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The e lec t romagnet ic  p u l s e  (EMP), one of t h e  e f f e c t s  of t h e  de tona t ion  

of a riuclear weapon, c o n s i s t s  of a t r a n s i e n t  wave o f  i n t e n s e  e l e c t r i c  

and magnetic f i e l d s .  These i n t e n s e  f i e l d s  can cause  malfunct ion o r  

damage t o  e l e c t r i c a l  and e l e c t r o n i c  equipment exposed t o  EMY. Such 

malfunct ion and damage may be widespread i f  t h e  de tona t ion  i s  a t  high 

a l t i t u d e .  In t h i s  r e p o r t  a r e  g iven  t h e  v e s u l t s  of  an i n v e s t i g a t i o n  of 

EMP on an  e l e c t r i c  power d i s t r i b u t i o n  system. Only t h e  power c i r c u i t r y  

and power components have been considered i n  t h i s  s tudy .  The results 

of  a s tudy  of t h e  v u l r i e r a b i l i t y  of  c o n t r o l  c i r c u i t r y  w i l l  b e  given i n  

a l a t e r  r e p o r t .  

This  s tudy  i s  based on numerical  and a n a l y t i c a l  c a l c u l a t i o n s ,  on 

d i scuss ions  wi th  d i s t r i b u t i o n  company engineers  and power-equipment 

manufacturer  engineers ,  and on exper imenta l  work and f i e l d  t r i p s .  

Currents and vo l t ages  induced by EMP on d i s t r i b u t i o n  c i r c u i t s  as w e l l  

as those  r each ing  t h e  consumer have been c a l c u l a t e d .  

l i g h t n i n g  pulses has been made, and t h e  p r o t e c t i o n  p r e s e n t l y  used 

a g a i n s t  l i g h t n i n g  has been explored.  

A comparison wi th  

The r e s u l t s  of t h e  s t u d y  i n d i c a t e  t h a t  a d i s t r i b u t i o n  system should 

h e  a b l e  t o  s u r v i v e  a s ing le  FMP wi thout  ex tens ive  damage i f  i t  i s  w e l l .  

p r o t e c t e d  by l i g h t n i n g  a r r e s t e r s .  However, ex t ens ive  lockout  of reclosing 

breake r s  w i l l  occur from m u l t i p l e  de tona t ions ,  a n d  consumer equipment 

w i l l  be damaged from. EMP pu l ses  u n l e s s  s p e c i f i c a l l y  p ro tec t ed .  T h e  

r e s u l t i n g  l o s s  of load  has s e r i o u s  i m p l i c a t i o n s  concerning the  system 

s e c u r i t y  o f  t h e  e r i t i r e  power s y s t e m  

The a l e r t i n g  o f  t h e  power i n d u s t r y  and bile development o f  a 

coord ina ted  program of  l i g h t n i n g  and ENP p r o t e c t i o n  i s  recommended, 

and f u r t h e r  s tudy  of t h e  s t a b i l i t y  of t h e  power system i s  necessary.  
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CHAPTER I 

INTRODUCTIOl'J 

1.1 BACKGROUND 

The de tona t ion  of  a nuc lea r  weapon r e l e a s e s  a l a r g e  amourit; of' e a e r w ,  

some of which appears  i n  t h e  form of  an e lec t romagnet ic  wave. This  wave 

i s  c h a r a c t e r i z e d  by high i n t e n s i t y  f i e l d s  of s h o r t  d u r a t i o n  and is  

r e f e r r e d  t o  as t h e  e l ec t romagne t i c  p u l s e  (EMP) . Experiments, b o t h  

nuc lea r  and non-nuclear,  i n d i c a t e  t h a t  EXP can cause  damage or m a l -  

f u n c t i o n  i n  unprotected e l e c t r i c a l  or e l e c t r o n i c  systems. This  damage 

can occur  e s s e n t i a l l y  i n s t a n t a n e o u s l y  over  ve ry  large areas, possibly 

c r i p p l i n g  v i t a l  defense  systems. 
1 

Previous  work on c i v i l i a n  power systems i n d i c a t e s  t h a t  E5137 can 

induce v o l t a g e  pu l ses  g r e a t e r  than  a megavolt on overhead power L i n e s .  

These pulses  are s u f f i c i e n t l y  d i f f e r e n t  from l i g h t n i n g  pulses a n d  

swi tch ing  surges  i n  shape, geographica l  d i s t r i b u t i o n ,  and t iming  that; 

p r e s e n t l y  used su rge  pz.otect ion may be  i n s u f f i c i e n t .  The r e s u l t s  can 

range  from s h o r t  term outage  wi th  no s i g n i f i c a n t  damage t o  serious 

damage of power and c o n t r o l  equipment. 

