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Significance 

Part 5 – Monitoring instruments, laboratory measurements and test methods 
 
This is the second part of two companion papers introducing the concept of Transient Control Levels to 
the EMC community, a proposal to apply to the design of low-voltage equipment the same principles as 
the Basic Insulation Level (BIL) that were successfully applied to hig-voltage equipment. 
The first paper (See “TCL philosophy”) deals with questions of why tests should be made and what 
should be the specifications governing such tests.  This paper amplifies somewhat on those themes, but 
is primarily concerned with questions as to how such tests might be made. 
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A b s t r a c t  

T h i s  i s  t h e  second of a  p a i r  o f  papers 
d e s c r i b i n g  how b e t t e r  t r a n s i e n t  p r o t e c t i o n  m igh t  
be achieved through t h e  use o f  a  T r a n s i e n t  Con- 
t r o l  Leve l  ph i l osophy .  The f i r s t  paper dea l s  
w i t h  ques t i ons  of why t e s t s  shou ld  be made and 
what shou ld  be t h e  s p e c i f i c a t i o n s  govern ing such 
t e s t s .  T h i s  paper a m p l i f i e s  somewhat on those 
themes, b u t  i s  p r i m a r i l y  concerned w i t h  ques t i ons  
as t o  how such t e s t s  m igh t  be made. 

D i r e c t  I n j e c t i o n  o f  T rans ien ts  

Equipment 

Surge genera tors  capab le  of p roduc ing  t h e  
t ypes  o f  t r a n s i e n t s  i n v o l v e d  i n  t h e  T r a n s i e n t  
C o n t r o l  Leve l  (TCL) p h i  losophy genera l  l y  employ 
c a p a c i t o r s  t h a t  a re  d ischarged i n t o  a  wave-shap- 
i n g  c i r c u i t .  That  c i r c u i t  would be r e s i s t i v e  i f  
u n i d i r e c t i o n a l  t r a n s i e n t s  a re  t o  be produced, and 
i n d u c t i v e  i f  o s c i l l a t o r y  t r a n s i e n t s  a re  t o  be 
produced. 

It shou ld  be unders tood t h a t  t h e  TCL p h i -  
losophy 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 o p e n - c i r c u i t  
vo l t ages  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  r e -  
q u i r e d  c h a r a c t e r i s t i c s  w i l l  be  s a t i s f a c t o r y .  
Never the less ,  i t  does seem a p p r o p r i a t e  t o  g i v e  
some s p e c i f i c  guidance as t o  t h e  t ypes  o f  gen- 
e r a t o r s  t h a t  m igh t  be used. 

Some r e p r e s e n t a t i v e  examples o f  c i r c u i t s  
a re  shown on F i g .  1. The s w i t c h  may be e i t h e r  
t r i g g e r e d  o r  un t r i gge red ,  depending upon t h e  de- 
gree o f  s o p h i s t i c a t i o n  des i red .  Components 
shou ld  be chosen and l a i d  o u t  i n  such a  way as t o  
m in im ize  u n d e s i r e d . r e s i d u a 1  inductance and r a -  
d i a t e d  i n t e r f e r e n c e .  C i r c u i t  vo l t ages  a r e  f r e -  
quent  l y  h i g h  enough t o  be hazardous; t h e r e f o r e ,  
a p p r o p r i a t e  sa fe t y  p recau t i ons  must be taken. 
The two c i r c u i t s  shown on F igs .  l a  and l b  a re  
designed t o  produce t h e  100 kHz o s c i l l a t o r y  TCL 
t e s t  wave and t h e  u n i d i r e c t i o n a l  1.2 x  50 m ic ro -  
seconds ANSI t e s t  wave. 

I n  F i g .  l a ,  t h e  o s c i l l a t o r y  f requency i s  
determined p r i m a r i l y  by  C1 and L1 w i t h  t h e  f r o n t  

t i m e  determined by  R, and C,. I n  F i g .  l b ,  t h e  
f r o n t  and t a i l  t imesLare  apf ioximately:  

