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R .  W. C a l l i s ,  G.  Jackson,  J. deGrass i e ,  P. P e t e r s o n ,  F. LeVine 
Genera l  Atomic Co. 

The i n t e r r u p t i o n  o f  t h e  E-coi l  c u r r e n t  is 
accomplished by t h e  use  o f  a n  a r r a y  o f  Vacuum C i r c u i t  
Breakers  (VCB's) and a  c o u n t e r  p u l s e  ne towrk . .  The VCB 
a r r a y  c o n s i s t s  o f  f o u r  p a r a l l e l  l e g s  w i th  two VCB1s 
p e r  l e g .  These VCB1s a r e  o f  a  s p e c i a l  des ign  having 
a n  i n t e r n a l l y  gene ra t ed  a x i a l  magnet f i e l d  which 
a l l o w s  each VCB t o  i n t e r r u p t  32 kA. The coun te r  p u l s e  
network c o n s i s t s  o f  a  2.5 mFarad c a p a c i t o r  bank, a  10 
t o  20 micro  henry  i n d u c t o r  and a n  i g n i t r o n  swi tch .  
T h i s  c i r c u i t  i s  a d j u s t e d  t o  provide  t h e  a p p r o p r i a t e  
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Bbstract 

The ohmic h e a t i n g  system f o r  t h e  Doublet  I11 f u s i o n  A s i m p l i f i e d  c i r c u i t  diagram d f  t h e  ohmic h e a t i n g  
r e s e a r c h  dev ice  a t  Genera l  Atomic i s  r e q u i r e d  t o  system is shown i n  F i g u r e  I .  The E - c o i l  power supp ly  
p rov ide  t h e  v o l t a g e  f o r  t h e  i n i t i a l  breakdown phase V ,  i s  a  t h y r i s t o r  c o n t r o l l e d  r e c t i f i e r  sys tem (850 v ,  
( t h e r e  is  no  p r e i o n i z a t i o n )  a long  wi th  t h e  energy t o  150 kA) t h a t  is  used t o  dra ive  t h e  i n i t i a l  d c  b i a s  
d r i v e  t h e  plasma c u r r e n t  t o  a  v a l u e  of 2.5 MA o r  c u r r e n t  i n  t h e  E-coil  and i s  a l s o  used wi th  feedback 
g r e a t e r .  T h i s  r e q u i r e s  a  peak one t u r n  vo l t age  of 250 c o n t r o l  t o  ma in t a in  plasma c u r r e n t  f l a t t o p  a f t e r  
v o l t s  (16 kV a c r o s s  c o i l  t e r m i n a l s )  and a  magnet ic  
f l u x  swing of  5  volt-seconds (peak c o i l  c u r r e n t  O f  110 
kA). T h i s  v o l t a g e  and f l u x  swing i s  acccomplished by - Sl. - . 

d i / d t  and dv /d t  v a l u e s  a t  t h e  c u r r e n t  z e r o  f o r  p rope r  . 
a r c  i n t e r r u p t i o n .  

r e v e r s e  b i a s i n g  t h e  ohmic h e a t i n g  c o i l  (E -co i l )  where,  
upon r each ing  a  va lue  o f  110 kA t h e  c o i l  c u r r e n t  is  
i n t e r r u p t e d  and commutated i n t o  a RC network producing 
16 kV a c r o s s  t h e  c o i l .  When t h e  E-coi l  c u r r e n t  p a s s e s  
through z e r o  t h e  power supply  i s  reconnected  and 
d r i v e s  t h e  c u r r e n t  h i g h e r  r each ing  a  peak forward 
c u r r e n t  o f  110 kA, complet ing  a  f u l l  5  vol t -second 
f l u x  swing. 

A d e s c r i p t i o n  is  g iven  o f  t h e  ohmic h e a t i n g  
c i r c u i t  and t h e  performance o f  t h e  vacuum c i r c u i t  
b r eake r  a r r a y  and i t s  c o u n t e r  p u l s e  system. 