This  s tudy  addresses the  problems of understanding t h e  efCect  of 

t h e  EMP on power d i s t r i b u t i o n  systems, and f i n d i n g  countermeasures €or 

it. Accruing a d d i t i o n a l l y  from t h i s  s t u d y  i s  knowledge of t h e  pu l ses  

expected a t  users eqi-iipment connected to thi-) e l e c t r i c a l  system, as w e l l  

as informat ion  needed f o r  s tudy  of power gene ra t ion  and. t ransmiss ion  

sys  terns" 

1.2 ORJXTIVES ANT) SCOPE 

The long t e r m  o b j e c t i v e s  are t o  assess t h e  t h r c a t  of EMP t o  v i t a l  

c i v i l  defense  systems and t o  develop countermeasures for  unacccptablc  

damage or mal f u n c t i o n  r e s u l t i n g  therefrom. The s p e c i f i c  ob3 ec Lives and 

scope of t h i s  s tudy  were t o  ana lyze  t h e  TDP e f f e c t s  produced by a 

thermonuclear  a t t a c k  i n  a t y p i c a l  l o c a l  power d i s t r i b u t i o n  system and 

determine (1) i f  damage or malfunct ion of t h e  d i s t r i b u t i o n  s y s t e n  w i l l  

cause widespread loss  of power t o  e s s e n t i a l  users;  (2 )  i f  pu l se s  induced 
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on power l i n e s  w i l l  be  large enough at u s e r s '  connec t ions  t o  be damaging 

t o  u s e r s '  equipment; (3)  i f  effects  on t h e  d i s t r i b u t i o n  system w i l l  

i1npai.r t h e  P unct ioning  0% t h e  pr imary gene ra t ion  and t r ansmiss ion  system 

by causi-ng i n s t a b i l i t y  o r  appea r ing  t o  be a sudden. loss of load.  

1.3 APPROACH, METHOD ANT) C0NTm-T 

Previous s t u d i e s  have been l a r g e l y  e x p l o r a t o r y  i n  n a t u r e  wi.th t h e  

a i m  of e s t a b l i s h i n g  o r d e r  of magnitude r e s u l t s .  Concern from t h e s e  

studf-es s ti.mulated t h i s  p re sen t ,  more i n t e n s i v e  i n v e s t i g a t i o n ,  whi.ch 

inc ludes  exper imenta l  as well as t h e o r e t i c a l  methods. 

The e l e c t r i c  power d i s t r i b u t i o n  system has been se l ecked  as a 

b a s i s  f o r  t h i s  s tudy.  Th i s  cho ice  was made f o r  a number of  reasons .  

D i s t r i b u t i o n  systems are  much si.mpler t h m  t r ansmiss ion  systems and 

t h e r e f o r e  easier t o  study. They o p e r a t e  a t  lower v o l t a g e s  so .that 

EMP-induced f l a s h o v e r s  are more I.i.kely. It  i s  through t h e  d i s t r i b u t i o n  

system t h a t  t h e  EMT as well as t h e  power i s  de l i~ve red  t o  the customers.  

Hence, a s tudy  o f  t h e  p u l s e  a r r i v i n g  a t  t h e  consumers terii1inaI.s neces- 

s a r i l y  involves  a s t u d y  of  t h e  d i s t r i b u t i o n  system supply ing  t h e  consume.r. 

Finall .y,  knowledge o f  d i s t r i b u t i o n  system behavior  i s  necessayy i f  we 

are t o  understand EM?? e f f e c t s  on gene ra t ing  a n d  t r ansmiss ion  systems. 

The Knoxvil le  Uti i l iLies  Board (KUB), which se rves  t h e  city- of 

Knoxvi l le  and a correspondi-ng popul.ation of about  3OO,OOO was s e l e c t e d  

as a r e p r e s e n t a t i v e  power d i s t r i . b u t i o n  system. The cho ice  of KUEl f o r  

t h i s  s tudy  was made wi th  t h e  h e l p  of 7NA o n  t h e  b a s i s  of t y p i c a l i t y ,  

s i z e ,  and proximity.  KUB cooperated w i t h  us i n  t h i s  s tudy  by provid ing  

us wi.th information,  d a h ,  and schematic  diagrams of  t h e i r  system. 

Power d i . s t r ibu t i .on  systems are  b a s i c a l l y  networks of c u r r e n t  carryi.iig 

coilductors broken by t r a m f o r m e r s  and p r o t e c t e d  by surge arresters  and 

by current and vol.t;age sens ing  r e l a y s .  These elements  are l a r g e l y  

c l u s t e r e d  i n  areas call-ed s u b s t a t i o n s .  

