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E 1 e k  t r o t e h n  i c k i  f a h  1 t e t 

A h s t r a c t :  S p a c i o u s  and complex grounding  s y s t e m s  
are o f t e n  p a r t  of a l i g h t n i n g  p r o t e c t i o n  sys tem i n  i n -  
d u s t r i a l  and power p l a n t s .  Large  l i g h t n i n g  c u r r e n t  i m -  
p u l s e s  can c a u s e  l a r g e  t r a n s i e n t  v o l t a g e s  c o u p l e d  t o  
c o n t r o l  and s i g n a l  c i r c u i t s  i n  n e a r  v i c i n i t y  t o  t h e  
grounding  sys tems.  Two d i f f e r e n t  computer  programs are 
developed  for  numer ica l  e v a l u a t i o n  o f  such  t r a n s i e n t  
v o l t a g e s .  I t  is shown t h a t  s i m p l i f i c a t i o n s  u s e d  i n  
p r e v i o u s  computer  models Lead t o  e r r o n e o u s  r e s u l t s .  

- I n t r o d u c t i o n  

S p a c i o u s  grounding  systems w i t h  complex c o n f j g u -  
r a t i o n  o f  e l e c t r o d e s  are o f t e n  p a r t  o f  t h e  l i g h t n i n g  
p r o t e c t i o n  system i n  i n d u s t r i a l  and  power p l a n t s .  The 
l a r g e  c u r r e n t s  t h a t  f low d u r i n g  a l i g h t n i n g  impulse  
can c a u s e  l a r g e  v o l . t a g e s  a l o n g  a p a t h  between p o i n t s  
on  or  n e a r  grounding  sys tems.  These  t r a n s i e n t  v o l t a g e s  
can  c o u p l e  t o  c a b l e s ,  c o n n e c t e d  t o  o r  n e a r  t h e  groun-  
d i n g  s y s t e m ,  which are p a r t  o f  t h e  c o n t r o l  and  s i g n a l  
c i r c u i t s .  Such c o u p l i n g  c a n  be a r e a s o n  for t h e  occur-  
r e n c e  o f  f a l s e  s i g n a l s  or alarss, which can c a u s e  mal- 
f n n c t i o n  or  even d e s t r u c t i o n  o f  i m p o r t a n t  e l e c t r o n i c  
i n s t r u m e n t a t i o n .  In  o r d e r  t o  d e t e r m i n e  measures  of 
p r o t e c t i o n  o f  t h e  i n s t r u m e n t a t i o n  c o n t r o l  c i r c u i t s  a 
more p r e c i s e  knowledge o f  t h e  induced  t r a n s i e n t  v o l t a -  
g e s  is n e c e s s a r y .  

High f r e q u e n c y  a n a l y s i s  of t h e  grounding  s y s t e m s  
is a d d r e s s e d  i n  two r e c e n t  p a p e r s  by T a k a s h i m a l l ]  and 
Papalexopoulos[Z] .  To a v o i d  c o m p l i c a t i o n s  i n  t h e  deve- 
lopment of  t h e  a n a l y t i c a l  s o l u t i o n ,  d i f f e r e n t  s i m p l i -  
f y i n g  a p p r o x i m a t i o n s  are employed. The common a p p r o x i -  
mat ion is  t h e  q u a s i - s t a t i c  assumpt ion .  A s  consequence ,  
t h e  i n f l u e n c e  of the e a r t h ' s  s u r f a c e  is t a k e n  i n t o  ac- 
c o u n t  by t h e  image t h e o r y .  Fur thermore ,  T a k a s h i m a [ l l  
c a l c u l a t e s  t h e  c u r r e n t ,  d i s t r i b u t i o n  i n  t h e  grounding  
sys tem and t h e  e l e c t r i c  f i e l d  d i s t r i b u t i o n  i n  t h e  v i -  
c i n i t y  assuming t h a t  t h e  e l e c t r i c  c h a r g e s  o n  t h e  gro- 
unding  e l e c t r o d e s  are t h e  o n l y  s o u r c e s  o f  t h e  e lectr ic  
f i e l d .  Papalexopoulos[Z]  n e g l e c t s  t h e  i n t e g r a t i o n  p a t h  
dependent  component of t h e  v o l t a g e .  These  s i m p l i f y i n g  
a p p r o a c h e s ,  i n  f a c t ,  n e g l e c t  t h e  i n f l u e n c e  o f  t h e  
t j  me-varying l o n g i t u d i n a l  c u r r e n t  i n  t h e  g r o u n d i n g  
e l e c t r o d e s ,  as a s o u r c e  o f  an a d d i t i o n a l  component of 
t h e  e l e c t r i c  f i e l d .  

The aim of t h i s  p a p e r  is t o  i n v e s t i g a t e  t h e  i n -  
f l u e n c e  o f  t h i s  n e g l e c t e d  component o f  t h e  electric 
f i e l d  on t h e  a n a l y t i c a l  e v a l u a t i o n  o f  t h e  t r a n s i e n t  
v o l t a g e s  induced i n  n e a r  v i c i n i t y  o f  t h e  g r o u n d i n g  
s y s t e m s  e n e r g i z e d  by i n j e c t i o n  o f  c u r r e n t  impulse .  

I__-__ S t a t e m e n t  of t h e  vroblem 

I n  a u s u a l  s t a n d a r d  low f r e q u e n c y  a n a l y s i s  of t h e  
grounding  s y s t e m s ,  p o t e n t i a l  d i s t r i b u t i o n  i s  c a l c u l a -  
t ed  first and v o l t a g e s  are ob ta ined  n e x t  as p o t e n t i a l  
d i f f e r e n c e s .  S i n c e  f o r  h i g h e r  f r e q u e n c i e s  v o l t a g e s  are 
n o t  e q u a l  t o  t h e  p o t e n t i a l  d i f f e r e n c e ,  t h e  v o l t a g e s  
h e r e  are c a l c u l a t e d  as a l i n e  i n t e g r a l  o f  t h e  electric 
f i e l d  v e c t o r  a l o n g  a g i v e n  p a t h .  