Wi th  d i f f e r e n t  component values, t h i s  same type 
o f  c i r c u i t  would then produce longer  d u r a t i o n  
t r a n s i e n t s .  Photographs o f  t h e  waveforms p ro -  
duced by these genera tors  a re  shown on F igs .  2 
and 3. A  s i g n i f i c a n t  p o i n t  t o  no te  i s  t h a t  t h e  
shapes o f  t h e  c u r r e n t  and v o l t a g e  a re  d i f f e r e n t .  
T h i s  i s  p a r t i c u l a r l y  t r u e  o f  t h e  o s c i l l a t o r y  
genera tor ,  F i g .  l a .  It i s  c h a r a c t e r i s t i c  o f  
i n d u c t i v e  t r a n s i e n t  sources t h a t  t h e  sho r t -  
c i r c u i t  c u r r e n t  t akes  l onge r  t o  reach i t s  peak 
va lue  than does t h e  o p e n - c i r c u i t  vo l tage.  
S p e c i f i c a t i o n s  shou ld  a l l o w  f o r  t h i s ;  i t  i s  gen- 
e r a l l y  u n r e a l i s t i c  t o  r e q u i r e  surge c u r r e n t s  t o  
r i s e  t o  c r e s t  as f a s t  as surge vo l tages,  a t  l e a s t  
f r om i n d u c t i v e  sources o r  i n t o  i n d u c t i v e  loads. 
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F i g .  1: Elementary C i r c u i t  Diagrams 
A) O s c i l l a t o r y  Generator 
8) Exponent ia l  Generator 

(Va lues i n  parentheses were used f o r  t r ans fo rmer  
i n j e c t i o n )  

The genera tors  o f  F i g .  1 may be operated t o  
produce e i t h e r  s i n g l e  o r  r e p e t i t i v e  pu lses .  A 60 
( o r  50) p u l s e  pe r  second r a t e  i s  e a s i l y  achieved 
by  cha rg ing  t h e  s to rage  c a p a c i t o r  f r om an ac 
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Fig.  2: Wave shapes produced by o s c i l l a t o r y  
generator ( d i r e c t  i n j e c t i o n )  
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Fig.  3: Wave shapes produced by exponent ia l  
generator ( d i r e c t  i n j e c t i o n )  

source and c los ing  the output  swi tch on the  h a l f -  
c y c l e  f o l l o w i n g  t h a t  which charged the capaci tor .  

The type o f  discharge swi tch depends on the 
vo l tage r a t i n g  and the degree o f  s o p h i s t i c a t i o n  
requi red.  Low-voltage thy ra t rons  and t h y r i s t o r s  
are s u i t a b l e  up t o  about 500 vo l t s ,  se r ies  
s t r i n g s  o f  t h y r i s t o r s  t o  about 2000 vo l t s ,  and 
spark gaps a t  higher voltages. This  type o f  
c i r c u i t  lends i t s e l f  r e a d i l y  t o  superimposit ion 
o f  the t r a n s i e n t  t o  the  power frequency voltage. 
Some inves t iga t ions ,  such as c i r c u i t s  i n v o l v i n g  
semiconductors, r e q u i r e  t h a t  the  t i m i n g  o f  the 
t r a n s i e n t  w i t h  respect  t o  the power frequency 
wave be con t ro l led .  

Types and conduct o f  t e s t s  

Experience has shown t h a t  g rea t  amounts o f  
confusion can surround two seemingly simple ques- 
t i o n s :  f o r  what purpose does one wish t o  make a 
TCL tes t ,  and how does one def ine the  s e v e r i t y  o f  
the  t e s t ?  With respect  t o  the  f i r s t  o f  these 
questions, TCL t e s t s  f a l l  i n t o  one o f  two cate- 
gor ies:  those aimed a t  determining what TCL i s  
appropr ia te fo r  a  p a r t i c u l a r  p iece o f  equipment, 
and those t o  determine whether a p a r t i c u l a r  p iece 
o f  equipment meets the  requirements o f  a  c e r t a i n  
TCL s p e c i f i c a t i o n .  While the  subject  may seem 
elementary, experience has shown t h a t  the  d i s -  
t i n c t i o n  between the two i s  o f t e n  l o s t .  These 
d i s t i n c t i o n s  are i l l u s t r a t e d  i n  Figs. 4 and 5. 
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F ig.  4: Determining upset o r  f a i l u r e  l e v e l s  
o f  a  p iece o f  equipment 
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F ig .  5: Acceptance t e s t s  on a p iece 
o f  equipment 

