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Significance

Part 6: Textbooks, tutorial, and reviews

A tutorial paper presented to the IEEE Industry Applications Society, as a complement to a parallel paper

presented to the IEEE Power Engineering Society in 1976 (see the file “TCL Proposal”) and to the

international EMC community (see the file”TCL philosophy”).  Includes a detailed description of the “Ring

W ave” and possible generator circuits to produce this novel (at the time)  waveform.
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A b s t r a c t  

F a i l u r e  and c i r c u i t  upset o f  e l e c t r o n i c  equipment 
caused by t r a n s i e n t s  has now been recognized as a s i g -  
n i f i c a n t  obs tac le  t o  the  development o f  new systems. 
While designers have recognized the  problem and are 
t a k i n g  steps t o  deal w i t h  i t  i n  t h e i r  own systems, 
the re  i s  a l a c k  o f  o v e r a l l  coord ina t ion  beyond t h e  con- 
f i n e s  o f  a g iven b lack  box. The t o t a l  environment must 
be considered i n  c o n t r a s t  t o  t h e  present  approach where 
e l e c t r o n i c  power and c o n t r o l  equipment i s  a l l  too  o f ten  
designed, b u i l t ,  and de l i ve red  be fo re  the  t r a n s i e n t  
t h r e a t  i s  d e a l t  w i th .  

The authors t r a n s i e n t  c o n t r o l  1  evel (TCL) ph i  l o s -  
ophy prov ides an approach toward coord ina t ion  of t h e  
i n t r i n s i c  c a p a b i l i t y  o f  equipment t o  w i ths tand  over- 
voltages, t h e  c a p a b i l i t y  o f  e x i s t i n g  o r  f u t u r e  protec-  
t i v e  devices f o r  l i m i t i n g  overvol tages,  and t h e  known 
o r  assumed c h a r a c t e r i s t i c s  o f  surge vol tages i n  power 
systems. Examples o f  t h i s  coord ina t ion ,  f o r  general 
app l i ca t ions  as w e l l  as f o r  a s p e c i f i c  power conver te r  
c i r c u i t ,  a r e  g iven a t  t h e  end o f  t h e  paper. The paper 
a lso  discusses the  e v o l u t i o n  o f  the  TCL phi losophy 
s ince  i t s  i n i t i a l  d isc losure.  

INTRODUCTION 

Present standards do n o t  o f f e r  s u f f i c i e n t  guidance 
t o  designers and manufacturew o f  e l e c t r o n i c  equipment 
regarding what types o f  t r a n s i e n t s  t o  consider  and how 
t o  prove t h a t  equipment works i n  t h e  presence o f  t ran -  
s ien ts .  This  s i t u a t i o n  i s  perhaps under b e t t e r  c o n t r o l  
i n  the e l e c t r i c  power f i e l d  than i t  i s  i n  t h e  f i e l d s  o f  
aerospace, general i ndus t ry ,  housewares, and the  mi 1 i- 
tary .  For instance,  the  Working Group on Surge Vo l t -  
ages i n  AC Power C i r c u i t s  Rated 600 V o l t s  and Less, o f  
the IEEE Surge P r o t e c t i v e  Devices Committee, has been 
c o l l e c t i n g  data on the  occurrence o f  surges f o r  several  
years. Th is  group i s  now i n  t h e  process o f  prepar ing 
a gu ide l ine  document descr ib ing  t h e  t r a n s i e n t  envi ron-  
ment [I]. The IEEE Power System Re1 ay i  ng Comni t t e e  
a lso  has c o l l e c t e d  in fo rmat ion  on t h e  surges found i n  
power substat ions and has developed the  Surge Withstand 
Capabil i t y  (SWC) t e s t  [2]. Trans ien t  i n s u l a t i o n  coor- 
d i n a t i o n  i s  w e l l  developed w i t h  regard t o  h igh  vo l tage  
apparatus. I n s u l a t i o n  s t r u c t u r e s  a r e  designed t o  meet 
s p e c i f i c  i n d u s t r y  s tandard t r a n s i e n t  1 evel s, and t h e  
equipment i s  subjected t o  p roo f  t e s t s .  The design l e v -  
e l s  are coordinated w i t h  the  c a p a b i l i t i e s  o f  e x i s t i n g  
surge p r o t e c t i v e  devices. E l e c t r o n i c  and c o n t r o l  
equipment, on the  o t h e r  hand, i s  a l l  too  o f t e n  designed. 
b u i l t ,  and d e l i v e r e d  be fo re  t h e  ex is tence o f  a t ran -  
s i e n t  t h r e a t  i s  recognized. If t r a n s i e n t s  t u r n  o u t  t o  
endanger the  equipment, the re  may be na adequate surge 
p r o t e c t i v e  devices. I n  f a c t ,  the re  may n o t  be a s a t i s -  
fac to ry  answer t o  t h e  problem posed by t r a n s i e n t s  when 
r e t r o f i t  s i t u a t i o n s  a re  involved.  