The p h y s i c a l  model 

The p h y s i c a l  model is based  on t h e  f o l l o w i n g  
assumpt ions .  
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The groi indinq ssstm i s  asslimed t o  he a network 
o f  s t r a i g h t ;  c v l i n r l r i c a l  meta l  I ic c o n d u c t o r s  wit:h a r b i -  
t r a r y  o r i P n t a t i o n  snd  f i n i t e  c o n t l i t c t i v i t ~ y .  The conduc- 
t o r s  are srih.iect. 1.0 t h e  t h i n - w i r e  a p p r o x i m a t i o n ,  a s s u -  
ming t h a t  c o n d u c t o r  r a d i u s  is much smaller t h a n  the  
wavelength  and t h e  wire l e n g t h  is much g r p a t e r  t h a n  
i-he r a d i u s .  I n  ot ,her  words,  r a d i a l  c u r r e n t s  i n  t h e  
c o n d u c t o r s ,  c u r r e n t s  over t h e  f l a t  end s u r f a c e s  o f  t h e  
c o n d u c t o r s  and t h e  c i rcumferent  i a l  c u r r e n t s  are neg- 
l e c t e d .  I n  a d d i t i o r i ,  a z i m u t h a l  v a r i a t i o n s  o f  t h e  a x i a l  
c i t r r e n t s  i n  t h e  ccinductors  are n e g l e c t e d .  T h r s e  assum- 
p t i o n s  e n a b l e  t o  c o n s i d e r  t h e  t o t a l  c u r r e n t  i n  t h e  
c o n d u c t o r s  as  l o n g i t u d i n a l  f i l an ien tary  l i n e  c u r r e n t ,  
pl-aced i n  t h e  axils of t,he c o n d u c t o r s .  Also t h e  a x i a l  
c u r r e n t ,  on the open end o f  t h e  grounding  e l e c t r o d e s  is 
assumed t o  he z e r o .  Fur thermore ,  t h e  whole st,ructure 
o f  t.he grounding  !system is assumed to h e  embedded i n  
t ,he  s o i l .  

k h e r g i z a t i o n  is by i n j e c t i o n  o f  c u r r e n t  impulse  
hy an i .deal  cur ren t .  g e n e r a t o r  w i t h  o n e  t e r m i n a l  conne- 
ct,ed t o  t h e  grounding  s y s t e m ,  and t h e  ot .her  t o  t h e  
ground at, i n f i n i t y .  The i n f l u e n c e  of t h e  c o n n e c t i n g  
l e a d s  i s  ignored .  

T h e  s o i  I is modeled as homogeneous h a l f - s p a c e  
w i t h  p l a n e  boundary ,  c h a r a c t e r i z e d  hy  c o n d u c t i v i t y ,  
p e r m i t t i v i t y  and p e r m e a b i l i t y  c o n s t a n t s .  

The p h y s i c a l  s i t u a t i o n  is i l l u s t r a t e d  i n  P i g .  1. 

Eo. PO Air 

LL 
Grounding System 

Fig .  1. I l l u s t r a t i o n  of t h e  p h y s i c a l  s i t u a t i o n .  

f requency-domain s o l u t i o n  o f  t h e  nroblem 

The c l . a s s i c a 1  techniq i ie  f o r  t h e  s o l u t i o n  o f  t h e  
t r a n s i e n t  e l e c t r o m , a g n e t i c  problems is employed. T h i s  
i n v o l v e s  t h e  computa t ion  o f  t.he frequency-domain res- 
ponse o f  t h e  s t r u c ' b u r e ,  which i s  s u b s e q u e n t l y  F o u r i e r  
t r a n s f o r m e d  t o  y i e l d  the d e s i r e d  t.ime-domain r e s p o n s e .  

Si.nce t h e  main, g o a l  of  t h i s  work is t o  i n v e s t i g a -  
t e  t h e  i n f l u e n c e  o f  t h e  l o n g i t u d i n a l  c u r r e n t  i n  t,he 
grounding  e l e c t r o d e s  on t h e  computed induced  v o l t a g e s ,  
Lhe i n f l u e n c e  o f  t h e  e a r t h ' s  s u r f a c e  is t,alien i n t o  
a c c o u n t  hy image t h e o r y ,  t h e  same way as i n  t h e  above 
mentioned si mpl i f i e d  mode 1 s .  

To v a l . i d a t e  t , h e  r e s u l t s ,  two d i f f e r e n t  mathemati-  
cal models are s o l v e d  hg d i f f e r e n t  numerical  t e c h n i -  
q u e s ,  and t h e  r e s u l t s  are compared. The h o t h  are baijed 
on s tandard t e c h n i q u e s  from t h e  Method of Moments (l@lM) 
( H a r r i n g t o n [ 3 1 ) .  As t h e  b a s i s  f o r  t h e  here developed  
computer  programs for  grounding  s y s t e m s  a n a l y s i s ,  two 
s t a n d a r d  computer  programs f o r  a n t e n n a s  are used .  The 
f i r s t  one  is t h e  thin-wi . re  program by Richmond1 4 1  and 
t h e  ot ,her  is t h e  program by Hewenseel51. I n  t.he f i r s t  
case, t h e  d i s t r i b u t i o n  of c u r r e n t s  i s  approximated  as 
p i e c e w i s e - s i n u s o i d a l  ( i n  f a c t  as s u p e r p o s i t i o n  o f  
o v e r l a p p e d  s i n u s o i d a l  d i p o l e s ,  F i g .  2 ( c )  ) .  The c o r r e -  
s p o n d i n g ,  so c a l i i r d ,  R e a c t i o n  I n t e g r a l  Equat ion  ( 
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Fig .  2. ( a )  Segmenta t ion  o f  t h e  e l e c t r o d e .  ( b )  P i e c e -  
w i s e - c o n s t a n t  a p p r o x i m a t i o n  o f  t h e  l o n g i t u d i -  
n a l  c u r r e n t .  ( c )  P i e c e w i s e - s i n u s o i d a l  a p p r o x i -  
mat ion  o f  t h e  l o n g i t u d i n a l  c u r r e n t .  

is s o l v e d  by t h e  G a l e r k i n  method. I n  t h e  second case, 
t h e  p i e c e w i s e - c o n s t a n t  c u r r e n t  approximat ion  is u s e d ,  
( F i g .  2 . ( b ) ) ,  and t h e  c o r r e s p o n d i n g ,  so c a l l e d ,  Mixed 
P o t e n t i a l  I n t e g r a l  E q u a t i o n  (MPIE) is s o l v e d  by p o i n t -  
matching .  The d e t a i l s  o f  t h e s e  s o l u t i o n s  f o r  a n t e n n a s  
and s c a t t e r e r s  are a v a i l a b l e  e l s e w h e r e  ( H a r r i n g t o n [ 3 ]  
and Richmond[GI). 

I n  o r d e r  t o  a d a p t  t h e  above a n t e n n a  computer  co-  
d e s  f o r  grounding  sys tems a n a l y s i s ,  t h e  f o l l o w i n g  po- 
i n t s  are of  impor tance :  

- t h e  a m b i e n t a l  medium is c o n d u c t i n g  h a l f - s p a c e  
and t h e  o t h e r  h a l f - s p a c e  i s  a i r ,  

- t h e  e l e c t r o d e s  of  f i n i t e  c o n d u c t i v i t y  are i n  
d i r e c t .  c o n t a c t  w i t h  t h e  c o n d u c t i n g  medium, 

- t h e  e n e r g i z a t i o n  i.s by i n j e c t i o n  o f  c u r r e n t  a t  
a p o i n t  i n  t h e  grounding  s y s t e m ,  and 

- t h e  computer  code  h a s  t o  be  c a p a b l e  f o r  compu- 
t a t i o n s  i n  a r a n g e  of  f r e q u e n c i e s  s t a r t i n g  from 0 Hz. 

