse. o f  t h e  f i r s t  increases t h e  apparent 

supply vo l tage  and c u r r e n t  o f  each resonant pu lse  as described i n  Sect ion  

2.1. I n  add i t i on ,  t h e  t ime i s  completely c o n t r o l l a b l e  except f o r  t h e  

r e s t r i c t i o n s  noted i n  Sect ion  2.1. 

A f t e r  t h e  des i red  t ime delay has elapsed, t h e  Time Delay Generator 

sends a s igna l  t o  t h e  Tr igger  Generator c i r c u i t .  Th i s  c i r c u i t  i n  

coopera t ion  w i t h  t h e  Gat ing C i r c u i t  and t h e  Gate Contro l  F l i p -F lop  (F/F) 

d e l i v e r s  a  pu lse  o f  f i x e d  w id th  a l t e r n a t e l y  t o  each SCR. 

Once t h e  SCR i s  t r i gge red ,  t h e  F a u l t  A n t i c i p a t i o n  Stage moni tors t h e  

r e s u l t  o f  t he  power c i r c u i t  s t imu la t ion .  The next f i r i n g  o f  t h e  power 

module i s  completely dependent or1 the lrragtiitude and du ra t i on  o f  t he  main 

c u r r e n t  pu lse  produced, i f  a l  l other reqi l l rements dr e ~~ ld ' i ~ i t b ined .  Th i  3 main 

c u r r e n t  must reach a  m i  nilnum c u r r e n t  l e v e l  be fore  the  c i r c u i t  i s  capable o f  

t r a n s m i t t i n g  a t r i g g e r  s igna l  t o  t h e  Time Delay Generator. However, t h e  

s i g n a l  i s  not  sent u n t i l  t h e  main cu r ren t  pulse i s  complete ( c u r r e n t  goes t o  

zero). This  es tab l i shes  an e a s i l y  recognizable t ime rnark so t h e  Time Delay 

Generator can use St t o  dccura te ly  determine t t ~ c  next SCR t r i g g e r .  Th is  

t ime  mark i s  a l s o  used t o  rese t  t h e  Start-Up and Delay c i r c u i t ,  so i t  

remains i n a c t i v e  as long as successive f i r i n g s  are obtained a t  some low 

r e p e t i t i o n  ra te .  



I n  t h e  event,  t h e  main cu r ren t  pulse does not  reach s u f f i c i e n t  

amplitude, no pulse i s  g iven t o  t h e  Time Delay Generator and t h e  

t r i g g e r i n g  o f  t h e  SCR's' w i l l  not  be sustained. The Start-Up and Delay 

c i r c u i t  w i l l  t ry t o  r e s t a r t  t h e  charger a f te r  a programmed delay 

(approximately 3 seconds). 

The 1 as t  major c o n t r o l  block i s  t h e  F a u l t  Current  Sensor. I n  t h e  

event both SCR's are  tu rned on, t h e  power module automat ica l ly  goes i n t o  

a f a u l t  c l e a r i n g  process discussed i n  Sect ion 3.2.4. The f u n c t i o n  o f  

t h e  F a u l t  Current Sensor i s  t o  prevent charger operat i o n  from cont inu ing 

u n t i  1  t h e  SCR junc t i ons  have cooled s u f f i c i e n t l y .  Th is  i s  accompl ished 

by abor t i ng  any t r i g g e r  i ng sequence a1 r eady s t a r t e d  and wai t i  ng f o r  t h e  

de lay  o f  approximately 3 seconds provided by t h e  Star t-Up and Delay 

c i r c u i t .  

3.2.4 C i r c u i t  P r o t e c t i o n  

The se r ies  resonant i n v e r t e r  i s  i n h e r e n t l y  immune t o  shor t  c i r c u i t  

or open c i r c u i t  cond i t i ons  on t h e  output  terminals. However, c i r c u i t  

p r o t e c t i o n  i s  needed for m i  sappl i c a t  i.on or abnormal f a u l t  condi t ions.  

Output c i r c u i t  p o r t e c t i o n  i s  provided by a DC fuse. Inpu t  

p r o t e c t i o n  i s  provided by a c i r c u i t  breaker on t h e  AC i nput leads; any 

unusual f a u l t  condi t ions,  such as a component f a i l u r e  i n  the  resonant 

c i r c ~ ~ i t ,  w i  1 1  clear the i n p u t  hreaker . 
The most d i f f i c u l t  aspect o f  c i r c u i t  p r o t e c t i o n  i s  a func t i ona l  

f a u l t  -- an apparent f a u l t  caused by noise, u t i  1  i t y  1 i n e  disturbances, 

or abnormal conditons on t h e  output terminals. 

A f u n c t i o n a l  f a u l t  can occur dur ing  power module operat ion when any 

s igna l  causes both SCR's t o  conduct simultaneously. Th is  w i l l  r e s u l t  i n  

a sho r t  across. t h e  DC supply. The a b i l i t y  t o  surv ive  a f a u l t  c o n d i t i o n  

and automat ica l ly  t o  resume normal opera t ion  i s  des i rab le  i n  a l l  

equipment . 
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With the  add i t i on  of the  inpu t  i'nductor (L3), such surv iva l  i s  ensured for 

t h i s  inver ter .  The inpu t  inductor w i l l  ho ld  the input  cur rent  constant or 

l i m i t  i t s  r a te  o f  r i s e  t o  a reasonable value whi le  the f a u l t  c lea r ing  act ion a 
takes place. The f a u l t  c l ea r i ng  ac t ion  i s  i n i t i a t e d  automat ical ly  whenever 

bo th  SCR's conduct simultaneously. A separate ser ies resonant c i r c u i t  i s  

es tab l ished w i t h  L1, L2 and the Input  Capacitor (C3). The Input  Capacitor 

i s  discharged, and by resonant ac t i on  achieves a reverse voltage. A t  t h i s  

time, the cu r ren t  through both SCR's i s  reduced t o  zero. As i n  normal 

operation, a ringback cur ren t  pulse occurs and discharges the negat ively 

charged '1nput Capacitor. While the  'ringback cur rent  flows,. both SCR's are 

being commutated. Dur ing t h i s  f a u l t  c lea r ing  process, h igh peak currents 

f l o w  f o r  a s i g n i f i c a n t  per iod o f  t ime and therefore  we must a l low the  

junc t ions  o f  t h e  SCR's t o  cool t o  normal leve ls  before proceeding w i t h  

normal operat ion (see. Sect ion 3.2.3). The add i t i on  o f  the Input  Inductor 

t o  permit  automatic recovery from a f a u l t  condi t ion complicates the inpu t  

c i r c u i t .  During normal operation,the inductor l i m i t s  the r a t e  o f  r i s e  o f  

cur rent '  from the  u t i l i t y  l i ne .  I f  the d i f d t  i s  too large, the  input  . . 

capaci tor  vol tage w i  11 drop be1 ow the minimum i nput voltage required f o r  

c i r c u i t  operation. I f  the charger continues t o  operate through the vol tage 

d ip ,  the  stored energy i n  the inductor when the ctiaiger switches o f f  (each 

h a l f  cyc le )  must be removed. Therefore, the smaller the input  inductance, 

t h e  be t t e r  the normal operation. But i n  a f a u l t  condit ion, t h e  inductor 

must l i m i t  the r a t e  o f  r i s e  o f  l i n e  cur rent  t o  a l1 .w t he  ~ 1 1 ~ 2 1 ~ 3  resonant 

c i r c u i t  t o  c lear  the.  f a u l t  cond i t i on  before des t ruc t i ve  currents are 

obtained i n  the  SCR's.. Thus, t h e  design o f  L1 must be a compromise. 



3 .3  Imp1 ementati on o f  t h e  Development Goal s  

Refer r ing  t o  the  con t ro l  c i r c u i t  schematic SC6041022, 1  e t ' s  assume the  

SCR's are being a l t e r n a t e l y  t r i g g e r e d  and normal operat ion has been 

achieved. The main cu r ren t  pulse produced by the  f i r s t  SCR i s  coupled t o  the  

c o n t r o l  c i r c u i t  by a  cu r ren t  sense transformer. The cu r ren t  from t h e  

secondary o f  t h i s  cu r ren t  transformer i s  f i r s t  f u l l  wave r e c t i f i e d  and then 

converted i n t o  a  usable vol tage f o r  processing. Since t h e  l a s t  f i r e d  SCR i s  

always known, no in format ion  i s  l o s t  i n  t h e  r e c t i f i c a t i o n  and simple 

processing i s  f a c i l  i t a t e d .  There i s  a  very small  t ime delay between the  

ac tua l  cu r ren t  zero c ross ing and t h e  vo l tage zero as seen by the  c o n t r o l  

c i r c u i t .  The comparator (U203C) has a  reference vo l tage equal t o  the  

minimum cu r ren t  l e v e l  which must 6e obtained by t h e  main cu r ren t  pulse, so 

successful  comnutation o f  t h e  SCR w i l l  occur. Once the  cu r ren t  has reached 

t h i s  cu r ren t  minimum, t h e  comparator's re ference i s  changed t o  some 

a r b i t r a r y  l c j w  va lue (i.e., 2A). Th is  w i l l  approximate the  new c u r r e n t  

c ross ing w i thou t  complicated detectors. When t h e  cu r ren t  reaches t h i s  

l e v e l ,  t h e  pulse produced by t h e  comparator sets a  f l  i p - f l op .  When t h e  f l i p -  

f l o p  (U211A) i s  i n  t h e  set '  pos i t i on ,  we assume t h a t  the l a s t  s t imu lus  

produced a  main cu r ren t  pulse and r ingback pulse t h a t  commutated the  SCR. 