I n  an at tempt t o  improve t h e  s i t u a t i o n ,  where ex- 
i s t i n g  standards do n o t  o f f e r  s u f f i c i e n t  guidance, t h e  
authors have proposed the  concept o f  t r a n s i e n t  c o n t r o l  
l e v e l s  [3], pat terned a f t e r  t h e  basic  i n s u l a t i o n  l e v e l  
(BIL) approach which has been u t i l i z e d  very success- 
f u l l y  i n  t h e  e l e c t r i c  u t i l i t y  f i e l d  t o  coordinate t h e  
wi thstand c a p a b i l i t y  of equipment, the  s u r g e - l i m i t i n g  
a b i l i t y  o f  suppressors (surge a r r e s t e r s ) ,  and t h e  over- 
vo l tage/overcurrents encountered i n  power systems. 

Therefore, i t  w i l l  be useful t o  b r i e f l y  rev iew t h e  
concept of i n s u l a t i o n  coord ina t ion ,  and t h e  procedures 
developed t o  v e r i f y  s a t i s f a c t o r y  performance, i n  t h e  
p o w e r l u t i l  i t y  i ndus t ry .  

THE CONCEPT OF INSULATION COORDINATION 

As a r e s u l t  o f  t h e  mature phi losophy o f  i n s u l a t i o n  
coordinat ion,  power equipment achieves i t s  res is tance  t o  
l i gh tn ing- induced  t r a n s i e n t s  n o t  so much from be ing  de- 
signed t o  the  t h r e a t  posed b y  l i g h t n i n g ,  b u t  by t h e  t h r e a t  
posed by acceptance t e s t .  Th is  acceptance t e s t  does not  
sub jec t  the equipment t o  t r a n s i e n t s  having the  complex 
waveshapes produced by 1 igh tn ing .  Instead, t h e  equipment 
i s  subjected t o  t r a n s i e n t s  which have elementary wave- 
shapes t h a t  can be produced by b a s i c a l l y  s imple t e s t  ap- 
paratus.  Furthermore, t h e  acceptance t e s t  does no t  sub- 
j e c t  t h e  equipment t o  t r a n s i e n t s  o f  t h e  amplitude pro- 
duced by l i g h t n i n g .  However, i t  does sub jec t  t h e  equip- 
ment t o  t r a n s i e n t s  having an ampl i tude cons is ten t  w i t h  
t h e  c a p a b i l i t i e s  o f  e x i s t i n g  su rge-p ro tec t i ve  devices. 
I f  i t  i s  in tended t h a t  suppression devices be used t o  
c o n t r o l  t h e  magnitude o f  t h e  vo l tage  t r a n s i e n t ,  one 
should be sure the re  a r e  s u i t a b l e  devices be fo re  t h e  
l e v e l  i s  selected. 