The main p a r t  o f  t h e  f i r s t  two p o i n t s  are a l r e a d y  
s o l v e d  i n  t.he program by Richmond[41, s i n c e  i t  is f o r  
t h i n - w i r e  s t r u c t u r e s  i n  unbounded c o n d u c t i n g  medium. 
The program by Bewensee[5] c a n  be  s t r a i g h t f o r w a r d l y  
m o d i f i e d  f o r  unbounded c o n d u c t i n g  medium by r e p l a c i n g  
t h e  p r o p a g a t i o n  c o n s t a n t  of t h e  a i r  w i t h  t h e  c o r r e s -  
ponding o f  t h e  s o i l .  The f i n i t e  c o n d u c t i v i t y  of t h e  
grounding  e l e c t r o d e s  m a t e r i a l  i n  t h e  program by Bewen- 
s e e [ 5 1 ,  is t a k e n  i n t o  a c c o u n t  by t h e  s t a n d a r d  procedu-  
re e x p l a i n e d  i n  G r c e v [ 7 ] .  Also a s u b r o u t i n e  for  e l e c -  
t r i c  f i e l d  e v a l u a t i o n  is d e v e l o p e d  f o l l o w i n g  t h e  p r i n -  
c i p l e s  g i v e n  i n  Adams[81. The i n f l u e n c e  of  t h e  s o i l  
s u r f a c e  is t a k e n  i n t o  a c c o u n t  i n  t h e  b o t h  programs by 
t h e  modi f ied  image t h e o r y  t e c h n i q u e  TakashimaZl] .  

'The lowes t  frequency used was 50 Hz (which is 
c o n s i d e r e d  e q u i v a l e n t  t o  0 Hz) and t h e  c o d e s  are adap-  
t e d  f o r  s u c h  low f r e q u e n c i e s  by c o n v e r s i o n  from SINGLE 
t o  DOUBLE PRECISION o f  s u b r o u t , i n e s  i n v o l v e d  i n  compu- 
t a t i o n  o f  t h e  g e n e r a l i z e d  impedance m a t r i x  e l e m e n t s .  

Only t h e  e n e r g i z a t i o n  by i n j e c t i o n  of c u r r e n t  re- 
q u i r e s  more i n v o l v e d ,  b u t  s t i l l  s t r a i g h t f o r w a r d  modi- 
f i c a t i o n  of e x i s t i n g  programs.  

E n e r g i z a t i o n  ~JJ i n . i e c t i o n  o f  c u r r e n t  

The e n e r g i z a t i o n  o f  a n t e n n a s  is u s u a l l y  modeled by a 
v o l t a g e  a p p l i e d  t o  two c l o s e l y  s p a c e d ,  b u t  i s o l a t e d ,  
f e e d  p o i n t  t e r m i n a l s  l o c a t e d  on t h e  e x i t e d  s t r u c t u r e  
o r  by an i n c i d e n t .  e l e c t r o m a g n e t i c  f i e l d  i l l u m i n a t i n g  
t h e  s t r u c t u r e .  T h e  e x c i t a t i o n  b y  v o l t a g e  can  h e  
s t r a i g h t f o r w i i r d l y  modi f ied  to  c u r r e n t  f o l l o w i n g  t h e  
p r o c e d u r e  o u t l i n e d  i n  T h i e l l e l  91. I n  t h i s  case, t h e  

e n e r 2 i z a t i o n  o f  t h e  grounding  sys tem is modeled by t h e  
i n j e c t i o n  of a t ime-harmonic c u r r e n t  i n  a. r e q u i r e d  
f requency r a n g e  prodiiced by an i dea l  c u r r e n t  g e n e r a t o r  
w i t h  one t e r m i n a l  c o n n e c t e d  t,n t h e  grounding  s y s t e m ,  
and t h e  o t h e r  t o  t.he groiind a t  i n f i n i t y .  

~ p p l i c a t i o n  of t h i s  model ni < t a t i o n  i s  d i f f r -  
r t=nt  i n  t h e  t,wo programs.  

P i e c e w i s e - c o n s t a n t   current:^ B e s i d e  t h e  usual .  
t y p e s  o f  segment  end p o i n t s :  s i m p l e  . j u n c t i o n ,  m u l t i p l e  

o n  and open  e n d ,  d e f i n e d  i n  Bewensee[51, an 
a d d i t i o n a l  t y p e  of end p o i n t  of  a segment  is i n t r o d u -  
ced:  an i n j e c t i o n  p o i n t .  The c u r r e n t  i n  t h i s  segment  
is p r e d e f i n e d  and equal. t o  t h e  c u r r e n t  o f  t h e  c u r r e n t  
g e n e r a t o r .  

L e t  t h e  segment, w i t h  an i n j e c t i o n  end p o i n t  be  
numbered w i t h  1 ,  and t h e  l o n g j t i i d i n a l  c u r r e n t  i n  t h i s  
segment w i t h  I , ,  l i k e  i n  F ig .  2 ( b ) .  I f  I is t h e  c u r -  

r e n t  o f  t h e  c u r r e n t  g e n e r a t o r ,  t h e n  l l = r  . A p p l i c a t i o n  

o f  t h e  MM r e s u l t s  i n  g e n e r a l i z e d  impedance m a t r i x  [Zl, 
which d e s c r i b e  t h e  e l e c t r o m a g n e t i c  i n t e r a c t i o n s  b e t -  
ween t h e  segments ,  H a r r i n g t o n [ Y ] .  I n  t h e  p r o c e s s  t h e  
MPlE c h a r a c t e r i z i n g  t h e  problem is reduced  t o  a m a t r i x  
e q u a t i o n  of t h e  form: 

where Z,  are g e n e r a l i z e d  mutua l  impedances between 

t h e  segments  and I . ,  j=2,3, ..., N ,  are unknown l o n g i t u -  

d i n a l  c u r r e n t s ,  t h e  same as t h o s e  used  i n  a n t e n n a  ana-  
l y s i s  ( H a r r i n g t o n [ S )  and Hewenseel 51 ) .  The d i f f e r e n c e  
is i n  t h e  z l  which are t h e  g e n e r a l i z e d  mutua l  impe- 

d a n c e s  between t h e  i n j e c t i o n  segment ( h e r e  numbered 
w i t h  1 )  and t h e  o t ,her  segments  numbered w i t h  j = 2 , 3 , . . -  . , N .  The t r e a t m e n t  is similar t o  t h e  t r e a t m e n t  o f  t h e  
w i r e  open  e n d s  i i i  Bewenseel51,  but; w i t h o u t  t h e  e x t e n -  
ded h a l f  segment. w j t h  z e r o  c u r r e n t .  T h i s  p r o c e d u r e  is 
d e s c r i b e d  i n  d e t a i l  i n  G r c e v l l O l .  