Introduction 

CIRCUIT 
BREAKER 

Doublet  I11 is  a  n o n c i r c u l a r  c r o s s  s e c t i o n  
t o r o i d a l  plasma magnetic confinement experiment be ing  
t e s t e d  a t  Genera l  Atomic a s  p a r t  o f  i t s  r e s e a r c h  
program i n  n u c l e a r  fu s ion .  Th i s  r e p o r t  d e s c r i b e s  t h e  
performance and o p e r a t i o n  o f  t h e  ohmic h e a t i n g  system 
f o r  Doublet  111, i n  p a r t i c u l a r  t h e  performance o f  i t s  
c i r c u i t  b r eake r  system. 

The h igh  peak v o l t a g e  and power r equ i r ed  t o  
i n i t i a t e  t h e  plasma d i s c h a r g e  is  ob ta ined  wi th  a n  
i n d u c t i v e  s t o r a g e  and power supp ly  system. I n  t h i s  
system t h e  ohmic h e a t i n g  c o i l  (E -co i l )  f u n c t i o n s  a s  a n  
i n d u c t i v e  energy s t o r a g e  c o i l .  P r i o r  t o  t h e  
d i s c h a r g e ,  an  e x t e r n a l  power supply  is used t o  
e s t a b l i s h  a  d c  b i a s  c u r r e n t  i n  t h e  E-coil .  A t  t h e  
d e s i r e d  in s t an t ' ,  an i n t e r r u p t e r  swi t ch  (vacuum c i r c u i t  
b r eake r  sys tem) is used t o  t r a n s f e r  t h e  E-coi l  c u r r e n t  
from t h e  power supply  t o  a  h igh impedence RC network. 
The r e s u l t i n g  RLC o s c i l l a t i o n  g e n e r a t e s  an  i n i t i a l  
peak v o l t a g e  o f  16 kVdc (250 v o l t s / t u r n )  a c r o s s  t h e  
E -co i l ,  inducing a  r a p i d  b u i l d  up o f  plasma c u r r e n t .  
Even tua l ly  t h e  capac i t ance  i n  t h e  RC network r e v e r s e s  
t h e  t i-coil  c u r r e n t ,  and a u x i l l a r y  swi t ch ing  is  used t o  
r econnec t  t h e  power supp ly  wi th  o p p o s i t e  p o l a r i t y  t o  
f u r t h e r  i n c r e a s e  t h e  c u r r e n t  which s u s t a i n s . t h e  plasma 
c u r r e n t  f l a t t o p .  
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plasma i n i t i a t i o n .  Swi t ches  S1 ' t h r o u g h  S4 a r e  
r e v e r s i n g  swi t ch  t h a t  changes  t h e  connec t ion  p o l a r i t y  
o f  t h e  E-coil  powerisupply d u r i n g  t h e  s h o t .  Switch S5 
is  a  h igh speed making swi t ch  1  t h a t  connec t s  t h e  RC 
network a c r o s s  t h e  E-coi l  j u s t  p r i o r  t o  c i r c u i t  
i n t e r r u p t i o n .  Diodes Dl and D2 a r e  b locking d i o d e s  
t h a t  p reven t  c u r r e n t  t o  f low t o  t h e  f i e l d  shap ing  
co i l / power  supp ly  system' d u r i n g  t h e  b i a s  phase o f  t h e  
s h o t  (The f i e l d  shap ing  Coil/power supp ly  system i s  . 
d i scussed  i n  a n o t h e r  paper  a t  t h i s  con fe rence  '. 