The bas ic  concept, which needs t o  be mutualTy ac- 
cepted by bo th  manufacturers and users of equipment, i s  
t h a t  i t  i s  impossib le t o  s imu la te  a l l  o f  t h e  poss ib le  
t r a n s i e n t  overvoltages a g iven  product  l i n e  might  expe- 
r ience .  However, by designing the  equipment t o  a cer-  
t a i n  standard and c o n t r o l l i n g  the  occurrence o f  o v e r v o l t -  
ages by s u i t a b l e  p r o t e c t i o n ,  a much g rea te r  chance o f  
successful operat ion i n  t h e  r e a l  wor ld  i s  obtained. 

The chal lenge i s  t o  s e l e c t  a s tandard fo r  the  w i t h -  
stand c a p a b i l i t y  o f  t h e  equipment t h a t  w i l l  r e f l e c t  the  
r e a l  wor ld  and y e t  be s imple enough t o  be p r a c t i c a l .  
The o ther  d i f f i c u l t y  i s  t o  t r a d e  o f f  t h e  s p e c i f i c a t i o n  
o f  u l t ra -conserva t i ve  standards t h a t  i n s u r e  a very h igh  
r e l i a b i l i t y  f o r  the  equipment, b u t  impose on t h e  manu- 
f a c t u r e r  (and therefore on t h e  user  who pays f o r  t h e  
equi  p e n t )  unnecessary costs.  

THE TRANSIENT CONTROL LEVEL CONCEPT 

Three bas ic  parameters t h a t  r e l a t e  t o  t h e  amplitude 
o f  t h e  surge, t h e  waveshape o f  t h e  surge, and the  energy 
content  of  the  surge must be considered. The amplitude 
and energy content  depend, t o  some degree, on the  nominal 
opera t ing  vol tage o f  t h e  system on which t h e  surge may 
appear. Higher ampl i tude and h igher  energy surges a re  
found on h igher  vo l tage  systems. The waveshape and ampli- 
tude o f  the  surge depend, t o  some ex ten t ,  on t h e  o r i g i n  
o f  t h e  surge and how f a r  away t h e  p o i n t  o f  observat ion i s  
from t h e  o r i g i n .  Surges produced by a r c i n g  contacts tend 
t o  invo lve  fas te r  ra tes  of change than surges produced by 
l i g h t n i n g .  The l a t t e r ,  i n  t u r n ,  tend t o  have slower ra tes  
o f  change than surges produced by a rc less  sw i tch ing  o f  
h i g h l y  i n d u c t i v e  c i r c u i t s .  Surges o r i g i n a t i n g  remote from 
an observat ion p o i n t  tend t o  have slower r a t e s  o f  change 
than surges o r i g i n a t i n g  c lose  t o  t h e  p o i n t  o f  observa- 
t i o n .  There i s  no " t y p i c a l "  surqe. 

On the  premise t h a t  even an imperfect approach t o  
t r a n s i e n t  coord ina t ion  i s  b e t t e r  than none, two o f  the  
authors of t h i s  paper r e c e n t l y  proposed the  t r a n s i e n t  
c o n t r o l  l e v e l  phi losophy. I n  t h e  paper [3] i n  which 
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the  phi losophy was presented, a  request  was made f o r  
feedback about some o f  t h e  d e t a i l s  o f  t h e  phi losophy. 
Some o f  t h e  feedback ind ica tes  t h a t  mod i f i ca t ions  t o  
the  t e s t  waveshapes and l e v e l s  o r i g i n a l l y  presented 
might be i n  order. The essen t ia l  elements o f  t h e  ph i -  
losophy remain t h e  same and a r e  r e i t e r a t e d  below. 