J k  

J 

11' 

~ _ _ _ _ _ _ -  P i e c e w i s e - s i n u s o i d a l  __- c u r r e n t :  I n  case o f  t h e  pro-  
gram b a s e d  on t h e  p i e c e w i s e - s i n u s o i d a l  c u r r e n t  appro-  
x i m a t i o n ,  t h e  f i r s t  s t e p  is t o  d e t e r m i n e  t h e  d i s t r i b u -  
t i o n  o f  t h e  s i n u s o i d a l  d i p o l e s ,  t h e  same way as i n  t h e  
u s u a l  ant,enna case. The i n j e c t i o n  p o i n t  i s ,  i n  t h i s  
s t e p ,  t r e a t e d  as a n  o r d i n a r y  w i r e  open  end .  Then on 
t h e  i n j e c t i o n  segment  one  s i n u s o i d a l  monopole is 
added ,  w i t h  t h e  t e r m i n a l  at  t h e  i n j e c t i o n  p o i n t ,  as 
i l l u s t r a t e d  i n  F ig .  2 ( c ) .  The c u r r e n t  a t  t h e  i n j e c t i -  
on  s i n u s o i d a l  monopole t e r m i n a l  is e q u a l  t o  t h e  c u r -  
r e n t  o f  t h e  c u r r e n t  g e n e r a t o r .  Let t h e  number o f  t h e  
s i n u s o i d a l  d i p o l e s  be  e q u a l  t o  M .  'The c u r r e n t  o f  t h e  
s i n u s o i d a l  monopole I r f i = I  . Here t h e  c o r r e s p o n d i n g  mat- 
r i x  e q u a t i o n  h a s  t h e  f o l l o w i n g  form: 

Here E ,  j , k = l , 2 , . . . , M ,  are mutual  impedances between 

t h e  M s i n u s o i d a l  d i p o l e s ,  and I . ,  , j = 1 , 2 , . . . , M ,  are un- 
known c u r r e n t s  of t h e  s i n i i s o i t l a l  d i p o l e s ,  as d e f i n e d  
i n  Hichmnnd[fiJ. AJsn here, aicn, j = 1  , 2 , .  . , ,M, are m u t w  

a1 impedances het,wcen t h e  in . ject  i o n  s i n u s o i d a t  monopo- 
le tlt~aignal-,r-tl wit.1~ m, ant1 t h e  s ini isoi .da1 d i p o l e s  

.I k ' 
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ni~mbereti r i t . l i  . i = I  , 2 ,  ,M. The e x p r e s s i o n  f o r  t h e  

can  he d e r i v e d  from t h e  c o r r e s p o n d i n g  e x p r e s s i o n  i n  
Richmond1 61 f o r  o r d i n a r y  'z i n  a s t r a i g h t f o r w a r d  way, 

j k  
by d e f i n i n g  t h e  s i n u s o i d a l  monopole as one  h a l f  o f  an 
ord i n a r s  S I  niuso i rla 1 d i p i >  I C .  

S i n c c  the s o l u t i o n  of t h e  m a t r i x  e q u a t i o n s  ( 1 )  
and ( 2 )  1s s t r a i g h t f o r w a r d  w i t h  e x i s t i n g  r o u t i n e s ,  i n  
t , h i s  way, t h e  d i s t r i b u t i o n  o f  t h e  l o n g i t u d i n a l  
c u r r e n t s  in t h e  grounding  sys tem e l e c t r o d e s  is s o l v e d  
i n  two independent  ways. T h i s  i s  c o n v e n i e n t  f o r  
v a l i d a t i o n  o f  thcl numer ica l  r e s u l t s .  

E l e c t r i c  f i e l d  e v a l u a t i o n  

Jm 

The eva lua t . ion  o f  t h e  e l e c t r i c  f i e l d  is d i f f e r e n t  
f n r  t h e  two programs. 

-~.I____- P i e c e w i s e - c o n s t a n t  c u r r e n t :  __ The e l e c t r i c  f i e l d  is 
computed by t h e  p r o c e d u r e  g i v e n  i n  Adamslll]. 
compact form the expression f o r  t h e  e l ec t r i c  f i e l d  
at, a point, can he w r i t . t e n  ( G r c e v l 7 1 ) :  

Ep t EZ 

( 3 )  

where AXn d e n o t e  t h e  l e n g t h  o f  t h e  n t h  segment  and R, 

is t ,he d i s t a n c e  from a p o i n t  on AXn t o  t h e  f i e l d  

~ m i n t . .  Here t.he v e c t o r  1; r e p r e s e n t s  t h e  u n i t  v e c t o r  

a l o n g  t h e  n t h  segment a x i s .  
'This form o f  t ,he  e x p r e s s i o n  f o r  t h e  e l e c t r i c  

f i e l d  is c o n v e n i e n t  f o r  t h e  a n a l y s i s  o f  t h e  i n f l u e n c e  
o f  t h e  two components of t h e  e l e c t r i c  f i e l d .  The 
e x p r e s s i o n  i n  E q .  ( 3 )  is a sum of two p a r t s :  t h e  f i r s t  
one is due t o  t h e  c h a r g e  d i s t r i b u t i o n  on t h e  
e l e c t r o d e s  and t h e  second is due  t o  t h e  l o n g i t u d i n a l  
c u r r e n t  i n  t h e  e l e c t r o d e s .  

The Eq. ( 3 )  is v a l i d  i n  homogeneous medium. I n  
t h e  h a l f - s p a c e ,  t h e  c o n t r i b u t i o n  o f  t h e  image sources 
h a s  to  be  t a k e n  i n t o  a c c o u n t  ( T a k a s h i m a [ l l ) .  

+ 

P i e c e w i s e - s i n u s o i d a l  c u r r e n . t :  One o f  t h e  r e a s o n s  
f o r  t h e  c h o i c e  of t h e  s i n u s o i d a l  d i p o l e s  f o r  equiva-  
l e n t  soiir-ces o f  t h e  e l .ec t , r ic  f i e l d  is t h a t  t h e y  are 
p r o b a b l y  t h e  o n l y  f i n i t e  l i n e  s o u r c e s  w i t h  s i m p l e  
c losed- form e x p r e s s i o n s  f o r  t h e  n e a r  f i e l d s  
( O t t o [ l I  I 1 ,  l'he e x a c t  e x p r e s s i o n s  f o r  t h e  e l e c t r i c  
f i e l d  i n  t h e  n e a r  p o i n t  of a l i n e  s i n u s o i d a l  monopole, 
i n  a loca l  c y l i n d r i c a l  c o o r d i n a t e  sys tem i l l u s t r a t e d  
on Fi.g. 3 ,  a r e :  

whcre v a r i o u s  g e o m e t r i c a l  q u a n t i t i e s  are i l l u s t r a t e d  
i n  F i g .  3 ,  O t h e r  symbols  are d e f i n e d  i n  E q .  ( 3 ) .  The 
c u r r m t  i n  t h e  s i n u s o i d a l  monopole, i l l u s t r a t e d  on  
F i g .  3 ,  i s  z e r o  a t  z T  Anti have maximum w i t h  v a l u e  I a t  

z, .  