To assure proper operat ioi l ,  a  min'imum l i n e  vo l tage must be present a t  

the 'inpu,t 'termi nal s of t h e  charger. When the  instantaneous 1  i n e  vo l tage 

exceeds l7OV, t h e  comparator ( ~ 2 1 2 ~ )  provides a  d i g i t a l  s igna l  i n d i c a t i n g  

t h i s  cond i t ion .  Th is  s igna l  and t h e  s igna l  from t h e  f l i p - f l o p  (U21lA) a r e  

app l i ed  t o  a  l o g i c a l  AND gate. When both s igna ls  are present, t h e  f l i p - f l o p  

(U211 B) i s  set. Th is  ac t i va tes  t h e  Time Delay Generator. A con-stant 

cu r ren t  source i s  produced by T rans is to r  4209 i n  con junc t ion  w i t h  R282,R288, 

R282, and R281. The cu r ren t  f l ows  i n t o  t h e  capaci tor  C229, forming a  



v o l t a g e  ramp. Th i s  s igna l  i s  then app l i ed  t o  the  i n p u t  o f  two comparators, 

U209A and U209D. The outputs  of t h e  two comparators are combined i n  a  

l o g i c a l  AND gate t h a t  w i l l  produce t h e  f i r i n g  s igna l  t o  t he  t r i g g e r  

generator.  One o f  t h e  comparators es tab l i shes  a  minimum delay requ i red  t o  

guarantee successful  comrnutati on o f  t he  SCR' s. The second comparator U209A 

i s  used t o  vary t h e  t ime between SCR t r i g g e r s .  Th i s  i s  accomplished by a  

v a r i a b l e  re ference vo l tage  app l i ed  t o  t h e  i n v e r t i n g  i n p u t  o f  U209A. 

The combined s igna l  i s  i n v e r t e d  by U214A and i t s  output  t r i g g e r s  a  

monostable, U204B. The purpose o f  t h e  monostable i s  t o  p rov ide  a pu lse  o f  

f i x e d  d u r a t i o n  requ i red  t o  assure r e l i a b l e  t r i g g e r i n g  o f  t he  SCR's. Th i s  

p u l s e  passes through an i n v e r t e r  and i s  appl i e d  s i m u l t a n e o ~ ~ s l y  t o  the  OR 

gates U201A, U201C and t h e  c lock  i n p u t  o f  f l  i p - f l  op U202B. Th i s  pu lse  

causes t h e  f l i p - f l o p  t o  change s t a t e  on t h e  t r a i l i n g  edge and assures 

a l t e r n a t e  d i g i t a l  1 ' s  and 0 ' s  t o  OR gates U201A and U201C. A t h i r d  

(normal ly )  cons tdnt  d i g l t a l  "0" i s  a l s o  app l i ed  t o  the OR gates from t h e  low 

vo l  tage shut-down c i r c u i t  which wi 11 be discussed 1  a ter  . 
The t o g g l i n g  a c t i o n  o f  t he  g a t i n g  c i r c u i t  causes pos i t i ve -go ing  pulses 

t o  be produced bay a1 t e r n a t e  1 ' s  o f  i n v e r t e r  U205A and 2USB. Uepending upon 

which o f  t h e  i n v e r t e r s  i s  dctudted, p a i r s  of t r a n s i s t o r s  4207 and 4204, o r  

4205 and 4206, a re  b iased i n t o  conduction. Th i s  causes t r i g g e r i n g  c u r r e n t  

t n  f l o w  i n  the  pu lse  t ransformer windings f o r  t r  l g g e r i n g  SCR's a1 te rna te l y .  

I t  i s  impor tan t  t o  no te  t h a t  where one SCR i s  being f i r e d ,  t h e  a l t e r n a t e  SCR 

i s  be ing  subjected t o  a negat ive  ga te  vo l tage  t h a t  w i l l  u t i l i z e  the  h igh  

d v / d t  c a p a b i l i t y  o f  t h e  device i n  i t s  Gate-Assisted Tur n-Off operat ion. 

The t ime de lay  between the  conduct ion of a l t e r n a t e  SCR's i s  c o n t r o l l e d  

by t h e  output  c u r r e n t  and b a t t e r y  voltage. The cu r ren t  s igna l  ex t rac ted  



from t h e  resonant power c i r c u i t  by t h e  cu r ren t  t ransformer i s  app l i ed  

through a  c a l i b r a t i n g  d i v i d e r  network t o  a  r i p p l e  f i l t e r ,  i n c l u d i n g  

r e s i s t o r s  R236, R237 and a  capac i to r  C219 t o  the  negat ive i n p u t  o f  t he  

c u r r e n t  regu l  a t i n g  opera t iona l  ampl-ifier U208D. The p o s i t i v e  i n p u t  o f  t he  

ampl i f i e r  i s  coupled t o  a  p o i n t  o f  b i a s i n g  p o t e n t i a l  V c c  through an 

appropr ia te  vo l tage d i v i d e r  and the  output  o f  t he  a m p l i f i e r  coupled t o  

subsequent c i r c u i t r y  by way of is01 a t i n g  d iode CR225. The b a t t e r y  vo l tage  

s igna l  i s  appl i e d  t o  the  negat ive i n p u t  termi  nal o f  the  vo l tage regul  a to r  

amp1 i f i  er U208C through a  c a l  i b r a t i  ng d i v i d e r  network. The vo l tage 

re ference s igna l  i s  a l s o  der ived from t h e  b i a s  vo l tage Vcc  through a  vo l tage 

d i v i d e r .  The output  o f  t h e  ampl i f i e r  i s  coupled t o  subsequent c i r c u i t r y  by 

way of i s o l a t i n g  d iode CR228. The purpose o f  t h e  i s o l a t i n g  diodes i s  t o  

pe rm i t  t he  lowest cu r ren t  demand t o  dominate, thus  producing a  constant 

cur ren t -cons tant  vo l tage c o n t r o l  w i t h  automatic c u r r e n t  crossover. 

The combined s igna l  now represents the  cu r ren t  requ i red  by t h e  load. 

Th i s  s igna l  i s  fed  i n t o  an i n v e r t i n g  ampl i f i e r ,  U208, and scaled t o  ob ta in  a 

usable s igna l  f o r  t he  L ine  Vol tage Sensor. 

The L i n e  Vol tage Sensor separates t h e  cu r ren t  requirement s igna l  i n t o  

two s ignals.  This  separa t ion  o f  s igna ls ,  a l though not  requ i red  f o r  t he  

cha rge r ' s  funct ion,  minimizes t h e  c h a r a c t e r i s t i c  acoust ic  noise o f  a  h igh  

frequency charger when oper ate4 ai; reduced cur r e n t  1 evels. The separat ion 

i s  based on t h e  requ i red  c u r r e n t  l e v e l  and t h e  per iod  o f  t he  resonant. 

c i r c u i t .  The f i r s t  requirement i s  t h a t  t he  maximum delay between a l t e r n a t e  

main swi tch ing  elements f i r i n g  i s  l i m i t e d  t o  about 25 microseconds. Th i s  

w i l l  ma in ta in  the  charger above the  aud ib le  range except for the  lOKHz no ise  

components due t o  the  d i f f e r e n c e  i n  ampl i t udes  o f  main c u r r e n t  pulses and 

r ingback c u r r e n t  pulses. Th is  i s  accompl ished by d i r e c t l y  c o n t r o l  1  i n g  t h e  
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vo l tage  appl l ed  t o  t h e  i n v e r t i n g  i npu t  o f  co~nparator U209A. The d iode CR234 

i sol  ates t h i s  vo l  tage f rom2the 1 i n e  vo l tage comparator U212. When t h e  

c u r r e n t  i s  reduced, t h e  vo l tage app l ied  r i s e s  t o  t h e  maximum al lowed as 

determined by t h e  re ference source. As l e s s  and less  cu r ren t  i s  required,  

t h e  c u r r e n t  requirement s igna l  r i s e s  above t h i s  reference vo l tage and diode 

CR237 now i s o l a t e s  t h e  i n v e r t i n g  i npu t  o f  comparator U209A from t h e  cu r ren t  

requ.irement s igna l .  The d iode CR234 now connects the  s igna l  t o  t h e  1 i n e  

v o l t a g e  co~nparator ' s reference. As t h e  requ i red  cu r ren t  decreases, t h e  

s i g n a l  a t  t i le  non-i  n v e r t i  ng i npu ts  o f  comparators 'J212D and U212A i ncrease:;. 

T h i s  causes the  charger t o  operate du r ing  smaller and smaller i n t e r v a l s  

d u r i n g  each h a l f  o f  t h e  60Hz waveform by r a i s i n g  t h e  minimurn l i n e  vo l tage 

f o r  charger operat ion,  as shown i n  f i g u r e  3-3. 

As charger output  power i s  increased, f i n i t e  u t i l i t y  l i n e  impedance can 

cause t h e  1 i n e  vo l tage  comparat:>r s t o  " cha t te r "  r e s u l t i n g  i n  e r r a t i c  

operat ion.  To prevent t h i s  f ram occurr ir ig,  a v a r i a b l e  lock-out  pu lse  w id th  

i s  de r i ved  from t h e  c u r r e n t  requirement s igna l  us ing comparator U212B and 

t h e  comparators U212A f o r  t h e  r i s i n g  edge o f  t h e  60Hz waveform. The 

comparator U212D i s  a c t i v a t e d  when t h e  l i n e  vo l tage i s  greater  than t h a t  

r e q u i r e d  by t h e  charger. At t h i s  t.l~ne, the  output  o f  co~nparator U2120 goes 

low and i n d i c a t e s  charger opera t ion  can continue. T h i s  output s igna l  i s  

processed through a l o g i c a l  AND gate  w i t h  t h e  s igna l  from f l  i p - f l o p  (U2 1 I A ) .  