The ampl i tude and energy con ten t  o f  the  surge a r e  
def ined i n  terms o f  the  vo l tage  produced by the  surge 
across an open c i r c u i t  and the  c u r r e n t  produced by t h e  
surge through a  s h o r t  c i r c u i t .  A  s p e c i f i e d  open c i r -  
c u i t  vo l tage  and s h o r t  c i r c u i t  i m p l i e s  a  d e f i n i t e  im- 
pedance o f  t h e  source from which t h e  surge o r i g i n a t e s .  
This impedance i s  u s u a l l y  r e a c t i v e .  Observations by 
B u l l  141 and others suggest t h a t  a  reasonable impedance 
f o r  115-VAC c i r c u i t s  i s  50D p a r a l l e l e d  b y  50 UH (F ig-  
u re  1). I n  t h e  absence o f  o t h e r  in fo rmat ion ,  the  au- 
thors suggest t h a t  a  TCL phi losophy be b u i l t  around 
t h i s  impedance. This  combination o f  elements has a  
breakpoint  (wL = R)  a t  159 kHz, which may be d i f f i c u l t  
t o  implement i n  a  s imple surge generator .  The impor- 
t a n t  po in ts  about the  source impedance a r e  t h a t  the  im- 
pedance should be i n  t h e  o rder  o f  50n r e s i s t i v e  a t  h igh  
frequencies and 50 pH i n d u c t i v e  a t  low f requencies.  

Frequency mr 

Figure I .  Inrpsdance of  L a ,  VoZtage Circui t s  
(Prom reference 4 )  

Considerat ion o f  waveshapes i s  o f  g rea t  importance. 
Two types o f  waveshapes enjoy some prominence. The f i r s t  
i s  the  1.2 x 50 ~s  u n i d i r e c t i o n a l  vo l tage  which i s  t h e  
basis  o f  t h e  BIL system of  i n s u l a t i o n  coord ina t ion  and 
whose h i s t o r i c a l  o r i g i n  comes from s tud ies  o f  t h e  e f f e c t s  
o f  l i g h t n i n g  on h i g h  vo l tage  power l i n e s .  The second i s  
t h e  h i g h l y  o s c i l l a t o r y  (1.5 MHz) SWC vo l tage  waveform. 
The l a t t e r  waveshape has i t s  o r i g i n s  i n  t h e  t r a n s i e n t s  
produced by sw i tch ing  operat ions i n  h igh  vo l tage  sub- 
s t a t i o n s .  Experience has proven t h a t  n e i t h e r  of  these 
types o f  waveforms i s  a  good represen ta t ion  o f  t h e  types 
o f  t r a n s i e n t s  found i n  115-VAC c i r c u i t s  and o t h e r  c i r -  
c u i t s  o f  s i m i l a r  phys ica l  cons t ruc t ion .  The t y p i c a l  
surge i s  o s c i l l a t o r y ,  b u t  of a  frequency lower than 
t h a t  s p e c i f i e d  f o r  the  SWC t e s t .  

I n  t h e  prev ious paper [3], t h e  authors suggested a  
vol tage t e s t  wave o f  t h e  c h a r a c t e r i s t i c s  shown i n  Fig- 
ure 2. That p a r t i c u l a r  t e s t  wave had i t s  o r i g i n s  i n  t h e  
Space S h u t t l e  program and was o r i g i n a l l y  viewed as a  
s h o r t  d u r a t i o n  surge predominantly u n i d i r e c t i o n a l .  I t  
was n o t  in tended t h a t  the  surge be o s c i l l a t o r y ;  b u t  
some degree o f  o s c i l l a t i o n  was considered a1 lowable. I f  
t r e a t e d  as a  damped o s c i l l a t o r y  surge, F igure 2 i m p l i e s  
an o s c i l l a t o r y  frequency of about 50 kHz. A f t e r  con- 
s i d e r i n g  o t h e r  s tud ies  and feedback from readers o f  the  
o r i g i n a l  paper 131, i t  seems more appropr ia te  t o  empha- 
s i z e  t h e  o s c i l l a t o r y  na tu re  o f  t h e  surge, r a t h e r  than 
t o  downplay it, and t o  s p e c i f y  t h e  surge i n  terms o f  
i t s  o s c i l l a t o r y  frequency r a t h e r  than i n  terms o f  t h e  
dura t ion  o f  the  f i r s t  quar te r  cyc le.  A  s p e c i f i c a t i o n  
t h a t  may more n e a r l y  meet t h e  requirements o f  t h e  i n -  
dus t ry  i s  shown i n  F igure 3. 