'The e l e c t r i c  f i t ? t d  a t  a p o i n t  n e a r  t h e  grounding  
s?;st,em is t h e  slim o f  c o n t r i b u t i o n s  from t h e  o v e r l a p -  
p i n g  s i n u s o i d a l  current monopoles i n  a l l  segments .  The 
Er!. ( 1 )  i s  v a l i d  i n  homogeneous medium. I n  t h e  h a l f -  
spacc,  t h e  c o n t r i h i i t i o n  o f  t,he imaqe s o u r c e s  have t o  
bP taken i n t o  accoiint ( l a k a s h i m a l  11 1 .  

'ihe I - W O  independent .  ways of  computa t ion  of t h e  

I 

zl 
d 

f;ig. 3. Local c y l i n d r i c a l  c o o r d i n a t e  sys tem.  

c l e c t r j c  f i e l d  a r e  c o n v e n i e n t  f o r  t h e  v a l i d a t i o n  of 
t h e  r c s i i l t s .  

--______ Time-domain ~ s o l u t i o n  

+ .  I f  t h e  e l e c t r i c  f i e l d  v e c t o r  E(Ju) at  a p o i n t  
n e a r  t h e  grounding  s y s t e m ,  which is a r e s p o n s e  t o  an 
i n j e c t e d  s t e a d y - s t a t e  time harmonic c u r r e n t  I(&) , is 
known f o r  a1 1 f r e q u e n c i e s ,  t h e n  t h e  t r a n s f e r  f u n c t i o n  
of  the sys tem W ( & )  can  be s i m p l y  o b t a i n e d  by: 

W( j0) = ( 5 )  
+ .  where E ( j 0 )  a r e  components  of  t h e  E(,$d)  i n  a approlpr i -  

a te  c o o r d i n a t e  sys tem.  Then t h e  time domain s o l u t i o n  
6 ( t )  can be  d e t e r m i n e d  by d i r e c t  a p p l i c a t i o n  of :  

t?'( t )  = s-'{ W( j ~ )  - F I  i ( t ) 1 1 ( 6 )  

where i( t) r e p r e s e n t s  t h e  i n j e c t e d  c u r r e n t  jlppulse a t  
a p o i n t  i n  t.he groundi.ng sys tem and 9 and 9 are t h e  
F o u r i e r  and i n v e r s ' e  F o u r i e r  t r a n s f o r m s ,  r e s p e c t i v e l y .  

S i n c e  t h e  e l e c t r i c  f i e l d  can  h e  p r a c t i c a l l y  com- 
puted  on1.y f o r  a l i m i t e d  number of  f r e q u e n c i e s ,  t h e  
d i s c r e t x  F o u r i e r  irnd i n v e r s e  d i s c r e t e  F o u r i e r  trans- 
form are a p p l i e d  i n  t h e  Eq. ( 6 ) .  Also t h e  F a s t  F o u r i e r  
'T'ransform a l g o r i t h m  is a p p l i e d  f o r  t h e  n u m e r i c a l  eva-  
l u a t i o n  of  E q .  ( 6 )  ( B r i g h a m l l 2 1 ) .  These t e c h n i q u e s  are 
approximate  because  i n v o l v e  band l i m i t i n g  o f  g e n e r a l l y  
tin1 i m i t e d  f u n c t i o n s  and sampl ing  of g e n e r a l l y  c o n t i -  
nuous f u n c t i o n s  i n  t,he time and f r e q u e n c y  domain. I t  
is t.lius necessary to  d e t e r m i n e  t h e  proper maximum va- 
lues and sampl ing  d e n s j t i . e s  i n  f r e q u e n c y  and t,ime do- 
main. Optimum v a l u e s  of t h e s e  p a r a m e t e r s  can  be  u s u a l -  
l y  determi ired a f t e r  H few i t e r a t , i o n s  by t h e  convergen-  
ce  o f  t h e  r e s u l t s ,  b u t  t h e  maximum v a l u e  o f  t h e  f r e -  
qiiency r a n g e  i s  also d e t e r m i n e d  by t h e  l imitations o f  
t.he mathemat , ical  model. 

The model 5 p r e s e n t e d  h e r e  are f r e q u e n c y  l i m i t e d  
tlue t o  t h e  a p p l i c a t i o n  of t h e  image t h e o r y .  The f r e -  
iliiency r a n g e  of t h e  v a l i d i t y  o f  t h e  models c a n  be  de- 
t,ermined more p r e c i s e l y  by comparison w i t h  t h e  more 
a c c u r a t e  model, f o r  example (Ci rcev[7] ) .  I n  t h i s  work 
t h e  maximum f r e q u e n c y  o f  a round 1 MHz is adopted .  

This v a l u e  of t h e  maximum f r e q u e n c y  d e t e r m i n e s  
t h e  e f f e c t i v e  c u t o f f  f r e g u e n c g  of  t h e  i n j e c t e d  c u r r e n t  
i inpi i lses  t h a t  can be  a n a l y z e d .  F a s t e r  v a r y i n g  impu1,ses 
h a v e  h i g h e r  c u t o f f  frecluency arid r e q u i r e  more a c c u r a t e  
model. 

Numerical results ______ ____ 

Comnarison w i t h  p r e v i o u s  results 

'l'he r e s u l t s  are compared w i t h  t h o s e  g i v e n  i n  F i g .  
6 o f  t.he paper  by Takashimal l  1 .  Electric f i e l d  d i s t r i -  
hi i t ion 011 t h e  e a r t . h ' s  s u r f a c e  above a l i n e a r  e l e c t r o d e  
i s  computcrl. 'l'hc eXect rode  i s  I 5  m l o n g ,  w i t h  0 . 7  cm 
r a d i u s ,  hiiried on 1 ni d e p t h ,  and of i d e a l l y  c o n d u c t i v e  
m:rteri:iI. 'The condu~ctance  of t h e  s o i l  is 0.0005 mho/m 
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Pig. 4 .  Distribution of IE,I on the earth’s surface. 
(a) Electric field due to charge distribution. 
(b) Complete electric field: piecewise 

constant current approximation. (c) Complete 
electric field: piecewise sinusoidal current 
approximation. 

and t,he relative permittivity is 4. The energization 
of the electrode i s  by injection of time-harmonic 
current of (ZtjO) A on three frequencies: 0 HZ, 2.247 
MHz and 6.741 MHz. 

The results of the here developed programs for 
t,he same case as  in the paper by Takashimall], are 
shown in Fig. 4. Results for lExl along the x-axis on 
t,he earth’s surface above the electrode are presented. 

‘Ihe electrode is extended from 2.5 m to 17.5 m from 
the origin of the profile. The results in Fig. 4 (a) 
are obtained by the program based on the piecewise- 
constant approximation for the current, when both 
evaluations of the matrix elements ( E q .  (1)) and 
electric field (Eq. ( 3 ) ) ,  are hased on the reduced 
model for  the electric field sources, that is, when 
electric charge distribution is assumed to be the only 
source of the electric field. The same program, but 
with complete model of the electric field sources, 
that is, when both the electric charges and the 
longititdinal currents are sources of the electric 
field, leads to results in Pig. 4 (b). To validate 
these results, the second program, based on the 
piecewise-sinusoidal approximation of the current, is 
applied to the same situation. The results are 
present.ed in Fig. 4 (c). 