The comparator w i l l  remain a t  a l o g i c a l  zero u n t i l  t he  s ine  wave f a l l s  below 

t h e  re ference s igna l .  

'ihe ab6vc process takes p lace as l ong as no abnormal c o n d i t i o n  occlrrs. 

The f o l  lowing c i r c u i t s  p r o t e c t  t h e  charger from these condi t ions.  



FIGURE 3-3 

10 Ser ies  Resonant Charger Cur r e n t  Cont ro l  

m Examples o f  Main Resonant Current,  L i n e  Vol tage and L ine  Cur ren t  
( A l l  shown F u l l  Wave R e c t i f i e d )  for P a r t i c u l a r  Output Cur r e n t  Levels 
NOTE : Timing shown f o r  60 Hz. m,A mi n c u r r e n t  
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The low vo l tage  shutdown c i r c u i t  moni tors the power supply vo l tage  by 

guaranteeing t h e r e  i s  always s u f f i c i e n t  vo l tage across the  vo l tage regu l  a to r  

Q203. Th i s  i s  accompl ished by coinparator U203A and the  value o f  zener d iode 

CR208 p r o v i d i n g  t h e  r e q u i r e d  vo l tage d i f f e rence .  I n  a d d i t i o n  t o  t h e  vo l tage 

requi rements across t h e  regu l  ator  4203, a  thermal sw i t ch  has been inc luded 

t o  p r o t e c t  t he  charget against  f a n  f a i l u r e  or a i r  blockage. 

The F a u l t  Shutdown c i r c u i t  i s  responsive to, a  s igna l  from t h e  F a u l t  

Cu r ren t  Sensor and causes an i n h i  b i t ,  through comparator U203B and f l  i p - f l  op 

U 202A, o f  t r i g g e r  s i g n a l s  t o  the  s C K ' S  i n  the event o f  a power c i r c u i t  

f a i l u r e  o f  a  t ype  which tends t o  draw excessive cur ren t .  Th i s  c o n d i t i o n  ' 

u s u a l l y  e x i s t s  as a  r e s u l t  o f  bo th  SCR's conduct ing simultaneously. The 

f a u l t  c o n d i t i o n  i s  sensed by reve rsa l  o f  t h e  vo l tage on t h e  i n p u t  capaci tor .  

The Star t -Up and Delay c i r c u i t  i s  u t i l  i z e d  whenever the  na tu ra l  c o n t r o l  

l o o p  sticnulus-response sequence i s  broken. Th is  s tage a c t u a l l y  performs two 

func t ions .  F i r s t ,  i t  in t roduces a  r e s t a r t  f i r i n g  s igna l  i n t o  t h e  Time Belay 

Generator a t  some t ime subsequent t o  t he  sensing o f  a  t h y r i s t o r  commutation 

f a i l u r e  sensed by the  F a u l t  Shutdown c i r c u i t .  Second, i t  func t i ons  t o  

energize, i n  proper sequence, ?.he var ious elements o f  the cur~lr  o l  c i r , c u i t  so 

t h a t  upon s t a r t  or r e s t a r t  o f  t he  charger, a l l  elements w i l l  f u n c t i o n  

p r o p e r l y  . 
3.4 Major C h a r a c t e r i s t i c s  o f  Power Components 

3.4.1 l n p u t  Capac i to r  (C3) 

The purpose o f  t h e  i n p u t  capac i to r  i s  t o  f i l t e r  t he  h igh  frequency 

i n v e r t e r  r i p p l e  on t h e  power supply bus. H a l f  of t h e  c u r r e n t  o f  each 

resonant  pu lse  and each r ingback pu lse  f l ows  through t h i s  capac i to r .  The 

capac i to r  i s  n o t  s i zed  t o  f i l t e r  t h e  power l i n e  frequency r i p p l e .  I n  f a c t ,  



t h e  c a p a c i t o r  v o l t a g e  w i  11 t r a c k  t h e  l i n e  vo l t age  when t h e  charger i s  

ope ra t i ona l .  The RMS r i p p l e  c u r r e n t  capab i l  i t y  , a t  t h e  s e r i e s  resonant  

f requency i s  t h e  most s t r i n g e n t  requi rement  on t h i s  component. 

3 . 4 . 2  S e r i e s  Resonant Capac i t o r s  

Th.e s e r i e s  resonant  capac i t o r ,  a long  w i t h  t h e  snubber i n d u c t o r s  and t h e  

p r ima ry  leakage induc tance  o f  t h e  main t rans fo rmer ,  form t h e  bas i c  resonant  

c i r c u i t  which c o n t r o l s  t h e  t r a n s f e r  o f  c u r r e n t  i n t o  t h e  main t ransformer  

(and thus  t o  the b a t t e r y ) .  I t  serves, due t o  t h e  resonant  c u r r e n t  r e v e r s a l ,  

t o  n a t u r a l l y  co~nmutate t h e  SCR's. Once t h e  va lues of these  components a r e  

f i x e d ,  t h e  resonant  f requency has been chosen. I f  t h e  d r i v i n g  vo l t age  

across t h e  resonant  c i r c u i t  i s  known, and t h e  resonant  c u r r e n t  amp l i tude  i s  

known, two p a r a l l e l  c a p a c i t o r s  can be used i n s t e a d  of one t o  ha l ve  t h e  

amp1 i t u d e  and double t h e  frequency of t h e  h i gh  frequency r i p p l e  c u r r e n t  i n t o  

t h e  i n p u t  capac i t o r .  As w i t h  t h e  i n p u t  capac i t o r ,  t h e  RMS c u r r e n t  c a p a b i l i t y  

a t  t h e  o p e r a t i n g  frequency i s  one o f  t h e  most s t r i n g e n t  requi rements for  

t h i s  component. 

3 . 4 . 3  Cur ren t  Sense.Transformer 

The purpose o f  t h e  c u r r e n t  sense t rans fo rmer  i s  t o  t r a n s m i t  i n f o r m a t i o n  

about t h e  s e r i e s  resonant  c u r r e n t  t o  t h e  c o n t r o l  c i r c u i t .  S ince i t  i s  

impo r tan t  t o  know t h e  i n s t a n t  o f  t h e  c u r r e n t  r e v e r s a l ,  t h e r e  must be very  

l i t t l e  d e l a y  i n  t h e  s i g n a l  t r a n s f e r  between ac tua l  p r imary  c u r r e n t  and 

secondary c u r r e n t  i n  t h e  sense t ransformer .  To min imize t he  p r imary  t o  

secondary capaci tance, a  s i n g l e  w e l l - i n s u l a t e d  p r imary  t u r n  i s  used, 

3 .4 .4  A n t i - P a r a l l e l  (Ringback) Diode 

The purpose of t h e  r ingback  d iodes  i s  two- fo ld .  F i r s t ,  t h e y  l i m i t  t h e  

peak reve rse  vo l t age  seen by t h e  SCR's and second, t h e y  improve t h e  p r imary  

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

-2 7- 



Without  t h e  diodes, t h e  peak resonant capac i to r  vo l tage would appear across 

one SCR u n t i l  t h e  a l t e r n a t e  SCR i s  f i r e d .  I f  t h i s  were t h e  case, a  l a r g e r  

i n i t  i a1 dr  i v i  ng vo l  tage woul d  appear across the resonant i nductor and 

capac i to r  w i t h  each successive ha1 f -cyc le ,  causing an increas ing peak 

resonant  c u r r e n t  1 i m i  t e d  on ly  b y  t h e  Q o f  t h e  c i r c u i t .  The requirements f o r  

these diodes i n c l u d e  f a s t  reverse recovery and a  cu r ren t  r a t i n g  commensurate 

w i t h  t h e  power r a t i n g  o f  t h e  charger. 
. . 

3.4.5 Snubber Components 

The purpose o f  t h e  snubber i s  t o  l i m i t  t h e  reapp l i ed  dv/dt  t o  the  

SCR's. It i s  necessary t o  do t h i s  w i thou t  imposinq high peak forward voltage 
' 

on t h e  SCR's as a  r e s u l t .  The snubber begins w i t h  a  c l a s s i c a l  underdamped 

RLC. The L i s  made as l a r g e  as possible, and i n  t h i s  case serves as one o f  

t h e  main resonant inductors. The C i s  made as l a r g e  as necessary t o  l i m i t  

t h e  dv/dt.  The R i s  chosen t o  l i m i t  d ischarge cu r ren t  when t h e  SCR i s  

tu rned  on, and t o  damp and l i m i t  vo l tage overshoot. 

3.4.6 F a u l t  Su rv i va l  Con f igu ra t i on  

A s u i t a b l e  i n p u t  choke placed between t h e  l i n e  and t h e  i npu t  capac i to r  

p rov ides  sho r t  term l i n e  i s o l a t i o n  when t h e  main SCR's are  both conduct ing 

s imul taneously ( f u n c t i o n a l  f a u l t ) .  Th is  c o n d i t i o n  shor ts  t h e  i npu t  

capac i to r ,  and w i t h o u t  t h e  i n p u t  inductor  w i l l  cause s u f f i c i e n t  cu r ren t  t o  

f l o w  f rom t h e  l i n e  causinq t h e  i npu t  p ro tec to r  (breaker)  t o  open, w i th  

a t tendant  r i s k  o f  damage t o  t h e  SCR's. The cu r ren t  t h a t  f l ows  i n  t h i s  

i nduc to r  must have an a l t e r n a t e  path when t h e  charger i s  turned o f f ,  o r  

d e s t r u c t i v e  vol tages wi 11 e x i s t  as t h e  inductor  t r i e s  t o  d i s s i p a t e  t h e  

s t o r e d  energy. Th is  energy dump occurs 120 t imes a  second or every t ime the 

power c i r c u i t  i s  stopped. An a d d i t i o n a l  winding i s  placed on t h e  inductor  

as an a l t e r n a t e  path, and i s  diode coupled so t h a t  when cu r ren t  i s  f l o w i n g  
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i n t o  the charger, the  diode i so la tes  t h i s  c i r c u i t .  When t he  l i n e  

cur rent  stops f lowing i n t o  the charger, t he  diode becomes forward biased rn and c i r cu la tes  the cur rent  u n t i l  the charger res tar ts .  Th is  diode must 

have a surge cur rent  r a t i n g  equal t o  the peak f a u l t  current. 