The impor tan t  c h a r a c t e r i s t i c s  i n c l u d e  an i n i  ti a1 
r a t e  o f  change s u f f i c i e n t  t o  s t i m u l a t e  t h e  dv /d t  e f ~  
f e c t s  i n  semiconductors and i n d u c t i v e  components w i t h  
an o s c i l l a t o r y  decay, a  decrement t y p i c a l  o f  t h a t  ob- 
served i n  low vo l tage  c i r c u i t s ,  and a  d u r a t i o n  compara- 
b l e  w i t h  c lock  cyc les  i n  d i g i t a l  equipment.. The dura- 
t i o n  o f  t h e  o r i g i n a l  and rev ised  waveforms have a lso  
been chosen a f t e r  cons idera t ion  o f  t h e  f a i l u r e  modes o f  
semiconductors. F a i l u r e  c h a r a c t e r i s t i c s  tend t o  be d i f -  
fe ren t  if t h e  semiconductors a re  exposed t o  much s h o r t e r  
dura t ion .  F i n a l l y ,  t h e  waveforms can be produced w i t h  
s imple t e s t  equipment. An example of a  t e s t  c i r c u i t  i s  
shown i n  F igure 4. An example o f  t h e  open c i r c u i t  v o l t -  
age and s h o r t  c i r c u i t  c u r r e n t  produced by t h i s  c i r c u i t  
i s  shown i n  F igure 5.  

l r  snould De understood t h a t  t h e  TCL philosophy i s  
n o t  w r i t t e n  around any p a r t i c u l a r  t e s t  c i r c u i t .  Any 
c i r c u i t  t h a t  produces open c i r c u i t  vo l tage  and s h o r t  
c i r c u i t  c u r r e n t  o f  t h e  c h a r a c t e r i s t i c s  shown i n  F igure 
3 and has an i n t e r n a l  impedance s i m i l a r  t o  t h a t  o f  

a )  Open-circuit vo l tage 
t , =  0 . 2 5 ~ ~  A 2 ~ 5 O 0 I o A ,  
1 2 2  5 p s  
t 3  Not speci f ied 

Figure 2 .  F irs t  Proposal for TCL Wave Shape Figure 3. AZtemzative Proposal for TCL Wave Shape 
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VOLTAGE 

0.25pF 

* LOW INDUCTANCE 
** LOW INDUCTANCE 8 NON-POLARIZED 

Figure 4. One ExumpZe of TCL Generator 

Figure 1 would be e q u a l l y  s a t i s f a c t o r y .  The c a l c u l a t e d  
impedance c h a r a c t e r i s t i c s  o f  t h e  c i r c u i t  shown i n  F ig-  
u re  4 a r e  shown i n  F igure  6. I f  losses had been con- 
s ide red  i n  t h e  c a l c u l a t i o n s ,  t h e  h e i g h t  o f  t h e  reso- 
nance peak would have been 

c 
lo.ol 0.1 I 10 

FREQUENCY - MHz 

Figure 6 .  CalcuZated Impedance o f  TCL Generator 

reduced t o  100 o r  200R. r e f l e c t  t h e  na tu re  of t h e  a p p l i c a t i o n  and t h e  conse- 
quences of  a f a i l u r e ,  as w e l l  as t h e  exDosure o f  t h e  
power system. For instance,  a low cos t 'domes t i c  a p p l i -  
ance, produced under s t rong  compet i t i ve  pressure, can- 
n o t  be expected t o  o f f e r  t n e  same aegree o f  t r a n s i e n t  
w i ths tand  c a p a b i l i t y  as a c r i t i c a l  i n d u s t r i a l  system. 