‘The results in Fig, 4 (a) are in excellent agree- 
ment with t.he results in the paper by Takashima[l]. 
They show that the values of the electric field dimi- 
nish with the rise of the frequency. But when the both 
componpnts of the electric field are taken into 
account, as in Fig. 4 (b), completely different 
behavior is shown. It is obvious that additional 
component of the electric field is added due to the 
time-varying longitudinal current, which is rising 
with the rise of the frequency, to the component of 
the electric field due to the electric charges. It 
should he noted t,hat the first component, neglected in 
thc models by Takashima[ll and Papalexopoulos[21, 
hecomes dominant with the rise of the frequency. 
Excellent agreement of the results of the two 
different programs in Fig. 4 (b) and (c) validate 
their application for linear grounding electrodes. 

Validation of the results for complex grounding 
SiS&!!s_ 

A 6 x 6 mesh ground mat with 10 meter square mes- 
hes buried at 0 . 5  meters under the earth’s surface is 
illustrated in Fig. 5. The ground mat is assumed to be 
constructed from ideal conductor with radius 0.5 cm. 
The ideal conductors are assumed for the purpose of 
comparison of the results with the model equivalent to 
the one described i.n the paper by Takashimarl]. The 
time-harmonic current of (ltj0) kA and frequency 1 MHz 
is injected in the vertical conductor connected to the 
cent,er point of the mat. The profile on the earth’s 
surface, along which the electric field and voltages 
are calculated, is given in Fig. 5 as axis x. The soil 
is assumed to be homogeneous with resistivity 100 
ohm.m and relative permittivity 36 .  

Comparison of the results obtained by the two 
programs, one based on the piecewise-constant and the 
other based on the piecewise-sinusoidal approximation 
of the current, are presented in Fig. 6. Real and ima- 
ginary components are shown. Excellent agreement of 
the results validates the application of the programs 
for the analysis of complex grounding grids. 

Results for dry and wet soil 

The numerical results are presented for the elec- 
tric field distributions and voltage along one profile 
on earth’s surface for the grounding grid, defined in 
Pig. 5 ,  for two typical soil conditions. One is refer- 
red as “wet soil”, characterized with lower resistivi- 
ty: 100 0hm.m and higher relative permittivity: 36,  
and the other is “dry soil”, characterized with the 
higher value of resistivity: 1000 0hm.m and lower re- 
lative permittivity: 9. 

Frequency dependence of the electric field dis- 
tribution on the earth’s surface for wet and dry soil 
is presented on Figs. 7 and 8 ,  respectively. These 
results are computed by the program based on the com- 
plete electric field model. IExI component along the 
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F i g .  5. Grounding g r i d  adopted  f o r  c o m p u t a t i o n s .  
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D i s t a n c e  f r o m  origin of p r o f i l e  (m) 

F i g .  6 .  Comparison o f  t h e  r e s u l t s  from t h e  two prog-  
rams: one  b a s e d  on  t h e  p i e c e w i s e - c o n s t a n t  and  
t h e  o t h e r  b a s e d  o n  t h e  p i e c e w i s e - s i n u s o i d a l  
approximat ion  of t h e  c u r r e n t .  

x - a x i s  is c a l c u l a t e d  from t h e  o r i g i n  o f  t h e  p r o f i l e  t o  
a 40 m d i s t a n t  p o i n t .  The p r o f i l e  is p a s s i n g  o v e r  
c o n d u c t o r  e v e r y  10 m and it e n d s  10 m o u t s i d e  t h e  
g r i d .  For ( l t j 0 )  kA t ime-harmonic c u r r e n t  on  50 Hz 
i n j e c t e d  i n  t h e  c e n t e r  o f  t h e  g r i d ,  e lectr ic  f i e l d  
i n t e n s i t i e s  a l o n g  t h e  p r o f i l e  are g e n e r a l l y  l a r g e r  f o r  
d r y  t h a n  f o r  wet s o i l  a b o u t  10 times. S t r o n g  f r e q u e n c y  
dependence is shown i n  t h e  v i c i n i t y  t o  t h e  i n j e c t i o n  
p o i n t ,  where t h e  v a l u e s  of IE,I  are r i s i n g  w i t h  t h e  

rise o f  t h e  f requency .  The area o f  s u c h  b e h a v i o r  is 
l a r g e r  a round t h e  i n j e c t i n g  p o i n t  f o r  d r y  t h a n  f o r  wet 
s o i l .  The maximum v a l u e  for  1 MHz is a b o u t  30 times 
l a r g e r  t h a n  f o r  50 Hz f o r  wet s o i l ,  and  a b o u t  10 times 
l a r g e r  f o r  d r y  s o i l .  

t h e  same q u a n t i t i e s  are computed w i t h  t h e  program ba- 
sed on t h e  reduced  model, t h a t  is, when t h e  time- 
v a r y i n g  l o n g i t u d i n a l  c u r r e n t  is n e g l e c t e d  as a s o u r c e  
o f  t h e  e lectr ic  f i e l d .  The r e s u l t s  are p r e s e n t e d  i n  
F i g s ,  9 and 10, f o r  wet and d r y  s o i l ,  r e s p e c t i v e l y .  

The a m p l i t u d e  spec t rum o f  t h e  v o l t a g e s  U a l o n g  
t h e  p r o f i l e  between t h e  p o i n t s  a t  t h e  o r i g i n  of t h e  
p r o f i l e  and on 40 m d i s t a n c e  i n  a f r e q u e n c y  r a n g e  from 
0 Hz t o  1 MHz, are p r e s e n t e d  o n  F i g s .  11 and 12, f o r  

Such f r e q u e n c y  dependence c a n n o t  be  s e e n  when 

wet and d r y  s o i l ,  r e s p e c t i v e l y .  The r e s u l t s  from1 t h e  
programs based  on t h e  comple te  and reduced  e l e c t r i c  
f i e l d  models are compared on t h e  b o t h  f i g u r e s .  Again,  
s t r o n g  f r e q u e n c y  dependence is p r e d i c t e d  by t h e  
comple te  model program. While  t h i s  program p r e d i c t s  
i n c r e a s e  o f  t h e  amp1 i t u d e s  of  t h e  vn 1 t a g e s  w i t h  t h e  
r i s e  of f r e q u e n c i e s ,  t h e  reduced  model program 
p r e d i c t s  c o m p l e t e l y  d i f f e r e n t  f r e q u e n c y  dependence:  
s l i g h t  d e c r e a s e  w i t h  r ise o f  t h e  f r e q u e n c i e s .  The 
f r e q u e n c y  dependence is d i f f e r e n t  f o r  t h e  wet and d r y  
so i l .  For  t h e  wet soil, t h e  rise o f  t h e  a m p l i t u d e s  of 
t h e  v o l t a g e  starts i n t e n s i v e l y  n e a r  the  b e g i n n i n g  o f  
t h e  spec t rum and t h e  r ise i s  s l o w l y  d i m i n i s h i n g  a f t e r  
few blindreds kHz. For t h e  d r y  s o i l ,  t h e  rise o f  t h e  
a m p l i t u d e s  o f  t h e  v o l t a g e  starts on h i g h e r  
f r e q u e n c i e s ,  l a r g e r  t h a n  100 kHz, and t h e n  t h e  rise is 
c o n s t a n t  t o  1 MHz and above.  T h i s  a m p l i t u d e  spec t rum 
r e p r e s e n t s  t h e  t r a n s f e r  f u n c t i o n  o f  t h e  sys tem W($) 
i n  Eq. ( 5 ) .  