Again, i n  o rde r  t o  make our s tudy  more concre te ,  a r e p r e s e n t a t i v e  

s u b s t a t i o n  was chosen, namely, t h e  Dixie s u b s t a t i o n  of t h e  KUE system. 

This  unmanned (as i s  t y p i c a l )  subs ta t i -on  was chosen because i t  was 



3 

equipped wi th  a supe rv i so ry  system f o r  c o n t r o l ,  i n d i c a t i o n ,  te lemet ry ,  

and r e c l o s e r  blocking.  The master of  t h i s  supe rv i so ry  system was t h e  

Lorisdale d i s p a t c h i n g  s t a t i o n ,  a manned subs t a t i o n .  These c o n t r o l  aiid 

supe rv i so ry  a s p e c t s  of t h e  system w i l l  be s t u d 5 . d  and presented  i n  a 

l a t e r  report- .  

1. !+ FXPERIMENTAL S TTJEY 

A s  a, p a r t  of t h i s  s tudy,  exper imenta l  t e s t i n g  of v a r i o u s  components 

of a power system was performed by s taff  members of t h e  I l l i n o i s  I n s t i -  

t u t e  of Technology Research I n s t i t u t e  ( I L T R I ) .  The o b j e c t i v e  of t h i s  

t e s t i n g  was t o  he lp  e v a l u a t e  c e r t a i n  a s p e c t s  of t h e  response  of' power 

system components t o  f a s t  W - l j . k e  pu l ses .  I n  p a r t i c u l a r ,  a s p e c t s  

d i f f i c u l t  to ideal.i.ze were addressed.  This  exper imenta l  e f for l ;  was 

of l i m i t e d  scope and  was performed t o  h e l p  i d e n t i f y  problem areas which 

might, n o t  be  r e a d i l y  apparent  from p u r e l y  a n a l y t i c a l  approaches. The 

f i n d i n g s  OP t h e  exper imenta l  s tudy  a r e  r epor t ed  in t he  f i n a l .  Report  of 

IITRI P r o j e c t  ~6216, EbP S u s c e p t i b i l i t y  Tests, A p r i l  1972 by W. C. E3nberson 

and E. Eraerle. Some of' the f i n d i n g s  of t h i s  s t u d y  are summarized i n  

Appendix A. 
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CHAPTER I1 

GENERAL DESCRIPTION OF A DISIQIBUTION SYSTEM 

Power sys  tems c o n s i s t  of t h r e e  basi.c elements : (1.) genera t ion ,  

( 2 )  t ransmiss ion ,  and (3)  d i s t r i b u t i o n .  The gene ra t ion  c o n s i s t s  of t h e  

gene ra t ing  s t a t i o n s  and a s s o c i a t e d  equi-pment. The t r ansmiss ion  c o n s i s t s  

of (1) s tep-up  t ransformer  sLat ions ,  ( 2 )  t r ansmiss ion  l i n e s ,  (3 )  swi t ch ing  

s t a t i o n s ,  and (14.) major step-down t ransformer  s t a t i o n s .  

The b a s i c  element w i t h  which thi .s  s tudy  i s  concerned i s  t h e  d i s t r i -  

bu t ion  system, which inc ludes  those  p a r t s  of an e l e c t r i c  u t i l i t y  system 

between t h e  power source  and consumers’ s e r v i c e  swi tches .  The power 

sources  may be e i b h e r  gene ra t ing  s t a t i o n s  o r  major step-down t r ans fo rmer  

s t a t i o n s  s u p p l i e d  by t r ansmiss ion  l i n e s .  KUB has  t h r e e  major s t a t i -ons  

suppl ied  by “LVU a t  161. kV. 

A d i s t r i b u t i o n  system cons i sks  of (1) subt,ransmi.ssi.on c i r c u i - t s  whi-ch 

o p e r a t e  a t  v o l t a g e s  u s u a l l y  between 13 and 66 kV aild which d e l i v e r  e n e r a  

t o  t h e  d i s t r i b u t i o n  siihstatj-ons,  ( 2 )  d i s t r i b u t i o n  s u b s t a t i o n s  which con- 

v e r t  t h e  e n e r a  to a lower vo l t ag?  f o r  local.  d i s t r i b u t i - o n  and rzgul.ate 

the v o l t a g e  d d i v e r e d  t o  load  c e n t e r s ,  (3) primayy c i r c u i t s  which o p e r a t e  

between 2.4 and 13.5 kV and supply load  t o  a wel l -def ined  geographic  area, 

(4) d i s t r i b u t i o n  t ransformars  on poles,  on pads, o r  i n  v a u l t s  near  t h e  

consuiiers which conver t  t he  energy t o  u t i l i z a t i o n  vo l t ages ,  (5) secondary 

mains, a long  t h e  s tme t  or  a l l e y  t o  w i t h i n  a short d i s t a n c e  o f  t h e  USFTS, 

and (6 )  s e r v i c e  connec t ions  which d e l i v e r  t h e  energy from tile secondary 

mai.ns t o  consi~m-ners’ s e r v i c e  swi tches .  F i g u r e  2 . 1  shows a schemati.c 

r e p r e s e n t a t i o n  of a t y p i c a l  d L s t r i b u t i o n  system. 