3.4.7 Mai n Power Transformer 

The purpose o f  the main transformer i s  two-fold. F i r s t ,  i t  

provides i s o l a t i o n  between the primary, which i s  common t o  the u t i l i t y  

l i ne ,  and the secondary, which i s  common t o  the bat tery .  Th is  i s o l a t i o n  

a1 lows safe operation. Second, i t  provides optimum impedance matching 

t o  f a c i l i t a t e  the power t ransfer  from the  inver te r  t o  the bat tery.  The 

secondary o f  t h i s  transformer i s  center,  tapped t o  produce f u l l  wave 

r e c t i f i e d  power. It i s  b i f i l a r  wound t o  improve mutual coupling, 

reducing peak reverse voltage on the diodes. L i t z  w i re  shoul d be used 

i n  both primary and secondary windings t o  reduce sk i n  e f f e c t  losses. 

3.4.8 Output F i  1 t e r  Capacitors 

The purpose o f  the output f i l t e r  capacitor i s  t o  l i m i t  the high 

frequency output voltage r ipp le ,  and f i l t e r  output r i p p l e  current  so 

t h a t  the ba t te ry  and ba t te ry  cables do not have t o  ca r ry  any s i gn i f i can t  

h igh frequency components of the i nverter output cur rent.. Thi s reduces 

t he  peak reverse vol.tage on the output diode and al lows lower form 

factor f o r  the ba t te ry  current. The most s t r ingen t  requirement f o r  t h i s  

component i s  r j p p l e  cur rent  r a t i n g  and low impedance a t  the 20KHz r i p p l e  

frequency. 



3.4.9 SCR's ( S i l i c o n  Cont ro l led R e c t i f i e r s )  

Series resonant i nve r t e r s  have been b u i l t  using a va r j e t y  o f  f a s t  

swi tch ing SCR's. The primary requirement of  SCR's f o r  20-25KHz 

operat ion are fast  t u rn -o f f  t ime (Tq), h igh reappl ied dv/dt r a t i n g  ( t o  

reduce snubber losses) and f a s t  turn-on (Ton). The cha rac te r i s t i c  of 

t he  RCA ASCR (asymmetric SCR) used i n  the  const ruct ion o f  the model are: 

Tq . 7ps 

dv/dt  2000V/1iS* 

Ton <Ips t o  7Vakf* 

*wi th negat ive gate b ias  appl ied. 

**Vak = Instantaneous Anode-Cathode Voltage 



4.0 RESULTS . . 

4.1 Performance Evaluat ion .... , 

The power 1nodul.e was evaluated using 20 Exide EV106. lead ac id  

ba t t e r i es  provided by the Contractor f o r  t h i s  evaluation. The ba t t e r i es  

were physical l y  1 ocated 12 ft. from the  .charger output termi nals. The 

charger was connected through a va r iab le  autotransformer t o  the u t i l i t y  

1 ine. The current, voltage, and power suppl i ed  by the  l i n e  was 

monitored using conventional AC meters and methods. The output o f  the 

power module was monitored by average responding vol tage and cur rent  

meters. 

I n  the  fo l l ow ing  f igures,  waveforms were photographed using a 

Tektronics 7623A High Speed Storage Oscilloscope. A Tektronics P6303 

cur rent  probe was used t o  obta in  instantaneous cur rent  waveforms. 

The data presented i s  as fol lows: 

~ i g u r ' e  4-1 Closed Loop V - I  Response 

Figure 4-2 E f f i c i ency  (TI) vs. Bat tery  Voltage 

F igure 4-3 E f f i c i ency  (TI) vs. L i ne  Voltage 

F igure 4-4 Output Power Data Reduction 

F igure 4-5 Power Factor vs. Bat tery  Voltage 

F igure 4-6 Power Factor vs. L i ne  Voltage 

F igure 4-7 Power Factor vs. I npu t  Watts 

F igure  4-8 L i ne  Current vs. Ba t te ry  Voltage 

Figure 4-9 Power Modul e Front  V i e w  

F igure  4-10 Power Module Rear View 

F igure 4-11 Photograph o f  Typical  L ine Current 

F igure  4-12 Photograph o f  Typical Resonant Current 

envel ope, H i  gh 



Figure 4-13 Photograph o f  Typical  ~esonan t  Envelope, Med. 

F igure 4-14 Photograph o f  Typical  Resonant Envelope, Low 

Figure 4-15 Photograph o f  Typical  Resonant Current Cycle, High 

F igure 4-16 Photograph o f  Typical  Resonant Current Cycles, 

Med. & Low 

F igure 4-17 Photograph o f  Typical  Input  Capacitor Voltage 

F igure 4-18 Photograph o f  Typical  Resonant Capacitor Voltage 

( a t  po in t  'A" i n  the Schematic Diagram, f i g .  2-1) 

a t  Medium and Low Current 

F igure 4-19 Photograph o f  Typical  Resonant Capacitor Voltage 

( a t  po in t  "A" i n  the Schematic Diagram, f i g .  2-1) 

a t  High Current 

F igure 4-20 Component Weights. 

4.2 Achievements Against Goals 

4.2.1 The Output: Goal 3300 W max. (23A 8 145V) 

The power module developed under t h i s  cont ract  has a continuously 

va r i ab le  output, t h a t  i s  def ined t o  be a. constant vol tage-constant 

cu r ren t  type w i t h  automatic crossover. The maximum output terminal  

vo l tage I s  145VDC and the maximum output cur rent  i s  23 amperes DC 

(opt imized f o r  20 Exide EV-106 ba t t e r i es ) .  The actual closed loop V I  

c h a r a c t e r i s t i c  i s  found i n  f i gu re  4-1. The output current  o f  the power 

module i s  constant u n t i l  the terminal  voltage reaches 144.2V. From 

144.2V t o  145V, the con t ro l  c i r c u i t  for the power module can no longer 

prov ide f u l l  output cur rent  due t o  the voltage cont ro l  being a t  the 

threshold  o f  operation. When the output voltage reaches 145V, the  

cu r ren t  w i l l  be reduced t o  maintain a constant voltage output. This 

p r o f i l e  w i l l  charge t he  ba t t e r i es  i n  6-8 hours ( t o  80 percent i n  4-6 

hours) . 



FIGURE 4- 1 
CLOSED LOOP V - I  RESPONSE 

X = 240 V LINE 
0 =  216 V LINE 

AVERAGE OUTPUT CURRENT 



When operat ing a t  low 1 i ne  (216VAC), t he  charger i s  prevented from 

increasing the  l i n e  cu r ren t  beyond the 20A l ' i m i t .  This l i m i t i n g  causes 

t he  output power, a t  low l i n e ,  t o  be l i m i t e d  t o  approximately 3000W 

(de l ivered t o  the ba t te ry  load). This i s  i l l u s t r a t e d  graphica l ly  i n  

f i g u r e  4-1. 

4.2.2 E f f i c iency :  Goal 88% 

The e f f i c i e n c y  curves o f  the power module are shown i n  f igure 4-2 

and 4-3. Because o f  the  non-linear charac te r i s t i cs  o f  the output 

vo l tage and current ,  t he  e f f i c i ency  a t  each po in t  must be ca lcu la ted 

f rom measurements o f  instantaneous vgl  tage and current. The general 

expression f o r  power i s :  

I n  the  well-known case o f  AC s inusoidal  voltage and current, the above 

equat ion reduces t o  

ou t = V I  cos 0 

where 0 I s  t he  phase angle between voltage and current, and cos O i s  the 

power factor. I n  DC ba t te ry  chargi ng equipment, where the bat tery  

vo l tage does not' vary dur ing a ha l f  cyc le  of 11 ne voltage, cquatien 4.1 

would reduce to 

'out = " b a t  J I ( t ) d t  
0 

or  the  product o f  ba t t e r y  vol tage and average output current. 

1 







L i k e  other chargi ng equi pment whose outputs are substant i a1 l y  

un f i l t e red  (e.g., ferroresonant charger), the power modul e developed 

under t h i s  cont ract  does not d i sp l  qy e i ther  sinusoidal or constant DC 

vol tage character is t ics .  I n  t h i s  power module, t he  current  i s  del ivered 

on ly  dur ing a f r a c t i o n  o f  the  l i n e  cycle, and it causes the ba t te ry  

vol tage t o  be modulated. For t h i s  reason, output power a t  60Hz e i ther  

must be measured w i t h  sophist icated instrumentation, or  calculated. 

Since nei ther the  terminal vo1 tage nor 1 i ne  current  can be 

represented by a constant, we must ca lcu la te  the instantaneous voltage- 

cur rent  product, then in tegra te  the  product over a per iod o f  one-half 

cycle. To i l l u s t r a t e  the  d i f ference between the apparent power 

del  ivered (average ba t te ry  vol tage times average output current)  and t he  

actual  power del ivered, we present the comparison shown i n  f igu re  4-4. 