The t r a n s i e n t  v o l t a g e  r e s p o n s e s  t o  t h e  e x c i t a t i o n  
by s t a n d a r d  d o u b l e - e x p o n e n t i a l  c u r r e n t  impulse  w i t h  
maximum v a l u e  1 kA, time t o  maximum v a l u e  1 I s  and 
time t o  h a l f  v a l u e  50 I s ,  are p r e s e n t e d  on  F i g .  13 and 
1 4 ,  f o r  wet and d r y  s o i l ,  r e s p e c t i v e l y .  The r e s u l t s  
from t h e  programs b a s e d  on t h e  comple te  and reduced  
e l e c t r i c  f i e l d  models are compared on t h e  b o t h  
f i g u r e s .  As e x p e c t e d ,  t h e  comple te  model p r e d i c t s  much 
h i g h e r  v a l u e s  o f  t h e  v o l t a g e  impulse  r e s p o n s e  t h a n  t h e  
reduced  model. 'T1ii.s was, o f  c o u r s e  e x p e c t e d  from t h e  
s h a p e  of t h e  v o l t a g e  a m p l i t u d e  spec t rum.  The comple te  
model p r e d i c t s  s t i rong emphas is  o f  t h e  a m p l i t u d e s  on  
h i g h e r  f r e q u e n c i e s ,  which r e s u l t s  i n  s t e e p e r  f r o n t s  
and h i g h e r  maximum v a l u e s  o f  t h e  v o l t a g e  r e s p o n s e .  
Although,  t h e  vo ge  r e s p o n s e s  i n  wet and d r y  s o i l  
a r e  d i f f e r e n t , ,  b o t h  cases t h e  v a l u e s  o f  t h e  
maximums o f  t h e  v o l t a g e  impulses  p r e d i c t e d  by t h e  
complete model are h i g h e r  f o r  a b o u t  1000 V t h a n  t h o s e  
p r e d i c t e d  hy t h e  reduced  model. 

l 'he  dependence o f  t h e  t r a n s i e n t  v o l t a g e  r e s p o n s e  
from t.he v a l u e s  o f  t h e  f r o n t  times o f  t h e  i n j e c t e d  
c u r r e n t  i m p u l s e s  is i l l u s t , r a t e d  i n  F ig .  15 and 16 ,  f o r  
w P t  and d r y  s o i l ,  r e s p e c t i v e l y .  I n  a l l  cases t h e  i n -  
.jetted c u r r e n t  impulses  are d o u b l e - e x p o n e n t i a l  f u n c k i -  
on w i t h  same maximum v a l u e s  1 kA, and same time t o  
h a l f  val-ue 10 p s ,  b u t  d i f f e r e n t  times t o  maximum va- 
l u e ,  0 . 5  p s ,  1 ps and 2 ps. As e x p e c t e d ,  s h o r t e r  f r o n t  
times o f  t h e  i n j e c t e d  c u r r e n t  impulse  r e s u l t s  i n  g r e a -  
ter  v a l i ~ e s  o f  t h e  maximums o f  t h e  t r a n s i e n t  v o l t a g e  
r e s p o n s e s .  Also, a n o t h e r  process is v i s i b l e  from t h e  
s h a p e  o f  t h e  v o l t a g e  impulse  f o r  d r y  s o i l  i n  F i g s .  14 
and 16. 'The s l i g h t l y  o s c i l l a t o r y  r e s p o n s e  is due  t o  
t h e  r e f l e c t e d  w a v e s  from t h e  end o f  t h e  g r i d .  

As mentioned ahove ,  t h e  n i i a e r i c a l  computa t ion  of 
I:he t r a n s i - e r i t  voJ t a g e  r e s p o n s e  u s i n g  i n v e r s e  d i s c r e t e  
F o u r i e r  t r a n s f o r m  is an approximate  p r o c e s s .  I n  a l l  
p r e s e n t e d  c o m p u t a t i o n s  t h e  f r e q u e n c y  spec t rum of  t h e  
func t . ions  was l i m i t e d  t o  1 . 2 8  MHz. The u s u a l  l o g i c  
t h a t  . j u s t i f y  s u c h  l i m i t i n g  is based  on  t h e  a n a l y s i s  o f  
t h e  a m p l i t u d e  s p e c t r u m s  o f  t h e  t y p i c a l  l i g h t n i n g  
i m p u l s e s ,  which show t h a t  f r e q u e n c i e s  h i g h e r  t h a n  a 
few hundreds  kHz are n o t  a p p r e c i a b l e  i n  l i g h t n i n g  
c i i r r e n t  wa.ves. But s u c h  a n a l y s i s  s h o u l d  be done f o r  
t h e  a m p l i t u d e  spec t rum o f  t h e  v o l t a g e ,  which is t h e  
p r o d u c t  of t h e  c u r r e n t  spec t rum and t h e  t r a n s f e r  
f u n c t i o n  of t h e  sys tem.  I f  t h e  t r a n s f e r  f u n c t i o n  o f  
t h e  system is l i k e  t h e  one  i l l u s t r a t e d  i n  F ig .  8,  , the 
f r e q u e n c i e s  h i g h e r  t h a n  a few hundreds  kHz, which are 
n o t  a p p r e c i a b l e  i n  l i g h t n i i t g  c u r r e n t  waves,  w i l l  be  
greatly emphasized and will become v e r y  a p p r e c i a h l e  i n  
t h e  t r a n s i e n t  v o l t a g e  r e s p o n s e .  I n  s u c h  cases t h e  
l i m i t i n g  o f  t h e  f r e q u e n c y  spec t rum o f  t h e  f u n c t i o n s  a t  
1 MHz is  no more . j u s t i f i e d .  And of  course, l i m i t  at; 1 
MHz l e a d  t o  e r r o n e o u s  r e s u l t s  i n  the early t i m e .  T h i s  
i.s v i s i b l e  i n  P i g s .  1 4  and 16, where t h e  v a l u e s  i n  t h e  
ear ly  time, s p e c i a l  1y b e f o r e  U. 1. Ms, are g r e a t e r  t h a n  
t h e y  s h o u l d  b e .  Numerical i ,xper iments  w i t h  d i f f e r e n t  
maximiim f r e q u c n c i c s  o f  t.he f u n c t i o n s  show t h a t  more 
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Fig .  7 .  Frequency dependence of  lExl on a p r o f i l e  on 

e a r t h ' s  s u r f a c e  a l o n g  x - a x i s .  Complete e l e c -  
t r i c  f i e l d  model and w e t  s o i l .  
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F i g ,  9. Frequency dependence of  lExl on a p r o f i l e  on 

e a r t h ' s  s u r f a c e  a l o n g  x -ax i s .  Reduced electric 
f i e l d  model and wet s o i l .  