The importance of d i s t r i b u t i o n  i s  i n d i c a t e d  by i t s  c o s t  which i s  

an  importaii t  f r a c t i o n  of t h e  de l ive red  c o s t  of e l e c t r i c  power. Approxi.- 

mately 50% of t h e  c a p i t a l  investment  i n  e1.ectri.c power systems i n  the 

Uiii~ted S t a t e s  i s  i n  t h e  d i s t r i b u t i o n  p l a n t .  
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BULK POWER SOURCE 
(GENERATING STATION OK 
MAJOR SUBSTATION ) 

SUBTRANSMISSION CIRCUITS 

w-.. 
DISTRIBUTION SUBSTATIONS ,/ ----__.... 

(STEPDOWN TRANSFORMERS) /*’ 

RANSFORMEHS -.* 

CONSUMER SERVICE DROPS -..-----*-- 

Fig .  2.1.. A T y p i c a l  D i s t . r I b u t f o n  System. 
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2.1. CLASSIFICATION OF DlSTRIRTJTION SYSTEMS 

D i s t r i b u t i o n  systems ma:y be c l a s s i f i e d  i n  a nu.mber of ways. F i r s t ,  

t hey  may be c l a s s i f i e d  accord ing  t o  s i z e .  S i z e  may re fer  t o  t h e  area 

covered or t h e  t o t a l .  1-ength of  t h e  l i n e s  o f  t h e  system. Or s i z e  may 

re fer  t o  t h e  e l e c t r i c  c a p a c i t y  of  t h e  s y s t ; m  i n  kVA. For  t h i s  s tudy  

s i z e  has s i g n i f i c a n c e  l a r g e l y  because of i t s  connecti.on wi th  a geo- 

g r a p h i c a l  e n t i t y  sach  as a c i t y  or  a me t ropo l i t an  area. Thus, t h e  

outage of a l a r g e  p a r t  o f  a d i s t r i b u t i o n  system by some cause  such as 

EMP i s  s i g n i f i c a n t  accord ing  to (1) t h e  s i z e  o f  t h e  community served  

and ( 2 )  t h e  s i z e  o f  t h e  load  l o s t  by t h e  gene ra t ing  and t r ansmiss ion  

systems s e r v i n g  t h e  d i s  t ;r ibuti .on systems 

Dis t r ibu t i -on  s e r v i c e  may be d iv ided  i n t o  urban s e r v i c e  and r u r a l  

s e r v i c e .  R u r a l  e1ectr i .c  s e r v i c e  i s  nou a v a i l a b l e  t o  most ru ra l  dwel l ings  

because of  t h e  v igorous  e f f o r t s  of governmental  agencies  and coope ra t ives  

as w e l l  as t h e  u t i l i t i e s  themselves.  I n  typ ica l .  s i t u a t i o n s  t h e r e  may be 

only  t h r e e  ko f i v e  custome:vs per  m i l e  of l ine .  This  means that;  r u r a l  

c o n s t r u c t i o n  i s  oi" t h e  l ea s t  expensive type c o n s i s t e n t  w i t h  du rab le  a n d  

r e l j . ab l e  s e r v i c e .  Devices on ru ra l  sys-terns which might p r o t e c t  a g a i n s t  

E W  as w e l l  as l i g h t n i n g  a:re acco rd ing ly  he ld  Lo a mi.ni.mm. 

Urban d i s t r i b u t i o n  may i t s e l f  be d iv ided  i n t o  overhead and under- 

ground d i s t r i b u t i o n .  Underground d i s t r i b u t i o n  i s  used i n  dense ly  

b u i l t - u p  s e c t i o n s  i n  s p i t e  of a c o s t  pena l ty  o f  from t h r e e  t o  more than  

seven t imes that; o f  overhead cons t ruc t ion .  A r e c e n t  emphasis on t h e  

improving of  t h e  appearance o f  r e s i d e n t i a l  areas as well as subiirban 

shopping c e n t e r s  has spur red  t h e  development of  less c o s t l y  l i g h t - d u t y  

und,erground and semi-undei-ground d i s t r i b u t i o n  systems. 