Table 1 

POSSIBLE TRANSIENT CONTROL LEVELS 

Open C i r c u i t  Shor t  C i r c u i t  
Level  ~ o l  tage Level  Cur ren t  ~ e v e l  
Number ( v o l t s )  (amperes) 

1 60 2.2 
2 150 5.4 
3 300 11 
4 600 22 
5 1500 54 
6 3000 110 
7 6000 2 20 

I t  i s  u n l i k e l y  t h a t  a s i n g l e  surge waveshape, such 
as t h a t  of F igure  3, can meet a l l  o f  t h e  needs o f  a ma- 
t u r e  TCL system any more than  t h e  1.2 x 50 ps waveshape 

Voltage - 1000 Vlmajor  d i v .  meets a l l  of t h e  needs of t h e  B IL  system. For  many ap- 
Current  - 40 Almajor  d iv .  p l i c a t i o n s  o t h e r  waveshapes may be needed. The authors 

suggest t h a t  t h e  1.2 x 50 us u n i d i r e c t i o n a l  and t h e  SWC Figure '. htput Chamcteristics O f  TCL waveshapes be considered as p a r t  o f  t h e  TCL f a m i l y  o f  

For a s tandard t o  be p r a c t i c a l ,  t h e r e  must be a waveshapes. The fami l y  would then c o n s i s t  o f :  

1  i m i t e d  number of t e s t  l e v e l s  r e f l e c t i n g  system v o l t -  1. A r e l a t i v e l y  slow, low ampl i tude overvol  tage, 
ages and a p p l i c a t i o n  requirements. The authors propose represen t ing  s w i t c h i n g  t r a n s i e n t s  and some 
t h a t  the  l e v e l s  shown i n  Tab le  1 be def ined.  The t a b l e  f a u l t  c l e a r i n g  t r a n s i e n t s .  T h i s  may be t h e  
i s  based on a geometr ica l  p rogress ion  and d e l i b e r a t e l y  u n i d i r e c t i o n a l  1.2 x 50 us waveform from t h e  
inc ludes,  b u t  i s  n o t  l i m i t e d  t o ,  l e v e l s  having t h e  mag- BIL system. 
n i tudes  600, 3000 and 6000 V s p e c i f i e d  i n  o t h e r  s tan-  
dards [2,5, and 71. In te rmed ia te  l e v e l s ,  i f  needed, 2. A composite waveshape, i n c l u d i n g  a f a s t  r i s e  

should a l s o  be based on a geometr ic  progression.  t i m e  and o s c i l l a t o r y  decaying t a i l .  Th is  w i l l  
t e s t  some d v l d t  e f f e c t s  as w e l l  as t h e  energy 

A concept r e q u i r i n g  emphasis i s  t h a t  t h e  d e f i n i -  hand1 i n g  c a p a b i l i t y  o f  suppressors. Th is  
t i o n  o f  a s e r i e s  o f  l e v e l s  from which a cho ice  o f  a would be t h e  waveshape shown i n  F igure  3. 
l e v e l  may be made i s  a task  separate and d i s t i n c t  from 3. A very f a s t  bu rs t - t ype  o s c i l l a t i o n ,  such as 
t h e  task  of choosing which l e v e l  i s  appropr ia te  f o r  the  c u r r e n t  SWC t e s t .  T h i s  w i l l  t e s t  devices 
any p a r t i c u l a r  a p p l i c a t i o n .  Th is  l a t t e r  choice must aga ins t  d i e l e c t r i c  f a i l u r e s  as w e l l  as e l e c t r o -  

magnetic i n t e r f e r e n c e .  
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Depending upon t h e  a p p l i c a t i o n ,  the  degree o f  re1 i - 
a b i l i t y  requi red,  and the  a v a i l a b l e  knowledge o f  t h e  
environment, one o r  more o f  these t h r e e  t e s t s  cou ld  be 
s p e c i f i e d  f o r  a  p a r t i c u l a r  system. 