1000 

500 
Earn  

\ 
\ 

0 
0 200 400 600 600 1000 

Frequency (kHz) 

Fig .  1 1 .  Amplitude spec t rum of v o l t a g e s  a l o n g  t h e  
p r o f i l e  between t h e  p o i n t s  i n  o r i g i n  of pro- 
f i l e  and on 40 m d i s t a n c e ,  computed by t h e  
programs based  on comple te  and reduced  e l e c -  
t r i c  f i e l d  models i n  wet s o i l .  
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e a r t h ' s  s n r f a c e  a l o n g  x - a x i s .  Reduced elec- 
t r i c  f i e l d  model and d r y  s o i l .  
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F ig .  13. Vol tage  r e s p o n s e  t o  a i n j e c t e d  c u r r e n t  
double-exponent , ia l  impulse  1 kA (TI/TZ = 
lps/5Ops), computed by t h e  programs b a s e d  on 
comple te  and reduced  e l e c t r i c  f i e l d  models 
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F i g .  15. Dependence o f  t h e  v o l t a g e  impulse  r e s p o n s e  
on t h e  i n j e c t e d  c u r r e n t  impulse  f r o n t  time, 
computed by t h e  program b a s e d  on comple te  
e l e c t r i c  f i e l d  model i n  wet s o i l .  

a c c u r a t e  r e s u l t s  can  be o b t a i n e d  w i t h  h i g h e r  v a l u e s  of  
t h e  maximum f r e q u e n c i e s  o f  t h e  f u n c t i o n s  ( G r c e v [ 7 ] ) .  
But i n  s u c h  c a s e  more a c c u r a t e  models ,  a p p l i c a b l e  on 
h i g h e r  f r e q u e n c i e s  have t o  h e  used .  T h a t  means, t h a t  
i n s t e a d  o f  model ing o f  t h c  e a r t h ' s  s u r f a c e  i n f l u e n c e  
by image t h e o r y  t e c h n i q u e s ,  more a c c u r a t e  methods have 
t o  h e  i ised,  f o r  example,  (c ; rcev[71) .  

~~ Conclus ion  ~~ 

'Two d i f f e r e n t  computer  models  are d e v e l o p e d  f o r  
compii ta t ion o f  t h e  t r a n s i e n t  v o l t a g e s  i n  n e a r  v i c i n i t y  
of t h e  complex grounding  s y s t e m s  e n e r g i z e d  by i n j e c t i -  
on of  Lightn ing  c u r r e n t  i m p u l s e s .  The b o t h  programs 
Lead t o  r e s u l t s  t h a t  are i n  e x c e l l e n t  agreement .  I t  is 
shown t h a t  p r e v i o u s  computer  models ,  which n e g l e c t  t h e  
component, of  t h e  e l e c t r i c  f i e l d  due  t o  t h e  time- 
v a r y i n g  l o n g i t u d i n a l  c u r r e n t  i n  t h e  grounding  electro- 
d e s ,  e r r o n e o u s l y  p r e d i c t  much smaller v a l u e s  o f  t h e  
t r a n s i e n t  v o l t a g e s .  A l s o ,  t h e  d i s t r i b u t i o n  of t h e  
va1 t a g e s  i n  t h e  s p a c i o u s  and complex grounding  sys tem 
c o u l d  not, be  p r e d i c t e d  by t h e  s i m p l i f i e d  models. I t  is 
shown t h a t  such  d i s t r i h u t , i o n  is v e r y  i n f l u e n c e d  by t h e  
position of the i n . j e c t i o n  p o i n t ,  I t ,  s h o u l d  be rioted 
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Pig .  1 4 .  Vol tage  r e s p o n s e  t o  a i n j e c t e d  c u r r e n t  
d o u b l e - e x p o n e n t l a l  impulse  1 kA (T,/T, = 

1/&/5Ws),  complited by t h e  programs based  on 
comple te  and redi iced e lectr ic  f i e l d  models 
i n  d r y  s o i l .  
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F i g .  16.  Dependence o f  t h e  v o l t a g e  impulse  r e s p o n s e  
on t h e  i n j e c t e d  c u r r e n t  impulse  f r o n t  time, 
compiited by t h e  program b a s e d  on complete 
e lectr ic  f i e l d  model i n  d r y  so i l .  

t h a t  shown r e s u l t s  are f o r  c u r r e n t  impulse  w i t h  
maximum val.iie o f  1 kA and t h a t  l i g h t n i n g  c u r r e n t s  w i t h  
s r v e r a l  t e n s  k A  are p o s s i b l e ,  which can  l e a d  t o  much 
h i g h e r  valiies o f  t h e  v o l t a g e s .  

Some c a p a h i l  i t i es  o f  t h e  programs are demonstra-  
t e d .  I t  s h o u l d  h e  n o t e d  t h a t  t h e  programs are computa- 
t i o n a l  l y  e f f i c i e n t  enoiigh t o  e n a b l e  p a r a m e t r i c  a n a l y -  
sis o f  s p a c i o u s  and complex grounding  s y s t e m s  on  gene- 
ral purpose compii ters  or even on Pcs. T h i s  w i l l  e n a b l e  
c o n d u c t i n g  o f  p a r a m e t r i c  s t u d i e s  f o r  p r a c t i c a l  c a s e s  
when p r o t e c t i o n  of t h e  i n s t r u m e n t a t i o n  c o n t r o l  c i r -  
ciiits from induced t r a n s i e n t  v o l t a g e s  is n e c e s s a r y .  
Such paramet , r ic  s t . u d i e s  a l s o  w i l l  e n a b l e  d e e p e r  i n -  
s i g h t  and b e t t e r  unders t .anding  of t h e  complex t r a n -  
s i e n t  e l e c t r o m a g n e t i c  p r o c e s s e s  i n  and n e a r  grounding  
s y s t e m s  d u r i n g  l i g h t n i n g  impulses .  

However, t h e  u s e  of t h e s e  programs is f r e q u e n c y  
l i m i t e d  t o  a p p r o x i m a t e l y  1 M H z ,  which i n  some cases 
l . imi t  t h e  a p p l i c a h i l i t y  of t h e  programs.  I n  s u c h  cases 
more a c c u r a t e  model ing o f  t h e  i n f l u e n c e  o f  t h e  e a r t h ' s  
s u r f a c e ,  t h a n  h e r e  a p p l i e d  image t h e o r y  t e c h n i q u e s , ,  
s h o u l d  hp used .  
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