The c i r c u i t  f u n c t i o n s  a s  fo l lows :  i n i t i a l l y  S1, 
S2 , and t h e  c i r c u i t  b r e a k e r  a r e  c l o s e d  and a l l  o t h e r  
s w i t h c e s  a r e  open, and t h e  main cap  bank is  precharged 
t o  4kV. The E-coi l  power supp ly  is  used t o  d r i v e  a  
r e v e r s e  b i a s  c u r r e n t  o f  up to-110 kA through t h e  
E-coi l .  Diode D3 p r e v e n t s  c u r r e n t  from f lowing 
through t h e  c i r c u i t  b r e a k e r  d u r i n g  t h i s  phase.  When 
t h e  d e s i r e d  r e v e r s e  b i a s  c u r r e n t  is reached t h e  power 
supply  is  i n v e r t e d  ( p o l a r i t y  is  changed by c o n t r o l l i n g  
t h e  f i r i n g  a n g l e  o f  t h e  t h y r i s t o r s ) .  Allowing t h e  

Diode D3 t o  conduct  t h u s  making t h e  c i r c u i t  b r eake r  a  
crowbar a c r o s s  t h e  E-coi l .  When t h e  c u r r e n t  from t h e  
supp ly  r e a c h e s  z e r o ,  S1/S2 open i s o l a t i n g  t h e  supp ly  
from t h e  c i r c u i t .  The c a p a c i t o r  bank swi t ch  then  
c l o s e s  connec t ing  t h e  RC network a c r o s s  t h e  E-coi l .  
T h i s  e s t a b l i s h e s  t h e  LRC network s o  t h a t  when t h e  
c i r c u i t  b r eake r  opens t h e  c u r r e n t  w i l l  be commutated 
t o  t h e  RC network producing 16kV a c r o s s  t h e  c o i l .  The 
o s c i l l a t i o n  Of t h e  LRC c i r c u i t  f o r c e s  t h e  E-coi l  
c u r r e n t  through z e r o  a t  which t ime  s w i t c h e s  S  s,, 
c l o s e  r econnec t ing  t h e  E-coil  power supp ly  wi ich  is  
used i n  a  c o n t r o l l e d  manor t o  ma in t a in  plasma c u r r e n t  



f l a t t o p .  F i g u r e  2 shows t h e  v o l t a g e  and c u r r e n t  ' 

waveforms o f  t h e  E -co i l ,  c i r c u i t  b r eake r ,  E-coil  power 
supp ly ,  and plasma c u r r e n t  f o r  s h o t  No. 3177. 

A 

B 

C 

A E-coil currant 25 k~ldiv 
B E- coil power Supply current 25 kA 1 div 

C Circuit Breoksr current 25 k A /  div 

D E-coil voltoge - 1  kV/ div 

E Rosmo current SO0 k A  1 div 

Fig. 2 Voltage .and Current waveforms shot 4 3177. 

During t h e  des ign  o f  Doublet  I11 s e v e r a l  t y p e s  o f  
c i r c u i t  b r eake r s  have been proposed,3  they  a r e  
t h y r i s t o r  swi t ches  (SCR), vacuum i n t e r r u p t e r s ,  a i r  
b l a s t  b r e a k e r s ,  l i qu id -me ta l  p l a sma .va lves  (LMPV) and 
a c t i v e  fu ses .  A f t e r  a  thorough i n v e s t i g a t i o n  o f  t h e  
above d e v i c e s  i t  was determined t h a t  t h e  b e s t  d e v i c e  
t o  use  f o r  t h e  c i r c u i t  b r eake r  was a  new vacuum 
i n t e r r u p t e r  b u i l t  by t h e  Toshiba E l e c t r i c  ~ompany.4 

These vacuum i n t e r r u p t e r s  have an  i n t e r n a l l y  

produce a x i a l  magnetic f i e l d  which promotes h igh  
c u r r e n t  s t a b l e  a r c s ,  lower a r c  v o l t a g e  and low 
e r r o s i o n  r a t e s .  

The c i r c u i t  b r eake r  b u i l t  f o r  Doublet  I11 i s  
modeled a f t e r  a  c i r c u i t  b r eake r  b u i l t  and t e s t e d  f o r  

t h e  JT-60 program.5 T h i s  c i r c u i t  b r eake r  system 
c o n s i s t s  o f  connec t ing  i n t e r r u p t e r s  i n t o  f o u r  p a r a l l e l  
l e g s  w i th  two s e r i e s  i n t e r r u p t e r s  p e r  l e g  ( t o t a l  o f  

e i g h t  i n t e r r u p t e r s ) .  The system i s  b u i l t  u s ing  
s t anda rd  t h r e e  phase A.C. c l r c l ~ i t  b r eake r  mechanisms. 
were two i n t e r r u p t e r s  a r e  s e t  i n t o  each o f  f o u r  u n i t s .  