I n  Fig. 4 the problem i s  t o  determine what 
the  i n t r i n s i c  withstand o r  upset l e v e l  o f  the  
p iece o f  equipment might be. I n  t h i s  type o f  t e s t  
the  surge generator i s  set  t o  some level ,  the 
t r a n s i e n t  i s  appl ied t o  the terminals  o f  the 
equipment under tes t ,  and the r e s u l t s  are ob- 
served. The output  l e v e l  o f  the surge generator 
i s  then measured, probably i n  terms o f  the open- 



c i r c u i t  v o l t a g e  produced by  t h a t  power s e t t i n g .  
The power s e t t i n g  o f  t h e  surge gene ra to r  i s  then 
increased i n  s teps  u n t i l  t h e  dev i ce  under t e s t  
e i t h e r  upsets  o r  f a i l s  c a t a s t r o p h i c a l l y .  The 
a c t u a l  v o l t a g e  o r  c u r r e n t  ampl i tudes and wave 
shapes a t  t h e  t e r m i n a l s  of t h e  equipment depend 
upon t h e  i n p u t  impedance o f  t h e  equipment; and 
these m igh t  be undu ly  comp l i ca ted  t o  s p e c i f y .  
The f a i l u r e ,  however, w i l l  occur  a t  some d e f i n i t e  
s e t t i n g  o f  t h e  t r a n s i e n t  genera tor .  I f  t h e  s e t -  
t i n g  o f  t h e  genera tor  ( p o s i t i o n  o f  t h e  knobs) was 
l e f t  unchanged, t h e  energy l e v e l  o f  t h e  t r a n s i e n t  
t h a t  produced f a i l u r e  o r  upset  c o u l d  then be 
desc r i bed  i n  terms o f  t h e  v o l t a g e  o r  c u r r e n t  t h a t  
t h e  genera tor  produced when connected t o  an open 
c i r c u i t  o r  t o  a  s h o r t  c i r c u i t .  T h i s  l e v e l  w i l l  
seldom be a  n i c e  round number, e i t h e r  so many 
v o l t s  o r  so many amperes. I f  one were t o  quo te  a  
l e v e l  o f  t r a n s i e n t  t h a t  a  dev i ce  c o u l d  w i ths tand,  
t h a t  l e v e l  would be t h e  nex t  lowest  o f  t h e  
agreed-upon sequence o f  l e v e l s .  I f  t h e  l e v e l s  
f r o m  which t h e  cho i ce  were t o  be made were as 
shown on F i g .  4, t h e  a p p r o p r i a t e  l e v e l  t o  quo te  
would be l e v e l  3. 

The a l t e r n a t i v e  prob lem i s  t h a t  o f  F i g .  5, 
i n  which t h e  aim i s  t o  determine whether o r  n o t  
t h e  p i e c e  o f  equipment under t e s t  i s  ab le  t o  
w i t h s t a n d  t h e  t r a n s i e n t s  assoc ia ted  w i t h  t h e  
s p e c i f i e d  t r a n s i e n t  c o n t r o l  l e v e l .  I n  t h i s  t y p e  
o f  t e s t ,  t h e  t r a n s i e n t  gene ra to r  i s  s e t  t o  de- 
l i v e r  a  s p e c i f i e d  c u r r e n t  i n t o  a  s h o r t  c i r c u i t  
and t o  d e l i v e r  a  s p e c i f i e d  v o l t a g e  t o  an open 
c i r c u i t .  I f  t h e  source impedance l e v e l s  have 
been p r o p e r l y  chosen and implemented, these two 
c o n d i t i o n s  w i  11 be met s imu l taneous l y  a t  one 
power s e t t i n g  o f  t h e  t r a n s i e n t  genera tor .  W i th  
t h e  s e t t i n g  o f  t h e  t r a n s i e n t  gene ra to r  l e f t  un- 
changed, t h e  o u t p u t  t e r m i n a l s  o f  t h e  gene ra to r  
a re  t hen  connected t o  t h e  i n p u t  t e r m i n a l s  o f  t h e  
dev i ce  under t e s t .  An a p p r o p r i a t e  number o f  
t r a n s i e n t s  a re  a p p l i e d  t o  t h e  equipment, and t h e  
equipment i s  moni tored f o r  c o r r e c t  o p e r a t i o n  dur -  
i n g  t h e  t e s t  o r  mon i to red  a f t e r  t h e  t e s t  t o  
determine whether i t  works o r  no t .  