D i s t r i b u t i o n  systems may be f w t h e r  c l a s s i f i e d  accord ing  t o  the 

c u r r e n t  ( a l - t e r n a t i n g  or d i r e c t ) ,  t h e  v o l t a g e s  on primary and secondary, 

t h e  type o f  load,  t h e  number of phases,  and t h e  number oi" conductors .  

Three-phase a l t e r n a t i n g  cu r ren t  i s  iiaw a lmost  univeysal  for primary 

d i s t r i b u t i o n .  The volilages for t h e s e  a r e  t y p i c a l l y  1.2.5 and 13.2 kV, 

o l d e r  system v o l t a g e s  be ing  somewhat 1-ower . 'Three-phase four-wire  sys-  

tems are  i n  v e r y  g e n e r a l  use. The f o u r t h  w i r e  of t h e s e  Y-connected 

systems i s  a n e u t r a l  w i r e  o p e r a t i n g  at ground p o t e n t i a l .  



Secondary sys  t e r n  vo l t ages  supply ing  g e n e r a l  l i g h t i n g  arid m a l l  

power are  u s u a l l y  s ing le-phase  th ree -wi re  mains o p e r a t i n g  a t  120 V l i n e  

t o  n e u t r a l  and 240 V line t o  l i n e .  

2.2 THE RADIAL SYSTFN 

'The scheme of' connec t ion  of  a d i s  t r i b u t i o r i  c i r c u i t  rriay be c l a s s i f i e d  

as r a d i a l - ,  network, mu l t ip l e ,  or series e The radial .  type  of  d i s t r i b u t i . o n  

system, such as than  shown i.n F igu re  2.1, i s  t h e  most common. This 

system g e t s  i t s  name from t h e  f a c t  t h a t  t h e  pr imary f eede r s  radiate  

from t h e  d i s t r i b u t i o n  s u b s t a t i o n s  an.d branch i n t o  subfeeders  and l a t e r a l s  

w h i c h  extend i n t o  a l l  p a r t s  03 t h e  area served.  The r a d i a l  system i s  

used  e x t e n s i v e l y  t o  s e r v e  t h e  l i g h t -  and medium-density load  a r e a s  where 

t h e  prirnary and secondary c i r c u i t s  are u s u a l l y  c a r r i e d  overheacl on poles .  

The d i s t r i b u t i o n  t ransformers  i n  t h i s  system a r e  conriected t o  t h e  

pr imary feeders ,  subfeeders ,  and la te ra l s ,  u s u a l l y  bhrough fused  cu tou t s ,  

and supply  t h e  r a d i a l  secondary c i r c u i t s  t o  which thi-3 consumers s e r v i c e s  

are connected. O i l -  c i r c u i t  b reake r s  a r ranged  f o r  ove:?current Lripping 

a r e  used t o  connect  t h e  r ad ia l -p r imary  feeders t o  ' the low--voltage bus 

of  t h e i r  a s s o c i a t e d  s u b s t a t i o n .  When a s h o r t - c i r c u i t  occurs on a feeder ,  

i t s  s t a t i o n  b reake r  opens and i n t e r r u p t s  t h e  s e r v i c e  t o  a l l  consuruers 

su.ppli.ed by t h e  feeder. Manually-operated s c c t i o n a l i z i n g  swi tches  are 

o f t e n  i n s t a l l e d  a t  t h e  j u n c t i o n  o f  t h e  subfeeders  and t h e  main f eede r .  

When troixbl-e on t h e  subfeeder  has  been loca ted ,  the f a u l t y  s e c t i o n  can 

be i s o l a t e d  by opening t h e  proper  switch,  and  s e r v i c e  can be rest.ored 

t o  t h e  remainder of  t h e  f eede r  be fo re  r e p a i r s  are made. The purpose of 

t h e  fuses i n  t h e  pr imary leads of  t h e  d i s t r i b u t i o n  t r ans fo rmers  i s  t o  

open t h e  c i r c u i t  i n  case of t r o u b l e  i n  a t ransformer  or  on i t s  a s soc ia t ed  

secondary l i n e s  and p reven t  a p o s s i b l e  shutdown of' a cons ide rab le  p o r t i o n  

of t h e  feeder o r  the e n t i r e  feeder on such f a u l t s .  