The e f f i c i e n c y  curves o f  f i gu res  4-2 and 4-3 are based on sets of data 

reductions, which are found i n  Appendix E. Based on these output power 

ca lcu l  a t i  ons, the e f f i c i ency  o f  the power modul e between nomi nal ba t te ry  

vol tage (120V) and maximum ba t te ry  vol tage ( a t  one-thi rd maximum output 

power) var ies from 84.2 t o  90.4 percent. 

4.2.3 Power Factor: Goal 0.9 

The power fac to r  of the power module vs. ba t te ry  vol tage i s  shown 

i n  f i g u r e  4-5 and power fac tor  vs. 1 i ne  voltage i n  f i g u r e  4-6. Ihe 

power fac to r  i s  maintained greater than 0.9 u n t i l  135VDC, then decreases 

as ba t te ry  vol tage increases from 135VDC t o  the charge maintenance po in t  

(145VDC a t  approximately 3A). The re la t ionsh ip  o f  power fac tor  t o  inpu t  

power i s  shown i n  f i g u r e  4-7. 



FIGURE 4 - 4 

COMPARISON BETWEEN MANUAL INTEGRATION AND METER READINGS 

OUTPUT POWER DATA REDUCTION 

4 V M S V  

Time A x f s ,  lms/cm 

Meter Manual 
Readings Integrat ion 

Average Current 23.0 22'76 

Average Power, metered 2990 

(Average current  x 
average voltage) 

Average Power, calculated 
( In tegra ted  Instantaneous 

products) 

See Appendix E f o r  addit ional  data and data reductions. 



FIGURE 4-5 
POWER FACTOR VS BATTERY VOLTAGE 

BATTERY VOLTAGE 



FIGURE 4-6 

POWER FACTOR VS LINE VOLTAGE 
d / 3 0 V ,  2319 OUTPUT 





The power fac to r  was computed as ( i npu t  w a t t s ) A  ( i npu t  VA). 

Because the inpu t  V - I  cha rac te r i s t i c  o f  the module i s  non-linear, the  

power factor does not  g i v e  a  t r u e  i nd i ca t i on  o f  the  phase between input  

(1 ine )  vol tage and i n p u t  current. I n  t h i s  equipment, the  input  voltage 

and i npu t  cur rent  are  ac tua l l y  i n  phase. 

4.2.4' Inpu t  Requirements: Goal 240V, 10, 20A max. 

The power module was designed t o  operate from a 240V s ing le  phase 

l i n e .  I n  addi t ion,  t h e  power module w i l l  operate over a  l i n e  vol tage 

range o f  264V t o  216V. The l i n e  cur rent  i s  monitored by the con t ro l  

c i r c u i t  and i s  prevented from exceeding 20A, This l i m i t i n g  o f  l i n e  

cu r ren t  r e s u l t s  i n  a  l i m i t  o f  the power output o f  the charger a t  a  low 

1 i ne vol tage (see f i g u r e  4-8). 

3 4.2.5 S ize ~ ~ and Weight: Goal 20,000-26,000 cm , 16-20.Kg 

The power module i s  completely self-contained i n  an a1 umi num 

chassis t ha t  i s  44 x 31 x  18 cm. The volume o f  t h i s  package i s  24,552 

3 cm , and weight i s  approximately 17 Kg. Figure 4-9 i s  a  photograph of 

t h e  p w e r  module f r o n t  v i w ,  and k igure 4-10 i s  a  photograph of the 
. F  ... 

power modul e  rear  v i  ew. 



FIGURE 4-8 
LlNE CURRf N T  VS BATTERY VOLTAGE 

X=240 V 
D= Lib V 

LlNE CURRENT 



FIGURE 4-9 

Power W-jctule front Y i e w  



FIGURE 4-10 



4.2.6 Estimated Cost: Goal $400 i n  100-1000's (1978 Dollars) 

The material costs of the power module have been estimated 

(1978 do1 lars)  The costs are as follows: 

100 1000 10,000 

Power Semi conductor s 165 144 117 

Special Capacitors 72 

Magnet i c & M i  scel 1 aneous 189 

Sub-Total 426 

Displays* (voltmeter , 
anmeter ) - Non-essenti a1 42 38 

Total Estimated Material Costs $468 $400 

r h i  s represents actual parts purchased; however, 1 ess expensive 

displays are available. 

The material cost fo r  a "no - f r i l l s "  power module i s  $426 for 

100's; $362 for 1000's; $315 for  lO,OOO, The power semiconductors 

s t i l l  represent a s ign i f i cant  par t  o f  the power module cost. We 

be1 ieve that  the costs o f  pawer semiconductors should drop further as 

production vol ume and d m  nd i ncr ease. 

Labor content fo r  the module has been estimated a t  2.0 hours, i n  

a semi-automated production f a c i l i t y ,  for  quanti t ies o f  1000. A t  a 

1978 burdened labor cost o f  $16.00/hr, the t o ta l  manufacturing cost o f  

the module would be $394 each i n  thousands. This assunes purchased 

magnetic components. 



4.2.7 C i r c u i t  Protect ion Features 

The charger i s  designed t o  be self-protected against 
4 ,  

m i  sappl i c a t  i on and random 1 i ne and 1 oad d i  stur bances. 

4.2.7.1 I f  charger i s  operated i n t o  an open c i r cu i t ,  a fas t  

responding voltage control  w i  11 i n h i  b i t  charger operation. 

4.2.7.2 The charger i s  protected by a double-pole AC c i r c u i t  breaker 

i n  the u t i l i t y  l i n e  input c i r cu i t .  

4.2.7.3 A l i n e  t rans ient  protector has been incorporated t o  prevent 

f a l se  t r igger ing  due t o  u t i l i t y  l i n e  surges and noise. 

4.2.7.4 The output c i r c u i t  has been fused in te rna l l y  t o  guard 

against catastrophic f a i  lures of  the charger output diodes 

or reverse connection o f  charger leads. I f  these fuses 

should clear, the d i f f i c u l t y  should be determined and 

corrected before the charger i s  returned t o  ser v i  ce. 

4.2.8 Addit ional Data 

Additional information on the power modul e performance has been 

included. Figures 4-11 through 4-19 show voltage and current 

waveforms o f  actual paver module operation. Figure 4-20 shows major 

component weights i n  tabu1 ar form. 



FIGURE 4-11 

I Typical Line Chr rent 

1 Horizontal: 1 ms/cm 

Taken a t  2JA, 132VM: Output 

Vert ica l  : 

FIGURE 4-12 

'Typi cnl Resonars1 Cur rent 
(envelope) 

a t  23A, 130VDC Output 

Vert ical  : 

Hor izontnl  : 1 ms Jcr~  



FIGURE 4-13 

Typical Resonant Cur rent 
(envel ope) 

8 10A 144VDC Output 

Vert ical  : 

Horizontal : 1 ms/cm 

Vert ical  : 

Horizontal : 1 ms/cm 



FIGURE 4-15 

Typical Resonant Cur rent 
8 23A, 130VDC Output 

Vert ical  : 

Hot izontal  : 2011s/cm 

FIGURE 4-16 

Typical Resonant Current 
less than 10A 

Vert ical  : 

Horizontal : 20vs/cm 



FIGURE 17 

Typical Input Capacitor 
Vol t age 

8 23A, 130V Output 

Ver t ica l  : 100V/cm 

Horizontal:  1 m/cm 

FIGURE 18 

Typical Resonant C a ~ a c i  to r  - .  
Voltage .m< 

( a t  point A on Schematic D i a g r d $ W  A 

f i g .  2-1, a t  less than 10A) 

Ver t ica l  : 200 V/cm 

Horizontal : 2 0 ~ d c m  



Typical Resonant Capacitor 
Voltage 

(a t  point A on Schematic Dia r m  
f l g .  2-1 @ 23A, 130VDC Outpu 4 ) 

Vertical  : 200 V/cm 

Horr izontal : 201.1s/cm 



Figure  4-20 - Weights o f  Major Components (Typica l )  

Component or Assembiy Wei.ght, Kg 

SCR Heat Sink Assy. 

Output Capacitor 

Input  Capacitor 

Input  Choke 

Resonant Capacitor 

Fan 

Main Transformer 

Output Diodes w/Heat Sink 

Current Transformer 
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APPENDIX A: PROJECT CHRONOLOGY 

Month 1  - The f i r s t  month was d i rec ted  t o  an i nves t i ga t i on  of 

various i n v e r t e r  and power l i n e  i npu t  conf igurat ions.  A v a r i e t y  o f  

approaches were considered t o  determine the most promising conf igurat ion 

t o  meet the spec i f i ca t i on  goals. A h a l f  br idge con f igu ra t ion  was used 

t o  minimize component vol tage s t ress  on the ser ies  resonant capacitors. 

This stress occurs dur ing i n v e r t e r  operat ion a t  f u l l  power output,, 

when the swi tching elements a re  turned on dur ing the per iod of r ingback 

cu r ren t  f low. It i s  c l e a r  t h a t  the i n v e r t e r  can be conf igured i n  a  

f u l l  br idge c i r c u i t  also. Such a con f igu ra t ion  would not  present any 

change i n  the basic operat ion o f  the power c i r c u i t  and i n  add i t i on  would 

reduce voltage stresses on swi tch ing elements. The cha rac te r i s t i c s  of 

the DC bus vol tage as seen by the i n v e r t e r  power c i r c u i t  was examined 

t o  insure t h a t  the equipment presents a  high power f a c t o r  t o  the u t i l i t y  

l i n e .  I n  add i t ion,  the f a u l t  mechanism tha t  occurs w i t h  both main 

swi tch ing elements turned on simul taneously was examined. The r e s u l t i n g  

requirements f o r  the i n p u t  f i l t e r  are  1 )  a  s u f f i c i e n t l y  h igh ser ies  i n -  

ductance t o  permit  the operat ion of the Fau l t  Surv iva l  c i r c u i t ,  and 2) 

the fi 1 t e r  components must no t  s i g n i f i c a n t l y  at tenuate the higher order  

harmonics of the power 1  i n e  generated by the r e c t i f i e r  c i r c u i t .  