The preced ing m a t e r i a l  has touched upon t h e  
q u e s t i o n  o f  how one d e f i n e s  t h e  l e v e l  o f  t r a n -  
s i e n t .  S u p e r f i c i a l l y ,  t h i s  m igh t  seem a  t r i v i a l  
q u e s t i o n  t o  which an easy answer can be g i v e n  -- 
t h e  l e v e l  o f  t h e  t r a n s i e n t  i s  measured i n  terms 
o f  t h e  v o l t a g e  a p p l i e d  t o  t h e  t e r m i n a l s  o f  t h e  
dev i ce  under t e s t .  However, t h i s  s imple  answer 
i s  d e f i c i e n t  i n  t h a t  i t  n e g l e c t s  t h e  i n p u t  impe- 
dance o f  t h e  dev i ce  under t e s t .  I f  t h e  dev i ce  
under t e s t  has a  low i n p u t  impedance o r  i s  f i t t e d  
w i t h  surge p r o t e c t i v e  devices,  i t  m igh t  n o t  be 
p o s s i b l e  t o  develop a  s p e c i f i e d  v o l t a g e  w i t h o u t  
i n j e c t i n g  e x c e s s i v e l y  h i g h  c u r r e n t s  i n t o  t h e  de- 
v ice ,  c u r r e n t s  h i g h e r  than t h e  n a t u r a l l y  occur -  
r i n g  t r a n s i e n t  source would be a b l e  t o  supp ly .  
Fo r  low impedance c i r c u i t s ,  it i s  more appro- 
p r i a t e  t o  d e f i n e  t h e  t r a n s i e n t  i n  terms o f  c u r -  
r e n t .  However, a  s p e c i f i c a t i o n  c o n s i d e r i n g  o n l y  
surge c u r r e n t  i s  n o t  s u f f i c i e n t  i n  t h a t  t h e  
impedance o f  t h e  c i r c u i t  m i g h t  be so h i g h  t h a t  a  
s p e c i f i e d  c u r r e n t  m igh t  be developed o n l y  by 
a p p l y i n g  excess ive  vo l t age .  F o r  t hese  reasons i t  
seems b e s t  n o t  t o  d e f i n e  a  t e s t  i n  terms o f  t h e  
v o l t a g e  o r  c u r r e n t  developed a t  t h e  t e r m i n a l s  o f  
t h e  dev i ce  under t e s t .  Rather,  i n  t h e  TCL p h i -  
losophy, t h e  t e s t s  a re  d e f i n e d  i n  terms o f  t h e  
capabi  1  i t y  o f  t h e  surge gene ra to r  t o  d e l i v e r  
s p e c i f i c  vo l t ages  o r  c u r r e n t s  i n t o  s p e c i f i c  
loads. I f  one i s  d e a l i n g  w i t h  surge gene ra to rs  

s u i t a b l e  f o r  d i r e c t  connec t i on  t o  t h e  t e r m i n a l s  
o f  t h e  dev i ce  under t e s t ,  t h e  most conven ient  
loads a re  open o r  s h o r t  c i r c u i t s .  I n  cases where 
t h e  t r a n s i e n t  i s  t o  be superimposed t o  t h e  power 
f r equency  vo l t age ,  i t  w i l l  be necessary t o  d i s -  
connect t h e  power supp l y  f o r  t h e  s h o r t - c i r c u i t  
t e s t .  

As examples o f  why these q u a n t i t i e s  a re  o f  
importance, o p e n - c i r c u i t  v o l t a g e  i s  o f  importance 
i f  one i s  s tudy ing  t h e  a b i l i t y  o f  i n s u l a t i o n  t o  
w i t h s t a n d  vo l tage,  o r  i f  one i s  s tudy ing  t h e  
a b i l i t y  o f  an i s o l a t e d  c i r c u i t  t o  w i t hs tand  
i n t e r f e r e n c e .  S h o r t - c i r c u i t  c u r r e n t  i s  t h e  
q u a n t i t y  o f  most re levance  i f  one i s  s tudy ing  t h e  
a b i l i t y  o f  c i r c u i t  p r o t e c t i v e  dev ices  t o  w i t h -  
s tand surge cu r ren ts ,  o r  i f  one i s  s tudy ing  t h e  
i n t e r f e r e n c e  produced on s i g n a l  c i r c u i t s  by  
c u r r e n t  f l o w i n g  upon t h e  s h i e l d s  o f  cab les .  