EXAMPLES OF TCL SELECTION 

Two examples o f  TCL s e l e c t i o n  a r e  presented: one 
leads t o  t h e  s e l e c t i o n  o f  one o f  t h e  proposed l e v e l s  
o f  Table 1  and t h e  o t h e r  does no t .  The f i r s t  example 
deals w i t h  ground f a u l t  c i r c u i t  i n t e r r u p t e r  (GFCI) de- 
vices. A combination o f  f i e l d  experience, qua1 i f i c a -  
t i o n  t e s t i n g  [6], and a p r i o r i  requirements has i n d i -  
cated t h a t  these devices should n o t  f u n c t i o n a l l y  f a i l  
a t  6  kV and should n o t  exper ience nuisance t r i p p i n g  
when exposed t o  3  kV t r a n s i e n t s  [7]. 

The type  o f  t r a n s i e n t s  t o  which these devices a r e  
most a p t  t o  be exposed a r e  shown i n  F igure 5. A  TCL 
o f  6  kV (Level  7) would be appropr ia te  f o r  q u a l i f i c a -  
t i o n  t e s t i n g  o f  devices unprotected by c i r c u i t  protec-  
t i o n  devices. However, p r o t e c t i o n  devices t h a t  can 
clamp t r a n s i e n t s  t o  3  kV o r  l e s s  a r e  a v a i l a b l e .  A  
product ion t e s t  m igh t  be run a t  t h e  3  kV l e v e l  on i n -  
i n t e r r u p t e r s  f i t t e d  w i t h  p r o t e c t i v e  devices. The pur-  
pose o f  t h e  t e s t  would be t o  demonstrate t h a t  t h e  pro-  
t e c t i v e  devices c o u l d  w i ths tand  t h e  c u r r e n t  surge as- 
sociated w i t h  a  TCL o f  6, r a t h e r  than demonstrate t h a t  
t h e  GFCI could w i ths tand  3  kV a t  i t s  terminals .  

An example o f  a  s p e c i a l i z e d  system i n  which t h e  
proposed s u b d i v i s i o n  o f  l e v e l s  shown i n  Table 1  may be 
t o o  coarse i n  t h e  s t a t i c  power conver te r  shown i n  F ig-  
u re  7. I n  a  s t a t i c  power conver te r ,  t h e  vo l tage  t r a n -  
s i e n t s  a re  b e s t  separated i n t o  t h r e e  frequency ranges 
o r  t r a n s i e n t  dura t ions .  High frequency t r a n s i e n t s  
( tens o f  microseconds dura t ion )  a r e  b a s i c a l l y  l i g h t -  
n ing - re la ted  t r a n s i e n t s  and some l o a d  sw i tch ing  t r a n -  
s i e n t s .  Medium frequency t r a n s i e n t s  (hundreds o f  mi- 
croseconds dura t ion )  inc lude  power system sw i tch ing  
surge t r a n s i e n t s  as w e l l  as SCR c o m u t a t i n g  t r a n s i e n t s .  
Low frequency t r a n s i e n t s  ( m i l  1  iseconds dura t ion )  a r e  
conf ined t o  60-Hz overvol  tages and 1  eg fuse c l e a r i n g  
v o l  tages . 

TRANSFORMER A C  LINE LINE TO BRIDGE AND SNUBBERS DC FILTER 
6 8 5  V L-L FILTERS GROUND C 602 THYRISTORS LlrF 
I 2 5 0  kVA 4pF FILTERS 12pHSO5pF, 26n 5 n  
8 5 %  Z 15 fl 0 l r F  

F igure  7. Converter  Bridge circuit Used i n  
m e - C l e a r i n g  !7?ansient Tes t s  

The h igh  frequency t r a n s i e n t s  e n t e r  the  system by 
capac i t i ve  coup l ing  through t h e  transformer and have 
r e l a t i v e l y  h i g h  source impedance (50  t o  100.Q). The 
waveshape of F igure 3  i s  very appropr ia te  f o r  s imu la t ion  
of these e f f e c t s .  The medium and low frequency t r a n -  
s ien ts  a re  i n d u c t i v e l y  coupled o r  generated i n  the  

secondary winding and have f a i r l y  low source impedances 
(0.1 t o  0.001n). Such waves p r i m a r i  l y  s t r e s s  i n s u l a t i o n  
and semiconductors. The 1.2 x 50 ps waveshape would be 
appropr ia te  f o r  s i m u l a t i o n  o f  these e f f e c t s .  