The c i r c u i t  b r eake r  system is  c o a x i l l y  con f igu red  a s  
shown i n  F igu re  3 t o  minimize magnetic i n t e r a c t i o n s  
bctwccn bueliork and i n t e r r u p t . s .  A aahemat ic  f o r  t h i s  

system i s  shown i n  F igu re  4 ,  and t h e  performance 
c h a r a c t e r i s t i c s  a r e  g iven  i n  Table I .  

A s  can be seen i n  F ig .  4.. t h e r e  a r e  two vacuum 
i n t e r r u p t e r  p e r  l e g ,  t h i s  was done t o  e l i m i n a t e  
c u r r e n t  r e i g n i t i o n  a f t e r  c u r r e n t  i n t e r r u p t i o n ,  a  

c o n d i t i o n  t h a t  could  l e a d  t o  s e v e r e  e l e c t r o d e  e r o s i o n  
and damage. Even though t h e  vacuum i n t e r r u p t e r s  used 
have a  demonstrated r e i g n i t i o n  r a t e  o f  l e s s  t han  0.1%. 
it was determined t h a t  f o r  maximum r e l i a b i l i t y  two 
i n t e r r u p t e r s  should be pu t  i n  s e r i e s  p e r  p a r a l l e l  l e g .  
A l i f e  t e s t  o f  such a  system showed no r e i g n i t i o n  
du r ing  10,000 s h o t s .  

FIG. 3 MECHANICAL LAYOUT OF THE 
DOUBLET m CIRCUIT BREAKER. . 

Figure  4 

Schematic of Doublet  I11 

E-coi l  C i r c u i t  Breaker  



A general ized waveform of the  cur ren t  and vol tage 
produced i n  the  c i r c u i t  breaker, j u s t  p r i o r  t o  and 

e a f t e r  cur ren t  in te rup t ion  i s  shown i n  Fig. 5. It is  

important t o  note  the  changes i n  d i / d t  j u s t  p r i o r  t o  

P cur ren t  in te r rup t ion  and the  s l i g h t  negative vol tage 
a c r o s s  t h e  breaker immediately following cur ren t  
in te r rup t ion .  The d i / d t  change i s  caused by t h e  
s a t u r a b l e  r e a c t o r  i n  each l e g  of the c i r c u i t  breaker 
coming out  of sa tua t ion  with decreasing cur ren t .  The 

value of d i / d t  a t  cur ren t  zero i s  a key. f a c t o r  i n  
r e l i a b l e  cur ren t  i n t e r r u p t i o n ,  thus requ i r ing  c l o s e  
coordinat ion between the  s t a t u r a b l e  r e a c t 0 r . L ~  and t h e  
counter pulse components Cc and L ~h nega 
voltage appearing across  the  circui tc 'breaf?er  a%; 
cur ren t  zero i s  caused by the  res idua l  charge on the  
commutation capac i to r  Cc t h a t  i s  i n  excess t o  t h a t  
which is  necessary t o  fo rce  a cur ren t  zero. 

Current r 

lo Current t o  be interrupted 

(di/dt ), Meon rote of toll  of current 

(dildtl ,  Rote of toll of current ot current zero 

(dv/dt )o  Rote of rise of negative voltoge 

Vnp Negotive pook voltoge 

( d ~ / d t ) ~  Rote of rise of positive voltoge 

Vpp Positive peok voltoge 

FIGURE 5. GENERALIZED CURRENT AND VOLTAGE 

WAVEFORMS FOR A VACUUM INTERRUPTER AT 
CURRENT ZERO. 