Transformer  I n j e c t i o n  o f  Surqes 

D i r e c t  i n j e c t i o n  t e s t s  a re  most app rop r i a te  
t o  determine whether o r  n o t  a  p i e c e  o f  equipment 
by  i t s e l f  would be damaged by  a  s p e c i f i c  l e v e l  o f  
t r a n s i e n t .  A  problem o f  g r e a t e r  comp lex i t y  i s  
de te rm in ing  whether a  group o f  i n te rconnec ted  
p ieces  o f  equipment w i l l  opera te  c o r r e c t l y  i n  t h e  
presence o f  t r a n s i e n t s .  Genera l ly ,  t h e  equipment 
cannot be t e s t e d  f o r  p rope r  o p e r a t i o n  un less  i t  
i s  p a r t  o f  a  comp le te l y  i n te rconnec ted  system. 
T h i s  u s u a l l y  i m p l i e s  t h e r e  must be a  source, a  
load, and a p p r o p r i a t e  i n te rconnec ted  w i r i n g .  It 
would a l s o  seem t o  go w i t h o u t  say ing t h a t  t h e  
method o f  i n j e c t i n g  t h e  t r a n s i e n t  i n t o  t h e  w i r i n g  
shou ld  r e a l i s t i c a l l y  d u p l i c a t e  t h e  way i n  which 
t h e  n a t u r a l  e l ec t romagne t i c  f i e l d  induces t r a n -  
s i e n t s  i n t o  t h e  w i r i n g .  One such t e s t  techn ique 
i s  shown on F i g .  6. I n  nature ,  an electromag- 
n e t i c  f i e l d  m igh t  be s e t  up between t h e  
conductors  and ground, t h e  f i e l d  be ing  d i s -  
t r i b u t e d  over  t h e  e n t i r e  l e n g t h  o f  t h e  i n t e r c o n -  
n e c t i n g  w i r i n g .  I n  F i g .  6, a  s i m i l a r  magnet ic 
f i e l d  i s  produced, b u t  c o n f i n e d  w i t h i n  t h e  core  
o f  a  p u l s e  i n j e c t i o n  t r ans fo rmer .  I f  t h i s  t r a n s -  
fo rmer  i s  p laced  around t h e  w i r e s  under cons ider -  
a t i on ,  t h e  c u r r e n t  and v o l t a g e  induced i n t o  those 
w i r e s  a re  n e a r l y  t h e  same as t h a t  produced by  t h e  
d i s t r i b u t e d  magnet ic f i e l d  o f  na tu re .  The mag- 
n e t i c  f i e l d  i s  s e t  up i n  t h e  co re  o f  t h e  t r ans -  
fo rmer  by  d i s c h a r g i n g  a  surge genera tor  through 
an e x c i t i n g  w ind ing  on t h e  core.  

IDC SURGE 
GENERATOR 

INJECTION 

F i g .  6:  A  magnet ic f i e l d  con f i ned  i n  t h e  
c o r e  o f  an i n j e c t i o n  t r ans fo rmer  



Some considerat ions regard ing the  
c a p a b i l i t i e s  o f  such t r a n s i e n t  i n j e c t i o n  fo l low.  
F i r s t ,  i t  should be remembered t h a t  the  c i r c u i t  
under t e s t  i s  p r i m a r i l y  exposed t o  the  changing 
electromagnetic f i e l d  contained i n  the core o f  
the  pulse i n j e c t i o n  transformer. I f  the source 
under t e s t  i s  a  h igh impedance c i r c u i t ,  the  
n a t u r a l  e f f e c t  o f  t h a t  changing magnetic f i e l d  i s  
t o  induce an open-c i rcu i t  voltage, the  magnitude 
and dura t ion  of which w i l l  depend upon the  ampli- 
tude and r a t e  o f  change o f  the magnetic f i e l d  i n  
the core, bu t  which w i l l  no t  be s i g n i f i c a n t l y  
a f fec ted  by the length o f  the  c i r c u i t  under t e s t .  
However, i f  the c i r c u i t  i s  o f  low impedance, the  
magnetic f i e l d  w i l l  induce a  c i r c u l a t i n g  cu r ren t  
i n  the c i r c u i t .  The shape o f  t h i s  cu r ren t  wi 11 be 
o f  a  durat ion longer than t h a t  o f  t h e  open- 
c i r c u i t  voltage, and w i l l  be n e a r l y  the  same as 
the durat ion o f  the cu r ren t  produced by the  pulse 
generator i n  the pr imary o f  the transformer. 

The magnitude o f  t h i s  cu r ren t  w i l l  depend 
upon the impedance o f  the c i r c u i t  under t e s t .  
That impedance i s  governed both by the  i n t e r n a l  
impedance o f  the  te rm ina l  equipment and the  char- 
a c t e r i s t i c s  o f  the  w i r i n g  used t o  in terconnect  
those pieces o f  equipment. Just as w i t h  d i r e c t  
i n j e c t i o n  o f  t rans ients ,  the re  can be ambigui t ies 
i n  s p e c i f i c a t i o n s  i f  the  c h a r a c t e r i s t i c s  o f  these 
impedances are no t  taken i n t o  account. If, f o r  
example, the  w i r i n g  under t e s t  i s  f i t t e d  w i t h  a  
s h i e l d  grounded a t  each end, the  na tu ra l  measure 
o f  the t r a n s i e n t  i s  the cu r ren t  induced on the  
sh ie ld .  I f  the w i r i n g  i s  unshielded and con- 
nected t o  h igh  impedance loads the  na tu ra l  mea- 
sure o f  the t r a n s i e n t  i s  the induced voltage. 
Again, a  complete s p e c i f i c a t i o n  o f  the t e s t  
c i r c u i t  must deal both w i t h  the  maximum vol tage 
and the  maximum c i r c u i t  c u r r e n t  t h a t  may be pro- 
duced. 