B a s i c a l l y ,  t h e  TCL se lec ted  f o r  t h e  power conver te r  
w i l l  be an economic compromise between t h e  c o s t  o f  h i g h  
t r a n s i e n t  w i ths tand  c a p a b i l i t y  i n  t h e  equipment and t h e  
c o s t  o f  suppressor devices. Two 1  i m i  t i n g  p o s s i b i l i t i e s  
e x i s t :  1)  des i  n  the  equipment ( b a s i c a l l y  SCR reverse 
vo l tage  r a t i n g s ?  t o  w i ths tand  t h e  h i g h e s t  t r a n s i e n t  ex- 
pected or; 2) design t h e  equipment t o  w i ths tand  o n l y  
t h e  peak reverse opera t ing  vo l tage  and clamp a l l  t ran -  
s i e n t s  t o  t h a t  l e v e l .  

Nominal peak reverse v o l t a g e  f o r  t h e  b r i d g e  i s  
1000 V .  Commutating vo l tage  spikes would nonna l l y  reach 
1300 V. I f  these spikes were suppressed t o  1200 V w i t h  
a  nonl i n e a r  v a r i s t o r  m a t e r i a l  , t h e  v a r i s t o r s  would be 
sub jec ted  t o  t r a n s i e n t  cu r ren ts  of 10 t o  20A, and t h e r e  
would be about 50W o f  continuous power re leased i n  t h e  
v a r i s t o r s .  S i n g l e  pulse t r a n s i e n t s ,  such as these gen- 
e ra ted  when a  l e g  fuse i s  c a l l e d  upon t o  i n t e r r u p t  a  
s h o r t  c i r c u i t ,  can reach 1600 t o  1800 V. (F igure  8).  
Suppressing these t r a n s i e n t s  t o  a  1200 V  l e v e l  would 
r e q u i r e  t h a t  t h e  suppressors handle 10 t o  20 kA. High 
frequency t r a n s i e n t s ,  such as those produced by l i g h t -  
n i n g  o r  a r c i n g  contacts on swi tches,  can reach 5000 
These t r a n s i e n t s  can be e a s i l y  suppressed t o  a  2000 V 
l e v e l  w i t h  suppressors capable of  hand l ing  about 100A. 

Upper t r a c e  : Line-  to-1 i n e  vo l tage  , 800 V/div 
Lower t race:  L i n e  c u r r e n t ,  9.6 kA/d iv  
Sweep: 2 ms/div 

F i g u r e  8. T ~ n s i e n t  Produced by Fuse B W n g  
i n  Converter C i r c u i t  of F i g u r e  7 

The proposed standard TCL's o f  1500, 3000, and 
6000 (based on a  'J I0 progression)  a r e  n o t  w e l l  adapted 
f o r  t h i s  a p p l i c a t i o n .  If SCR's o f  1300 PIV were used, 
t h e  t r a n s i e n t s  associated w i t h  a  1500 V TCL would 
exceed t h e  PIV and t r a n s i e n t s  cou ld  only ,  w i t h  d i f f i - ;  
c u l t y ,  be suppressed t o  1500 V i n  t h e  f i r s t  place. 
Transients could e a s i l y  be suppressed t o  a  3000 V l e v e l ,  
b u t  the  c o s t  o f  SCR's w i t h  a  PIV of 3000 V  would be 
very h igh.  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  w i t h  a  PIV o f  
1800 V a r e  another p o s s i b i l  i t y .  These cou ld  be t i e d  
i n t o  a  TCL progression based on 6 d 0 .  Appropr iate 
l e v e l s ,  rounded t o  convenient values, would be 600, 
1000, 1500, 2000, 3000, and 4500 V .  An e;momically ap- 
p r o p r i a t e  TCL f o r  t h e  power conver te r  might  then be 
2000 v. 
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