TABLE I 

~ e s i s t a n c 6  of closed switch 

Holdoff voltage of 
open contac t s  

Open time ( t r i p  s igna l  t o  
c o i ~ t a c t  openiw)  
Maximum r a t e  of 
vol tage recovery 
Current r i s e  time 
Current r i s e  time near 
cur ren t  zero 
Pulse r e p e t i t i t i o n  r a t e  
Saturable  r e a c t o r  

switch inductance 
Peak Current 
Conduction time 
Time t o  reach vol tage 
peak a f t e r  cur ren t  
in te r rup t ion  
Voltage i s o l a t i o n  t o  
ground 
Short C i r c u i t  cur ren t  

Restr ike frequency 

l e s s  than 
.5 q ohm 

20 kV ( a f t e r  
i n t e r r u p t )  

30 mgec 2 msec 

300 V/micro sec 
96 A/mpro sec peak 

26 A/micro sec 
1 pulse per 300 sec 
100 micro H 
saturated/each 
400 micro H 

unsaturated/each 
40 micro H 
125 kA 
100 msec peak 

1.3 msec 

41 kVdc 
1 x 106 A RC 
=5 msec 
7 x 105 A half s i n e  
6 msec 
l e s s  than 0.5% 

The excessive charging components of Cc is done 
t o  compensate f o r  any deviat ion i n  c i r c u i t  components 
of the p a r a l l e l  l e g s ,  s u c h a s ;  opening 
j i t t e r , .  component r e s i s t a n c e ,  e t c .  t h a t  cause cur ren t  
imbalances which may vary the  time of cur ren t  zero i n  
each leg .  In  system operat ion,  the  negat ive voltage 
Vnp should be kept minimally small approximately 6kV 
t o  prevent re ign i t ion .  

Figure 6 shows the  cur ren t  in te r rup ted  i n  each 
l e g  of the  c i r c u i t  breaker and the  vol tage developed 
across  the open vacuum i n t e r r u p t e r .  The cur ren t  
sharing between l e g s  a r e  equal t o  within 5% and t h e  
opening j i t t e r  between each vacuum i n t e r r u p t e r  i s  l e s s  
than 1 msec. For t h i s  sho t  the t o t a l  in te r rup ted  
cur ren t  was 60 k ~ .  

2 kV/ DIV 

25 kA/DIV 

6.125 kA /DlV 

6.125 kA / DlV 

6.125 kA / DIV 

6.125 kA / DIV 

. O  1000 2000 y sec 

Figure 6 .  Voltage and Current Waveforme 
f o r  the Vacuum C i r c u i t  Breaker 
a t  Current Zero, Shot 16084 

The counter pulse system i s  e s s e n t i a l l y  an LC 
o s c i l a t i o n  loop t h a t  superimposes an a c  current  on top  
of t h e  dc cur red t  flowing through the vacuum 
in te r rup te rs .  The charge and s i z e  of  the counter 
pulse capac i to r  nomially c a l l e d  a commutation 

capacitor Cc is  chosen such t h a t  a cur ren t  zero is  
reached on the  f i r s t  quar te r  cycle  a f t e r  the c i r c u i t  
i s  connccted across  the  n l r c u i t  breaker. 



The s i z e  of the  commutating capac i to r  bank and 

commutating inductor a r e  chosen t o  work i n  conjunction 
g w i t h  the sa turab le  r e a c t o r  t o  g ive  ( d i / d t )  and 

( d i / d t ) o  valves within t h e  c a p a b i l i t y  of the vacuum 

> i n t e r r u p t e r  ( see  Table I ) .  The vol tage capabi l i ty  of  
the commutating bank is  chosen t o  be compatible with 
the  peak pos i t ive  recovery vol tage,  Vpn, which is 
determined by the  ohmic heating c o i l  and i t s  p a r a l l e l  

# 
RC network (see Table I ) .  

The commutating capac i to r  bank i s  a 2.5 m F 2 25 
kV bank composed of 144 capac i to rs  i n  p a r a l l e l .  The 
capac i to rs ,  made by Westinghouse E l e c t r i c  Company, a r e  
of a paper-plastic f i lm type of construct ion with a 
Isopropyl-biphenal (Wemcol) d i e l e c t r i c .  The average 
d i e l e c t r i c  s t r e s s  i s  3896 vol ts /mil .  