I t  seems appropr ia te t o  measure these v o l t -  
ages and currents  on a  dummy c i r c u i t  o f  f i x e d  
dimensions. The dimensions must be f i x e d  since 
length, diameter, and height  a l l  a f f e c t  the i n -  
ductance, the  most important component of the  
impedance. The inductance o f  a  conductor i s  
almost d i r e c t l y  p ropor t iona l  t o  i t s  length, b u t  
p ropor t iona l  on ly  t o  the  logari thms o f  the diam- 
e t e r  and o f  the he igh t  above the  ground plane. I n  
the  absence o f  any other  spec i f i ca t ions ,  i t  i s  
suggested t h a t  the surge generator and i n j e c t i o n  
transformer be such t h a t  the s p e c i f i e d  shor t -  
c i r c u i t  cu r ren t  be induced on a  conductor 3 me- 
t e r s  long, having a  diameter o f  0.41 centimeter,  
and spaced 5 cent imeters above the  ground plane. 
Such a  conductor may be provided by the s h i e l d  o f  
RG-58 coaxia l  cable. 

An example o f  a  t e s t  s t r u c t u r e  having these 
dimensions i s  shown on F i g .  7. Representat ive 
examples o f  the t rans ien ts  t h a t  may be produced 
are shown on F igs.  8  and 9. 

I t  i s  harder t o  i n j e c t  a  t r a n s i e n t  i n -  
d i r e c t l y  i n t o  a  cable than i t  i s  t o  produce a  
t r a n s i e n t  f o r  d i r e c t  i n j e c t i o n  tes ts ,  because o f  
the l i m i t a t i o n s  o f  the i n j e c t i o n  transformer. I f  
Fig.  8 i s  compared w i t h  Fig. 2, i t  w i l l  be noted 
t h a t  both the cu r ren t  and the vo l tage are less, 
and t h a t  the r a t i o  o f  vo l tage t o  cu r ren t  i s  less  
when the t r a n s i e n t  i s  i n j e c t e d  v i a  a  transformer 
than when i t  i s  i n j e c t e d  d i r e c t l y .  Th is  r e s u l t s  
from the c h a r a c t e r i s t i c s  o f  the i n j e c t i o n  t rans-  
former. I f  the transformer has h igh  magnetizing 

TRANSFORMER 
V CONDUCTOR 

UNDER TEST 

F iq .  7: Transformer i n j e c t i o n  of t rans ien ts :  
A )  Conductor geometry 
B)  I n j e c t i o n  transformer 
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Fiq. 8: Waveforms produced by o s c i l l a t o r y  
generator ( t ransformer i n j e c t  ion)  

0 4 0  80 0 4 0  8 0  
MICROSECONDS MICROSECONDS 

0 4 8 0 4 8 
MICROSECONDS MICROSECONDS 

F iq .  9: Waveforms produced by u n i d i r e c t i o n a l  
generator ( t ransformer i n j e c t i o n )  



inductance and low leakage inductance, t h e  
e x c i t i n g  c u r r e n t  -- and hence, magnet ic f l u x  -- 
w i l l  be p r o p o r t i o n a l  t o  t h e  i n t e g r a l  o f  t h e  
e x c i t i n g  vo l tage .  I n  such a  case, t h e  open- 
c i r c u i t  vo l t age  induced on t h e  cab le  w i l l  be o f  
t h e  same shape and ampl i tude as t h e  d r i v i n g  v o l t -  
age f rom t h e  surge generator .  