Month 2 - The actud l  topology o f  the power c i r c u i t  was i nves t i - .  

gated. The se lec t ion  o f  two p a i r s  o f  main swi tching elements was a  

r e s u l t  o f  the resonant cu r ren t  being greater  than the single.SCR cap- 

a b i l i t y .  The cur ren t  was d i v i ded  i n  each main' swi tch lny  element by 

the use o f  a  resonant induc to r  placed i n  each swi l c l ~  leg.  The cur ren t  

t h a t  f lows i n  the l e g  w i l l  be con t ro l l ed  by t h i s  dominant impedance 



element. Th is  w i l l  minimize the current  imbalances caused by the 

d i f f e r e n t  SCR conducting character is t ics .  Snubber components were se- 

l ec ted  based on computer-generated curves for  an underdamped second order 

response. The se lec t ion  was based on al lowable dv/dt, inductor  and 

capaci tor  values, overshoot i n  terns o f  natural  frequency, damping co- 

e f f i c i e n t  and c r i t i c a l  resistance. The major magnetic components were 

designed. These inc lude the power ttansformer and inpu t  f i l t e r  inductor. 

A1 1 magnetic components were designed t o  minimize conducted RFI  . 
8 

Month 3 - The construct ion o f  the  breadboard was started.  The 

main magnetic components were fabr icated.  These main magnetic components 

are smal I, l ightweight  and cost  e f fec t ive.  Forced a i r  cool ing i s  re- 

qu i red t o  maintain these components w i t h i n  t h e i r  spec i f ied temperature 

1 imi ' ts. Heat s ink  assemblies were fabr icated.  Each o f  these assemblies 

contained the snubber components and pulse transformer. A simple cont ro l  

, c i r c u i t  was designed t o  d r i ve  the switching elements, provide f a u l t  cur- 

r e n t  detection, main cur rent  measurements and s t a r t  up sequences as re- 

qui  red t o  operate the power stage. 

Month 4 - The cont ro l  c i r c u i t  was assembled and tcsted separately -- 
from the power c i r c u i t  t o  insure proper aperation. The power stage was 

then energized and operated t o  examine waveforms. A t  t h i s  time, some 

d i f f i c u l t y  was experienced when the charger automatical l y  shut down 

wi thout  any apparent reason and then restar ted a f te r  the appropriate 

del ays , as designed i nto  the .charger. 

Month 5 - The d i f f i c u l t y  i n  which the charger automat ical ly  shut - ".. % -* 

down without any apparent reason, then restar ted a f t e r  the appropriate 

delays, was solved. As a r e s u l t  o f  th is ,  the f a u l t  detect ion c i r c u i t  



was redesigned t o  permi t  ope ra t i on  even w i t h  l a r g e  no ise  pulses on the  

AC 1 ine .  The i n p u t  i n d u c t o r  began t o  o s c i l l  a t e  w i t h  the  i n p u t  capac i to rs  

each t ime the  charger shut  o f f  o r  tu rned on. The o s c i l l a t i o n s  proved 

t o  be unpred ic tab le  i n  ampl i tude. Steps were taken t o  c o n t r o l  the os- 

c i l l a t i o n s  by the use o f  a f reewheel ing d iode which c i r c u l a t e d  c u r r e n t  

i n  t he  i n p u t  i n d u c t o r  when the  power stage turned o f f .  

Month 6 - During t h e  month some d i f f i c u l t y  was experienced when 

t h e  charger was operated a t  t h e  lower vo l tage  1 i m i  t s  (1  70V). I t  was 

undesi rable t o  increase the  c i r c u l a t f n g  VA. A more d i r e c t  approach was 

taken. I n v e s t i g a t i o n  revealed t h a t  t he  magnetiz ing c u r r e n t  o f  the main 

t ransformer began t o  dominate the resonant c u r r e n t  and caused an appar- 

e n t  lower ing  of t he  na tu ra l  frequency of t he  power c i r c u i t .  The approach 

t h a t  was taken was t o  reduce the  t ransformer a i r  gap and double the  

core cross-sect ion.  By us ing  t h i s  approach we obta ined approximately 

one-quarter of  t he  magnetiz ing c u r r e n t  o f  the  o r i g i n a l  t ransformer.  

Month 7 - The i n p u t  i n d u c t o r  remained a source o f  concern. I t 

caused a d i p  i n  t he  supply vo l tage a t  the s t a r t  o f  conduct ion on each 

h a l f  c y c l e  o f  the  u t i l i t y  l i n e .  The d i p  r e s u l t s  from the  i n a b i l i t y  o f  

t he  i n d u c t o r  t o  c a r r y  l oad  c u r r e n t  instantaneously so t h a t  the s e v e r i t y  

of t he  d i p  increased w i t h  i nc reas ing  ou tpu t  power. The s o l u t i o n  t o  

t h i s  problem was n o t  as s t r a i g h t f o r w a r d  as we had hoped. The decrease 

i n  t h e  value of t h i s  i n d u c t o r  w i l l  increase the  r a t e  o f  r i s e  o f  l i n e  

c u r r e n t  du r ing  a f a u l t .  Using computer model l ing,  we have chosen the  

i n d u c t o r  so t h a t  reasnnable l i n e  f a u l t  cu r ren ts  e x i s t  b u t  t he  d i p  w i l l  

be minimized t o  acceptable l e v e l s  . 
Month 8 - During t h i s  month the  design o f  an automatic c losed- loop 



con t ro l  c i r c u i t  was completed. This cont ro l  c i r c u i t  a1 lev ia tes  one o f  

the  disadvantages of a ser ies  resonant inver te r .  This ob ject ion i s  due 

t o  the generation of acoustic noise when the output power i s  reduced. 

The conventional means of reducingoutput cur rent  i s  t o  reduce the pulse 

r e p e t i t i o n  frequency, leading t o  operating frequencies i n  the audible 

range. The new con t ro l  c i r c u i t  reduces t h i s  e f f ec t .  

The con t ro l  loop was a lso designed f o r  constant-voltage 

and constant-current w i t h  automatic crossover. This type o f  cont ro l  c i r -  

c u i t  cannot be overloaded. 

Month 9 - The automatic con t ro l  c i r c u i t  designed during the pre- 

vious month was placed i n  operation. The c i r c u i t  operated as intended 

w i t h  the exception of the l i n e  voltage monitor. The d i f f i c u l t y  ex- 

perienced was due t o  l o c a l  l i n e  voltage changes as the power stage 

switched on and o f f  a t  the 120Hz ra te .  The small l o ca l  l i n e  voltage 

changes sensed dur ing the power stage switching caused the l i n e  voltage 

moni tor  c i r c u i t  t o  o s c i l l a t e  near 170V. The on/of f  o s c i l l a t i o n  o f  the 

power stage i s  not  desirable,  espec ia l ly  when approaching the off i n -  

t e r v a l .  I f  the power stage i s  allnwed t o  o s c i l l a t e  dur ing t h i s  period, 

there w i l l  be i n s u f f i c i e n t  ringhack cur rent  tn  cormutatc the SCR's 

causing a f a u l t  when the a l t e rna te  main SCR i s  f i r e d .  The c i r c u i t  was 

modi f ied t o  prevent the power module from o s c i l  l a t i n g  regardless of the 

seve r i t y  of the l i n e  voltage disturbances. This lockout i n t e r va l  i s  a 

dynamic one t h a t  prevents the on /o f f  o s c i l l a t i o n  o f  the power mcdule 

a t  h igh  power bu t  al lows very small on i n te r va l s  when the output  power 

i s  low. 

Month 10' - During the month o f  Ju ly  assembly o f  the demonstration 



model o f  t h e  power module was compl eted, and engi nee r i  ng documentation 

s ta r ted .  Current  imbalance occurred between the  two main swi t c h i  ng 

elements. As output  power was increased, the  c u r r e n t  imbalance became 

more severe. I n v e s t i g a t i o n  revealed t h a t  t h e  problem was caused, a t  

l e a s t  p a r t l y ,  by the  coup l ing  between snubber inductors .  

Month 11 - During t h e  month documentation o f  t he  power module con- 

t inued.  Engineering sketches of the  mechanical assembly were forwarded 

t o  t h e  documentation group t o  prepare formal drawings o f  t he  power mod- 

u le .  The design of t he  f i x e d  c o n t r o l  c i r c u i t  on a standard p r i n t e d  

c i r c u i t  board fo r  t h e  demonstration model has been completed. The 

assembly drawings t h a t  de f i ne  the  power module w i  11 r e f l e c t  o n l y  the  

major mounting l oca t ions  and component l ayou t .  The drawings may vary 

from the  model, p r i m a r i l y  i n  t h e  l o c a t i o n  and s i z e  o f  fasteners b u t  

w i l l  n o t  a1 t e r  t h e  opera t iona l  c h a r a c t e r i s t i c s  o f  t he  charger. The 

d i f f i c u l t y  experienced l a s t  month when the  power c i r c u i t  was placed i n  

t h e  t i g h t  conf ines o f  t he  enclosure continued. Th is  has been l i n k e d  t o  

t h e  c lose  magnetic coupl ing between the  snubber inductors .  I t was poss- 

i b l e ,  by phys ica l  rearrangement o f  some components, t o  reduce t h e  ef- 

f e c t s  o f  t h e  inductance coup l ing  b u t  n o t  completely e l i m i n a t e  i t . 