TABLE I1 

COUNTER PULSE SYSTEM PARAMETERS 

Commutation Capacitor 
NO Capacitors 
Commutation Inductor 

Ign i t ron  Switch 
s i z e  
coulomb r a t i n g  
hold o f f  vol tage 
Peak Current 

Bank 2 . 5 m F ; # 5 k V  
144 u n i t s  
17 micro H with 
t a p s  a t  15, 12 and 9 

micro H , 

NL-1.059 type D 

120 coulombs 
20kV 
150 kA 

The switch connecting the commutation capac i to r  
bank across  the  c i r c u i t  breaker i s  cpposed  of  two 

.j p a r a l l e l  l egs  with two s e r i e s  i g n i t r o n s  i n  each leg .  
E a c h  ign i t ron  i s  a s i z e  D ign i t ron  with a coulomb 
r a t i n g  of 120 coulomb, and a vol tage stand o f f  r a t i n g  

of 20 kV. Each l e g  i s  capable of passing the charge 
s to red  i n  the  commutation bank, however t h e  
c r i t i c a l i t y  of  t h i s  system working a t  the  moment of  
contact  separat ion required a complete redundent 
system. The design with two ign i t rons  i n  s e r i e s  
evolved when it was found t h a t  a s ing le  ing i t ron  could 
not r e l i a b l y  hold o f f  the  nominal 20 kV t o  which the  
capac i to r  bank waa charge. A condit ion which could 
lead t o  p o t e n t i a l  damage t o  the  o ther  ohmic heat ing 
c i r c u i t  components; the se r ies ing  of two ign i t rons  has 
solved t h i s  problem. 

Discussion 

This paper has shown t h a t  a c i r c u i t  breaker 
capable of in te r rup t ing  125 kA a t  16 K V  can De maae by 

p a r a l l e l i n g  vacuum i n t e r r u p t e r s  i n  a 2.5-4P 

arrangement. This system was i n s t a l l e d  and checked 
ou t  i n  the  summer of ,1978 and s ince  then has been 
operat ing on a rou t ine  b a s i s  and approximately 2000 
sho ts  have been logged s o  f a r .  The operat ion of t h i s  
c i r c u i t  breaker has been very r e l i a b l e  and there  has 
not been one case of cur ren t  r e i g n i t i o n  i n  a l l  these 
shots .  

The Doublet I11 program is  s t a r t i n g  a new phase 

of  construct ion i n  which the  power systems w i l l  be 
duubled 111 caydbl l l ly .  Fur Lilt: uilulc h a a l l r ~ g  sysLsu a 

c i r c u i t  breaker capable of i n t e r r u p t i n g  250 kA a t  20 

kV w i l l  be needed. It i s  again expected t h a t  by 
p a r a l l e l i n g  vacuum c i r c u i t  breakers t h i s  goal can be 
met. New progress i n  vacuum i n t e r r u p t e r  design has 
increased i t s  d i / d t  and dv/dt c h a r a c t e r i s t i c s  a t  
cur ren t  zero allowing f o r  smaller  commutation 
capaci tor  bank and progress is  being made i n  reducing 

tho re ign i t ion  pate  and i n  extending the  vaouum 
i n t e ~ % u p L t : ~ . ~  t5lt:cL1'lcdl a d  aec l~aniaa l  l i f e  t o  oval' 
10,000 in te r rup t ions .  6 It is possible  t h a t  with 
these newer vacuum i n t e r r u p t e r s  a c i r c u i t  breaker can 

be b u i l t  with simple p a r a l l e l  construct ion (having two 

i n t e r r u p t e r s  i n  s e r i e s  not being required)  which w i l l  
lead to'  lower i n i t i a l  c o s t  and lower maintenance. 
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