2.3 SUBSTATIONS 

One of  t h e  s i m p l e s t  d i s t r i b u t i o n  s u b s t a t i o n  des igns  is shown i n  

F igu re  2.z. It c o n s i s t s  of a h igh-vol tage  d i sconnec t ing  switch,  a 

t ransformer  bank, and a pr imary-feeder  breaker  i n  t h e  low-voltage leads 

of  the t ransformer  bank. I n  a d d i t i o n  t h e  breaker  may be bypassed by a 
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Fig .  2.F’. S i m p l e  Form of D L s t r i b u t i o n  S u b s t a t i o n .  
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disconnec t  swi t ch  t o  a l low t h e  s u b s t a t i o n  t o  con t inue  i n  o p e r a t i o n  wh i l e  

t h e  breaker  i s  be ing  se rv iced .  I n  o rde r  t o  permit  safe i n s p e c t i o n  and 

maintenance of t h e  circuit breaker ,  d i sconnec t  swj tches  are shown on both  

s i d e s  of it. 

The s i n g l e  pr imary-feeder  breaker  of  F i g i x e  2.2 i s  u s u a l l y  provided 

wi th  ove rcu r ren t  r e l a y s  and au tomat ic  r e c l o s i n g  equipment. I f ; s  i n t e r -  

r u p t i n g  c a p a c i t y  need be equa l  on ly  t o  t h e  max imixu  f a u l t  c u r r e n t  through 

t h e  t ransformer .  The t rensformer  i s  connected t o  t h e  supply c i r c u i t  on 

i t s  high v o l t a g e  s i d e  through a d isconnec t  switch. The dj-sconnect swi tch  

shod .d  n o t  be opened under load bu t  should be able t o  i n t e r r u p t  t h e  

t ransformer  e x c i t i n g  c u r r e n t  To prevent  a c c i d e n t a l  openi.ng under load, 

the swTtch i s  i n t e r l o c k e d  rrlith t h e  pr imary feeder breaker s o  that it 

cznnot  be Opened unless t h e  break-er i s  open. Likewise, t h e  discannects 

on ei.ther s i d e  of t h e  pr imary feeder breaker  can be i n t e r h c k e d  w i t h  

bhe breaker  such t h a t  t hey  cannot open un le s s  t h e  breaker  f i r s t  t r i p s .  

2-14 DIXIE SUZSTATION OF THE KNOXVILLE IPI'ILITIES BOARD 

Fi.gure 2.3 shows a ont?-line diagram of t h e  1)ixi.e Substation. The 

s u b s t a t i o n  i s  f e d  by a 66 kV subt ransmiss ion  Line and s t e p s  down t h e  

v o l t a g e  t o  t h e  13.8 k?J pr imary d i s t r i b u t i o n  vo l t age .  Normally, t h e  

discoi inect  on t h e  f a r  r i g h t  i n  t h e  h igh  voltage bus i s  open and t h e  

s u b s t a t i o n  i s  f ed  through t h e  high v o l t a g e  breaker .  Each t ransformr 

feeds a low v o l t a g e  bus which i s  i n  t u r n  connected t o  t h e  primary d i s -  

. tr ibut-ioa system through c i r c u i t  b reakers .  The b reake r s  on the low 

v o l t a g e  s i d e  of t w o  of t h e s e  t ransformers  are f i t t e d  wi th  a t r a n s f e r  

bus which permi ts  supply  of power to t h e  d i s t r i b u t i o n  c F r c u i t s  should 

one o r  t h e  o t h e r  of t h e  low v o l t a g e  b reake r s  be out  of s e r v i c e .  
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CHAPTER I11 

The c h a r a c t e r i s t i c s  of ICMP have been descr ibed  elsewhere,%'3 bu t  a 

d e s c r i p t i o n  i s  given h e r e  i n  o rde r  t o  mmke t h i s  r e p o r t  more near ly  se1.f- 

contai.ned, e a s i e r  t o  read  and t o  understand, and e s p e c i a l l y  t o  f i x  t h e  

assumptions unde r  which t h i s  s tudy  was made. 

The concern h e r e  i s  w i th  elec-tromagnet, ic pu l se s  produced by h igh  

a l t i t u d e  nuclear de tona t ions  only.  Growid and low-a l t i t ude  b u r s t s  

produce ENP also; but  t h e  ENP fi.elds wou-ld no t  b e  of prime concern 

s i n c e  b l a s t  and h e a t  would o r d i n a r i l y  be much more d e v a s t a t i n g  to power 

systems except  w i th in  a n  annular  r eg ion  ranging  from a f e w  k i lome te r s  

t o  a few t e n s  of ki-lometers. On t h e  other. hand, EMP from a h igh  altiLri.de 

b u r s t  may have a n  a r e a  of ccwerage of m i l l i o n s  of square kiI.om&ers, 

which i s  a large f r a c t i o n  of t h e  United S t a t e s .  