As a  p r a c t i c a l  cons ide ra t i on ,  i t i s  o f t e n  
d e s i r a b l e  t h a t  t he  cab le  j o i n i n g  t h e  two p ieces 
o f  equipment under t e s t  be threaded through the  
co re  o n l y  once, e i t h e r  because o f  t h e  p h y s i c a l  
c h a r a c t e r i s t i c s  of t h e  cab le  o r  because o f  t h e  
e f f e c t  on t h e  t r a n s i e n t  response o f  t h e  t r a n s -  
former o f  m u l t i p l e  t u rns .  T h i s  l i m i t s  t h e  mag- 
n e t i z i n g  inductance t o  r e l a t i v e l y  low values. 
The c u r r e n t  i n  t h e  e x c i t i n g  wind ing -- and hence 
the  f l u x  i n  t h e  co re  -- i s  then p r o p o r t i o n a l  more 
n e a r l y  t o  t h e  generator  v o l t a g e  than t o  t h e  i n -  
t e g r a l  o f  t h a t  vo l tage,  p a r t i c u l a r l y  f o r  surge 
generators  o f  i n t e r n a l  impedance h i g h  compared t o  
t h e  impedance o f  t h e  t ransformer .  As a  conse- 
quence, o p e n - c i r c u i t  vo l t age  induced on to  the  
cab le  may be o f  s h o r t e r  d u r a t i o n  than des i red,  
approaching t h e  d e r i v a t i v e  o f  t h e  d r i v i n g  v o l t -  
age. The ampl i tude o f  t h e  vo l tage  might  a l s o  be 
l i m i t e d  by s a t u r a t i o n  of t h e  core .  These e f f e c t s  
a re  more troublesome f o r  longer  d u r a t i o n  t r a n -  
s ien ts ,  as may be noted by comparing F ig .  9 t o  
F i g .  3. 

Two measures were taken t o  improve t h e  wave 
shape o f  t he  o p e n - c i r c u i t  vo l tage.  The f i r s t  o f  
these was t h a t  some r e s i s t i v e  loading, v i a  an 
a u x i l i a r y  winding, was used on t h e  i n j e c t i o n  
t ransformer  t o  p r o v i d e  p a r t i a l  i n t e g r a t i o n  o f  t he  
f l u x .  The second was t h a t  t h e  f r o n t  t i m e  o f  t h e  
o p e n - c i r c u i t  vo l t age  f rom t h e  e x c i t i n g  pu l se  gen- 
e r a t o r  was made longer  through t h e  use o f  h ighe r  
va lues o f  wave shaping capaci tance. Whi le these 
compensating techniques were p a r t i a l l y  success- 
f u l ,  t h e r e  i s  s t i l l  ample room f o r  improvement i n  
t h e  a r t  o f  making equipment f o r  t rans fo rmer  i n -  
j e c t i o n  t e s t s .  

I n j e c t i o n  t ransformers  are  n o t  cons t ra ined  
t o  be operated w i t h  o n l y  one tu rn ,  o r  even equal 
tu rns ,  on the  p r imary  and secondary. E i t h e r  
vo l t age  o r  c u r r e n t  may be emphasized by ope ra t i ng  
the  t ransformer  w i t h  unequal tu rns ,  a l though such 
ope ra t i on  should be recognized as a f f e c t i n g  t h e  
impedance o f  t h e  t e s t  c i r c u i t .  I n  genera l  terms, 
t h e  e f f e c t s  o f  unequal t u r n s  are: 

a) More t u r n s  on secondary g i ves  ( f o r  a  f i x e d  
number o f  t u r n s  on the  p r imary ) :  

o  Less s h o r t - c i r c u i t  c u r r e n t  

o  More open- .c i rcu i t  v o l t a g e  

o  A decrease i n  t h e  f requency o f  t h e  
n a t u r a l  o s c i l l a t o r y  mode o f  t he  cab le  
under t e s t .  

b )  More t u r n s  on p r imary  g i ves  ( f o r  a  f i x e d  
number o f  t u r n s  on t h e  secondary): 

o  More s h o r t - c i r c u i t  c u r r e n t  

o  Less o p e n - c i r c u i t  vo l t age  

o  A decrease i n  t h e  f requency o f  t h e  
n a t u r a l  o s c i  1  l a t o r y  mode o f  t he  pu l se  
generator  

o  A longer  r i s e  t ime o f  t h e  c u r r e n t  
pu lse.  

F iq .  10: Equ iva len t  c i r c u i t s  o f  i n j e c t i o n  
t rans fo rmers  
A) Bas ic  t rans fo rmer  
B) Equ iva len t  c i r c u i t  r e f e r r e d  

t o  secondary 
C) Equ iva len t  c i r c u i t  i f  Np = LS 

and Lp = s 

I f  one wishes t o  determine by ana lys i s  t h e  char- 
a c t e r i s t i c s  o f  t h e  t e s t  c i r c u i t ,  one may d e r i v e  
equ iva len t  c i r c u i t s  f o r  t h e  i n j e c t i o n  t ransformer  
and t h e  conductor under t e s t .  For t h e  i n j e c t i o n  
t ransformer ,  t h e  Tee equ iva len t  shown on F ig .  10 
i s  g e n e r a l l y  s a t i s f a c t o r y .  