Month 12 - During the  month documentation o f  t he  power module 

continued. The formal drawings t h a t  w i l l  de f i ne  t h e  e l e c t r i c a l  and 

mechanical c o n f i g u r a t i o n  o f  t h e  power module were s t a r t e d  and were 20% 

complete by t h e  end o f  t h e  month. The c i r c u i t  performance problem 

caused by t h e  coup l ing  between snubber inductors  i s  p a r t l y  a l l e v i a t e d  

by t he  r e p o s i t i o n i n g  nf  t h e  inductors  as described l a s t  month. The 

f i n a l  c o n t r o l  c i r c u i t  p r i n t e d  c i r c u i t  board was etched, assembled, 



and success fu l l y  bench tested.  The p r i n t e d  c i r c u i t  board d i f f e r s  from 

t h e  handmade pro to type board i n  t h a t  i t  incorporates components t h a t  

were p rev ious l y  o f f  t h e  board, e. g., f a u l t  s u r v i v a l  c i r c u i t r y .  Th is  c i r -  

c u i t  board a l so  d i f f e r s  from t h e  pro to type i n  t h e i n p u t  andoutput  p ins  

assignments. Th is  d i f ference was requ i red  t o  s a t i s f y  the  board l a y o u t  c r i t e r i a .  

The t e s t i n g  o f  t h e  c o n t r o l  c i r c u i t  board assembly and the  power module 

was n o t  so successful .  The board f a i l e d  on turn-on of t he  u t i l i t y  l i n e  

resu l  t i n g  i n  d e s t r u c t i o n  o f  several components and some p r i n t e d  w i r i n g  

runs. The cause was t raced  t o  an e r r o r  i n  r e w i r i n g  of t he  harness t o  

t h e  new inpu t /ou tpu t  p i n s  o f  t h e  connector. 

Month 13 - The documentation o f  t he  power module continued. For- 

mal drawings o f  bo th  t h e  mechanical and e l e c t r i c a l  conf igurat ions o f  

t h e  power module a re  70% complete. The c i r c u i t  performance problems 

repor ted  l a s t  month cont inued t o  g i ve  d i f f i c u l t y .  The coupl ing o f  t h e  

snubber inductors  t o  each o t h e r  and t o  the  p r i n t e d  c i r c u i t  board has 

caused e r r a t i c  operat ion.  The problems a re  the  r e s u l t  o f  t he  t i g h t  

packaging concept se lec ted and have a l so  delayed the  f i n a l  t e s t i n g  of 

t h e  completed charger package, Present steps a re  li rec ted  toward m in i  - 

m iz ing  coup l i ng  by p r o v i d i n g  a s h i e l d  o r  b a r r i e r  between the  c i r c u i t  

board and t h e  magnetic components. I f  t h i s  does n o t  solve the  problem, 

the charger must be r e c o n f i  gured. 

Month 14 - Most o f  t he  documentation f o r  t he  charger power module 

was completed dur ing  November. Work on the  module i t s e l f  was l i m i t e d  

t o  i n v e s t i g a t i o n  o f  t h e  c u r r e n t  imbalance and s h i e l d i n g  problems pre- 

v i o u s l y  reported. We have had moderate success i n  understanding and 

c o n t r o l l i n g  both problems. The two c i r c u i t  problems repor ted  l a s t  



month are re l a ted  t o  the high-density packaging'concept f o r  the power 

module. The presence o f  h igh amplitude, high-frequency currents gener- 

ates noise f i e l d s  t h a t  couple between par ts  o f  the power c i r c u i t  and 

fr& the  power c i r c u i t  t o  the cont ro l  c i r c u i t  assembly.. 

We have determined t h a t  cu r ren t  imbalance problems can be minimized. 

bu t  no t  el iminated, by careful  redesign and const ruct ion o f  the SCR 

snubber inductors t o  provide close matching o f  inductance. To solve the 

c i r c u i t  noise problems i n  the cont ro l  c i r c u i t ,  a sh ie l d  was i n s t a l l e d  

between the power c i r c u i t  and cont ro l  c i r c u i t  assembly, e l e c t r i c a l  l y  

connected t o  the chassis (ear th  ground). However, the disadvantage o f  

t h i s  sb lu t i on  i s  t h a t  c i r c u i t  energy coupled i n t o  the sh ie l d  heats the 

sh ie l d  and reduces the ove ra l l  e f f i c i ency .  For t h i s  reason we w i l l  

a lso  inves t iga te  noise decoupling methods wi thout  the use o f  a shie ld.  
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APPENDIX D: SNUBBER CIRCUIT COMPUTER SIMULATION 

The snubber c i r c u i t r y  o f  t h e  h i g h  frequency se r ies  resonant b a t t e r y  

charger was designed w i t h  the  a i d  o f  d i g i t a l  computer c i r c u i t  s imula t ion .  

The s imu la t i on  development i s  presented below. 

The snubber c i r c u i t  i s  represented by a step func t ion  source, U ( t ) ,  

d r i v i n g  a  fou r th  o rde r  passive network. See f i gu re  D-1. 

L I R 1 N ODE L 2 - -,I;-[ 
L -- - . - .. . . . . 

- T 
Figure  D-1 

The SCR would be connected between node n~~mher  one and the  datum 

node. L1 i s  the  main snubber i nduc to r  ( p a r t  o f  t he  resonant c i r c u i t ) ,  

C1 the  snubber capac i to r ,  and R2 the  snubber r e s i s t o r .  C2 represents 

SCR-to-chassi s capacitance and R1 and R3 represent  equ iva lent  se r ies  re -  

s is tances o f  t he  se r ies  element.<. L2, o r d i n a r i l y  ve ry  small, wds l ricl uded 

t o  determine the  e f fec t iveness of a f o u r t h  order  snubber network. The 

l o o p  equations of t h e  network, i n c l u d i n g  i n i t i a l  condi t ions,  a re  ( vo l  tage 

normalized) : 



I I 

where i and i are d i l /d t  and d i p / d t  respect ive ly .  

The i n i t i a l  cond i t ions  are: 

The equations above were simulat2d using 2-transforms and p l o t t e d  

f o r  s p e c i f i c  sets o f  i n i t i a l  cond i t ions  o f  1, [o] a n d  i,[o]. 

The computations were executed on an E A I  640 d i g i t a l  computer; average 

execut ion t ime was s i x  minutes per  curve. 

A s i m p l i f i e d  second order  model f o r  the  snubber network was developed 

t o  reduce computer t ime and a l low computation w i t h  the  ISPICE program 

a v a i l a b l e  through NCSS. The model i s  shown i n  f i g u r e  D-2. 

Figure D-2 

113 



The loop equation i s  (neglecting SCR junction capacitance) : 

The network response t o  a step function was simulated and normalized 

in terms of damping ratio and natural frequency. Families of design curves 

were generated to faci l i ta te  the trade-offs necessary in choosing snubber 

components. 

Figure D-3 illustrates the relationship between SCR anode voltage 

and time (normalized). Figure D-4 i l l  ustrates the normal i zed dv/dt vs. 

time t h a t  can be expected. Both fami lie5 of curvwi are bawd on the 

damping ratio, 5 . 



FIGURE D-3 
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' F o l l o w i n g  i s  an example of snubber component s e l e c t i o n  based on t h e  

second o rde r  model and curves D-3 and D-4. The f o l l o w i n g  assumptions a r e  

made: 

1. SCR dv /d t  w i l l  be 1500V/pS. 

2. Peak app l i ed  l i n e  vo l tage i s  368V AC, 60 Hz; 

3. Snubbing i n d u c t o r  = 20pH. 

Step A: Se lec t  the  damping r a t i o  5 from f i g u r e  D-3 on the  bas is  of 

a l lowab le  overshoot and a  dv /d t  compromise. For t h i s  

example, 5 = 0.595 

Step B: Ca lcu la te  t h e  maximum u ( t ) .  This  w i l l  be the  peak supply 

vo l tage (368V) p lus  the  resonant r ing-up vo l tage a t  p o i n t  

A on the  power c i  r c u i  t schematic (see f i g u r e  2-1 ) . The 

worst  case, under s h o r t - c i r c u i t  cond i t ions ,  w i l l  be a  peak 

o f  about 2.4 t imes the  supply vol tage.  But  s ince  the  nex t  

SCR w i l l  n o t  be t r i g g e r e d  f o r  5pS ( t o  a1 low t ime f o r  SCR 

commutation.), the  vo l tage  a t  p o i n t  A w i  11 decrease t o  .707 

o f  i t s  peak value due t o  r ingback cu r ren t .  Thus, 

Step C: Ca lcu la te  t h e  n a t u r a l  frequency, wn, f o r  the  snubber. From 

curve 0-4, choose t h e  value An (normal ized dv /d t )  f o r  the  

damping r a t i o  5 -  .595. The maximum value i s  11 .l x 

Since 

then 



Step D: To calculate  the snubber capacitor, C ,  

For L = 20pH, 

C = 1.066 x 1 O - ~ F  

Step E: The snubber resistance i s  the c r i t i ca l  damping resistance, 

R c r ,  times the damping ra t io  5. 