3.2 'TYPICAL CHARACTERISTICS OF FMP E%ON A SINGLE HIGH ALTITUDE: BlXST 

An e lec t romagnet ic  wave, such as EMF, rmy be descr ibed  by g iv ing  

as f u i c t i o n s  of time the d i r e c t i o n  i n  which t h e  wave propagates  and t h e  

ampli tude and d i r e c t i o n  of t h e  elec-Lrie  field i n t e n s i t y .  'The d i r e c t i o n  

of t h e  l a t t e r  i s  known a s  khe d i r e c t i o n  of p o l a r i z a t i o n .  

The e lec t romagnet ic  f i -e lds  produced by a high a l t i t u d e  nuclear. 

explosion w i l l  have a d i r e c t i o n  of propagakion a n d  a p o l a r - i z a t i  on dire(-,- 

tion f o r  t h e  e l e c h r i c  f i e l d  which depends upon t h e  Locat ion or" t h e  b u r s t ,  

t h e  loca , t ion  of t h e  observer ,  and t h e  d i r e c t i o n  of' t h e  e a r t h ' s  magne-tic 

field. Rules of thumb s t a t e  (1) t h a t  t h e  d i r e c t i o n  of propaga,t,ion i s  

r a d i a l l y  outward from t h e  point; of t h e  b u r s t  a n d  (2) t h a t  t h e  direct j .on 

of p o l a r i z a t i o n  of t h e  e l e c t r i c  f i e l d  i s  normal t o  botih t h e  d i r e c t i o n  

of propagat ion  and thts e a r t h ' s  magneti.c f i e l d  a t  the loca t ior i  of t h e  

ob s e rv  E??? I 

According t o  t h e  po la r i za t i , on ,  t he  e l e c t i - i c  i n t e n s i t y  may be reso lved  

i n t o  two components, one l y i n g  i n  the hor izonta l .  plant: arid t h e  o t h e r  l y i n g  

i n  t h e  v e r t i c a l  pLail(? which c o n t a i n s  t h e  d i . r ec t ion  of propa@ti.on. The 



r e l a t i v e  magnitudes o f  t h e s e  Lwo components are important  f o r  two reasons :  

(1) t h e  refI .ect3.m of e l ec tmmagne t i c  waves from t h e  e a r t h  i s  d i f f e r e n t  

f o r  t h e  two p o l a r i z a t i o n  components, ( 2 )  t h e  coupl ing  of e lec t romagnet ic  

pu l se s  t o  h o r i z o n t a l  t ransruiss ion l i n e s  depends oil t h e  p o l a r i z a t i o n .  

Over t h e  s t a t e  of Tennessee t h e  geomagnetic f i e l d  has  a d i p  angl-c? 

This  is a f a i r  average  of the  d i p  ang le  over  t he  .United of about  67'. 
S t a t e s .  Using t h e  above r u l e s  of  thumb, one can e a s i l y  see tha'; t h e  

d i r e c t i o n  of p o l a r i z a t i o n  wil.1.  be  horizontal-  i f  t h e  nuc lea r  de tona t ion  

i s  no r th  o r  sou.'ih o f  t h e  observer .  I f  t h e  de tona t ion  i s  t o  t h e  east or 

bo t h e  west, t h e  d i r e c t i o n  of  p o l a r i z a t i o n  w i l l  be  o f f  tile h o r i z o n t a l  by 

an an@ of about  23 or less, depending on t h e  ang le  of t h e  blurst above 

Lhe hoi-i zon. 

L 

0 

The atnplitude of t h e  EMP as a funcbion of  t i m e ,  i . e .  , t h e  wave shape 

and magnitude, i s  h i g h l y  dependent on a number o f  f a c t o r s  i n c l u d i n g  t h e  

hei-ght of  t h e  burst and t h e  yi.eld o f  t h e  weapon, as w e l l  as t h e  i n t e n s i t y  

and d i r e c t i o n  o f  the geomagnetic f i e l d  i.n t h e  upper atmosphere.  I n  order 

bo avoid t h e  compl ica t ions  a s s o c i a t e d  w i t h  cons ide r ing  t h e  e f f e c t s  of each 

o f  t h e s e  v a r i a b l e s ,  i t  is i rseful  and convenient  t o  i n t r o d u c e  t h e  concept  

of  EL r e p r e s e n t a t i v e  pulse .  This  r e p r e s m t a t i v e  p u l s e  i s  chosen so t h a t  

i t  i.s somewhat i -n te rmedis te  t o  what one would expect  as an  "average" piil.se 

and t o  what  one would reasonably  expect  as a worst case .  Thus, t h e  rep-  

i -esen. ta t ive p u l s e  d e f i n e s  an -MP environment whtch o r d i ~ n a r i l y  would not  

be  exceeded by a s ign i f i - can t  arnourt %nd a t  t h e  same time would n o t  be 

rauch g r e a t e r  than  what one might call an average.  