I n  F ig .  10 

M = 1 /4  (LA - LB) . . . ( 3 )  

LA and LB are  t h e  inductances measured w i t h  the  
p r imary  and secondary windings connected f i r s t  i n  
s e r i e s  a i d i n g  and then i n  s e r i e s  bucking. 

The cab le  under t e s t  cou ld  probably  be 
t r e a t e d  e q u a l l y  s a t i s f a c t o r i l y  as a  Tee equiva- 
l e n t  o f  inductance and capaci tance. A complete 
equ iva len t  c i r c u i t ,  l e s s  t h e  r e s i s t i v e  load ing 
shown on F ig .  7, would then be as on F i g .  11. 
Numerical a n a l y s i s  o f  t h i s  c i r c u i t  w i t h  t h e  a i d  
o f  a  computer program such as ECAP i s  e n t i r e l y  
f e a s i b l e .  Whi le t he  task  has n o t  been done, such 
a n a l y s i s  m igh t  p o i n t  t h e  way t o  t e s t  c i r c u i t s  
b e t t e r  adapted t o  produc ing t h e  des i red  TCL t e s t  
waves. 

Equipment f o r  Generat ion o f  
E l e c t r i c  and Maqnet ic F i e l d s  

The t e s t  equipment descr ibed so f a r  has 
been aimed a t  t h e  i n j e c t i o n  o f  c u r r e n t  o r  vo l t age  
pu l ses  i n t o  t h e  t e r m i n a l s  of e l e c t r o n i c  equip- 
ment. There i s  a l s o  sometimes a  need t o  sub jec t  
equipment t o  an e n g u l f i n g  e l e c t r i c  o r  magnetic 
f i e l d ,  p r i n c i p a l l y  t o  check f o r  magnetic f i e l d  
leakage o f  t h e  cab ine t .  Sometimes these e f f e c t s  
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Fiq. 11: Equivalent circuit of a surge generator connected to cable 
through an injection transformer: 

o the compensating loop of Fig. 7 is not included 
o component values shown are those appropriate for 
the test ferrites of Fig. 7. 

are checked with a wire-wrapped technique in 
which a coil of wire is wrapped around the item to 
be tested and the coil then excited from a pulse 
generator. The type of magnetic field so pro- 
duced is perhaps not the best that may be derived 
for direct effects testing. In the study of 
nuclear electromagnetic pulse (NEMP) effects, use 
is often made of stripline simulators in which a 
pulse generator is matched to a large open trans- 
mission line. In such simulators attention is 
given to insuring that there is a suitable tran- 
sition from the small geometry of the pulse 
generator to the large geometry of the test cham- 
ber. The pulse generators and working chambers 
are also carefully matched to each other to a1 low 
the production of the required short-duration, 
rapidly changing fields. For the production of 
more slowly varying electromagnetic fields, such 
as those resulting from lightning, the physical 
design of such chambers can frequently be simpli- 
fied. The rise times involved are not as fast as 
those in the NEMP studies and the requirement of 
plane wave propagation in the test chamber is not 
as important. A test chamber suitable for many 
types of equipment might be like that of Fig. 12. 
It would basically consist of a one-turn loop 
antenna of rectangular cross section enclosing a 
volume of about 1 m3. Such a coil, when excited 
by the pulse generator sketched, would produce in 
its working volume a magnetic field of approx- 
imately 1000 amperes per meter or an electric 
field of about 20 kV per meter. 

Conclusions 

The equipment capable of performing the 
types of tests implied in the TCL concept is 
basically simple in nature. If only the lower 
levels need be generated, and if the equipment 

Fiq. 12: Possible test chamber for evaluating 
electric and magnetic field effects 

need not be very refined, it can be built in 
virtually any laboratory. 

Ultimately, of course, one might expect 
suitable test equipment to become available com- 
mercially, and indeed some equipment is already 
available. This is particularly true of equip- 
ment suitable for direct injection of transients. 
Techniques for indirect injection have not yet 
been as well worked out. There is a need for 
further development in that area, supported by 
comnercial test equipment. 

The true need for subjecting electronic 
hardware to electric and magnetic fields has not 
yet been determined, and accordingly very little 
has been done toward producing equipment for such 
tests. 
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