Thus, 

Summarizing the val ue selections (with standard val ues chosen) : 

L = 20ph 

C = .OlpF 

R = 5151 

The slmulation neglected the e f fec ts  of reverse recovery current in 

the ant i -paral le l  (ring-back) diodes, by assuming tha t  i n i t i a l  current 

i n  the network was zero. Experience shows that  the has i c  curve shape 

i s  unchanged, but the i n i t i a l  dv/dt will be al tered.  This i s  a t  l e a s t  

par t ly  o f f se t  by junction capacitance in the SCR's, which i s  re lat ively 

large a t  low applied voltages. 
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METER READINGS 

- 

V A ~ ~  'OUT 
Photo # AC IIN VDC .<-i _ ... I . .  . . . 

a "  
. . . .IN . . , . , . .  . . . . . - , , I DC ... (VIn . <  ..... . ._ x . . . .  ,. _ lIN) , (Computed) . . . - 

, , 1 .; i. , >'. : :' : .. . ' 

. .  . - 1  . . , . .. - . '  ' ' r .  
2 4.0 ' 4;5 . . .: ,520 * 144.5 - . , ,  

" -  - . -. . 6 I . 
, .. . ' . .... ^ . -. . . . 2.75 , ,.. .;: - 1080 .. ' ': .- ,'." . . . . 

C .  i ;  2 , . .  . - 240.  6.2 . A . iozo 1'44.8 . . '6.25 . 1488. 9-i2". 

1 3 240 7.8 1600 144.7 10.0 1872 - 
4 240 9.7 2000 144.6 12.25 2328 - 1 5 240 14.9 3120 144.5 18.25 3576 ' 2723 
6 240 18.9 3900 144.4 22.4 4464 - 
7 240 19.9 4000 137.2 23.0 4776 3345 
8 240 16.6 3690 130.0 23.0 3984 3038 
t 240 15.95 3500 - 

I 
124.0 22.75 3828 

1 2904 
I 

9 240 15.7 34 50 120.6 23.0 3768 / 10 240 14.5 ,3175 107.3 23.1 3480 - 
lz 1 1 1  240 13.1, 2890 95.6 23.0 3144 231 1 
o 12 . 240 12.1 2610 83.9 23.0 2904 - I 

13 240 10.8 2350 72.6 23.0 . 2592 - 1 14 1 240 16.7 '3700 133.4 22.8 4008 3198. - 264 4.0 500 144.9 2.75 1056 - 

i 
- 21 6 4.3 500 144.9 2.75 929 - - - 216 7.5 1350 144.8 8.50 1620 

f 
- - 264 6.8 1400 144.8 8.5 1795 . 

1 - 264 8.5 2000 144.7 '12.1 2244 
1 - 21 6 11.15 2000 144.7 12.1 2408 i - 264 11.65 2750 144.6 16.5 3076 - 216 15.6 2825 144.6 16.5 3370 
! - 264 14.61 3475 144.5 20.25 3857 i 
! - 216 18.1 3280 140.2 19.0 

- 3910 
216 18.8 3700 130.0 22.8 406 1 f 

NOTE: *Indicates no photogOaph included. 
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This appendix contains the raw data from which the p~&! nodul e 

performance data were derived (see Section 4.2). The tab page E-1 

summarizes these data. 

The f 01 lowi ng pages contai n representative osci 11 o hotogr aphs 

o f  output current and voltage, and the  data points used 

calculat ions o f  ef f ic iency. Photograph No. 8 repeats the ca lcu lat ion 

example shown i n  Section 4.2.2. Output power was computed for selected 
, ' 

 waveform^. , . 

A1 1 o f  these data were obtained w i th  operation on a $0. Hz u t i l i t y  
C '  . 

1 ine. For t h i s  reason, the watt-second value for each h a l f  :cycle I s  

integrated over 8.33 ms, the period at  one-half cycle a t  60 Hz. The 

resu l t ing  paver i s  the one-half cycle average, which can be considered 

the long-term average output power fo r  most charge condi tjons. 



PHOTO #2 

Data 
P t  Time Voltage Current 

Average Paver = 7.68 = 922W 
.00853 



'_ # OlOHd 



PHOTO #5 

Data 
P t  Time Voltage Current 

Average Power = 22.69 = 2723W .m 



PHOTO #7 

Data 
P t  Time Voltage Current 

Average Pawer = 27.76 = 3345W 
.W833 



PHOTO #8 

. - lo Z 
0 _____) 

691 
TIME 5 

Data 
P t  

1 

Average Current 

Average Power, Metered 
(Average Current* 
Average Voltage) 

Average Power, Cal cul ated 
( Integrated I nstantaneous 
Products) 

Current 
0 

Meter Readi ngs Manual Irl leyrdl iun 

See Appendix E f o r  Additional Data Reductions 126 



PHOTO #9 

Data 
P t  Voltage Current 

Average Power = 24.2 = 2904W 
. m 3  



PHOTO ill 

Data 
P t  Time Volt age Current 

Average Power = 19.26 = 231 1W 
a 0 0 - 8 3 3  



EL# OlOHd 2 L# OlOHd 

DL# OlOHd 



PHOTO t14 

Data 
P t  Time Voltage 

Average Power = 26.65 
.00833 

130 
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APPENDIX F. 

ESTIMATED MATERIALS COSTS 

Descr i p t  i on Quantity Cost - 
100's 1,000's 10,000's 

. . 

P r in ted  C i r cu i t  Board Ass'y. 1 47.46 37.39 29.78 

Paver Rec t i f i e rs  8 .  77.98 60.19 40.45 

ASCR's, RCA S3710M 4 56.00 56.00 . 56.00 

Bridge Rec t i f i e r  1 15.40 15.40 1'5.40 

Fr ee-Wheel i ng Diode 1 16.35 11.47 5.89 

Heat Sinks, ' 4 14.95 12.15 9.35 

~ a r i  stor ( t rans ient  suppressor) 1 1.55 1.16 . .C5 

1 Input  Capacitor 8.73 7.27 ' 7.06 

Resonant Capacitors 

Output Capacitors 

Snubber Capacitors 

Cool ing  Fan & F i l t e r s  

Control Transformer 

Output Transformer 

Input Choke 

Current Transformer 

Snubber Inductors 4 6.00 5.00 4.00 

Input C i r c u i t  Breaker 1. 19.70 16.20 16.i0 

Output Fuse & Block 1 3.27 2.80 2.35 

Output Connector 1 3.10 

L ine  Cord Set 1 4.67 3.74 2.80 

Enclosure* 1 18.70 18.70 18.70 

Sub-Total 426 08 362.43 314.75 

~ n d i c a t o r s  (Meters g' Shunt) Set 41 .89 38.27 34.70 

*This estimate i s  for an enclosure manirfaktured in-house. The caimercial 
enclosure supplied with the model fo r  t h i s  contract h,as a cost of $49.00 i n  
thousands. 

I .  
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POWER MODULE OPERATION AND CALIBRATION 



APPENDIX G 

POWER MODULE OPERATION AND CALIBRATION 

I. Safety Consider a t  i ons 

A. Always connect t o  a grounded s ing le  phase 240 V 60Hz u t i l i t y  

l i ne ,  w i t h  a 20A capacity. 

B. Do not  operate w i t h  covers removed. 

C. Do not block a i r  i n take  or exhaust openings. 

!I. Do not operate w i t h  damaged l i n e  or output cables. 

E. Clean a i r  f i l t e r s m o n t h l y .  

F. Do not contact output  terminals. High voltage ex is ts  a t  thesc 

terminals. 

G. High voltages e x i s t  a t  several po in ts  w i t h i n  t h i s  equipment. 

Service should be done by qua1 i f i e d  personnel only. 

11. Physical I n s t a l l a t i o n  

A. The charger cab inet  must be f u l l y  assembled and a l l  hardware 

secured p r i o r  t o  operation. 

B. The charger must be mounted s e c ~ ~ r e l y  i n  a clean location. 

S u f f i c i e n t  space ( 4  inches or more) must be provided a t  f r o n t  

and rear panels f o r  a i r  intake and exhaust. 

C. The charger must not  be i n s t a l l e d  where the ambient 

t m p e r a t u r ~  exceeds 40°C na where wdter can f a l l  or be 

splashed on t he  cabinet. 

O. Bat tery  fumes must not be drawn i n t o  the cabinet. 



APPENDIX G (cont 'd )  

m 111. Power Requirements 

A. Connect t h e  charger t o  a s i n g l e  phase, 60Hz, 240V grounded 

supply. The l i n e  breaker must be ra ted  a t  20A or  more. The 

se rv i ce  s h a l l  be s ized according t o  t h e  breaker r a t i n g ,  b u t  

must not  be smaller- than AWG 12. 

" I V .  C i r c u i t  Adjustments 

Refer t o  Schematic Diagram SC6041000,and t h e  Contro l  C i r c u i t  

Board Assembly, SC6041022. 

The charger has been c a r e f u l l y  adjusted p r i o r  t o  de l ivery .  I f  

adjustments should be required,  they should be made i n  t h e  fo l lowing.  

sequence, w i t h  the  i npu t  l i n e  a t  240VAC and a t  f u l l  output  power (23A @ 

120V b a t t e r y )  except as noted. 

A. R281 - - Adjus t  t h e  maximum f i r i n g  i n t e r v a l  f o r  zero deadtime 

between l a s t  ringback pulse and t h e  next main pulse, as seen 

across R206 w i t h  <8A output  current .  (see f i g u r e  G-1). 

B. - R286 - Ad jus t  t h e  minimum commutation t ime t o  7uS, as seen on 

C229 w i t h  a CRO. (Adjust  a t  low 1 ine). see f i g u r e  G-2. 

'c. - R264 - Adjus t  f o r  t o t a l  conduct ion per iod  of 5mS each h a l f  

c y c l e  a t  12nV bat te ry .  see f i g u r e  G-3. 

D. R243 - Ad jus t  f o r  maximum charge vo l tage o f  145V (ad jus t  w i t h  

f u l  l y  charged b a t t e r y  attached). 

R234 - Adjust  f o r  an output  DC cu r ren t  o f  23A a t  b a t t e r y  E* - 
voltages 4120V. 
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