Thi.s r e p r e s e n t a t i v e  pu l se  i s  shown i n  F igu re  3 . 1  a n d  i s  c h a r a c t e r i z e d  

by three parameters :  

may be  as high as 100 k i l o v o l t s ,  ( 2 )  a t i m e  t o  peak Val-ue o f  2 shakes, 

and (3)  a t i m e  Lo r educ t ion  t o  h a l f  t h e  peak v a l u e  of  Jk5 shakes.  

(I) a peak Val-ue f o r  . the e1ec t r i . c  i n t e n s i t y  which 
ic 

* 
A shake t s  a u n i t  o f  t i m e  conveni-ent f o r  fas t  p u l s e  studies. T t  

i s  def ined  t o  be 10-"sec.  



Such a pulse  can be a p p r o x i m a t d y  r ep resen ted  a n a l y t i c a l l y  by a 

suiii of two expotienti.al terms of the  form 

whe.re E. (t) i s  the arnpli . t~ide of t h e  i r ic ident  e1ect:cic fie1-d i n t e n s t t y  a t  

t i m e  t a f t e r  t h e  a r r i . va1  of t h e  front edge o f  t h e  wave, and Eo, a, and t: 
are c o n s t a n t s  r e l a t e d  to t he  above three parameters .  The va lues  of t h e  

c o n s t a n t s  used i n  t h i s  s tudy  are 

1 

E = 5 x 104/.(3646 ' \lolts p e r  rnetc3r 
0 

Often it, i s  convenient  to regard  th.e pulse as t h e  sum of a. cont inuous 

d i s t r i b u t i o n  or" waves, each of which i s  c h a r a c t e r i z e d  by an amplitude, a 

f requency and a phase.  he two rnathematfcal tools used for. t h i s  a r e  (1) 

the field of  coniplex nunibers f o r  t r e a t i n g  qu .an t i t i es  w i th  aTq>litnde a n d  

phase arid ( 2 )  t h e  F o u r i e r  t r ans fo rm for converting from t i m ?  t o  f requency,  

It has been es tirnated'- t h a t  for a f a i r l y - t y p i c a l  h igh -a l t i - t ude  b w s t ,  
'3 

-the average EFP energy impinging on an area or_" ground i s  less  t h a n  3 
joi.~es/rnzt;ex+? . 
area 0.r" 2,000 square  feet;  wo~Ad be  0.6 kilowatt-seconds.  

d e n s i t y  i s  a,pproximately t h e  energy dens i . ty  rece ived  from thz  sun du r ing  

a ti.me of abowt two mil l i s econds .  However, t h e  EMF' energy i.s ?ecei.ved i n  

something l i k e  0.5 microseconds i n d i c a t i n g  t h e  EM? has a power d e n s t t y  

four thousand times grea-ter. O f  course, the EXKID l i e s  i n  a d i - f f e r e n t  

bandwidth w i t h  f r equenc ie s  lying near  t h e  broadcas t  barid while the s u n ' s  

ene rg ie s  l i e  largely i n  or near t h e  o p t i c a l  reg ion .  'This means t h a t  t h e  

%MP energy is picked up and concent ra ted  i n  nietall.ic antenna-like 

s t r u c t u r e s  such 2s  l o n g  c a b l e s  arid t r ansmiss ion  Eries. 

The cor responding  energy Tailing c3n EL 11.ouse with. a floor 

T h l s  FNP energy 



.... 
...... 



3.3 MTJLTIPLE RIJRSTS 

In a nuc lea r  a t t a c k ,  a seri.es of  high a l t i - t u d e  b u r s t s  is not  

un l ike ly .  The s tmrce  of t h e s e  b u r s t s  may range from an a t t a c l r e r ' e  

o f f e n s i v e  missiles de tona ted  e x p l i c i t y  t o  produce EMP e f f e c t s  t o  oiir 

own de fens ive  missiles deployed t o  i n t e r c e p t  o f f e n s i v e  missiles. It 

seems reasonable ,  then, t o  expect  dozens o r  perhaps hundreds of high 

a l t i t u d e  de fens ive  and o f f e n s i v e  bursts spread o u t  over a per iod  of 

a few minutes  or  a n  hour. 

S i n c e  t h e  EMP from each b u r s t  i s  d i s t r i b u t e d  over most Gf t h e  

country,  t h e  effec-Ls of rnany pu l ses  must be  cons idered  arid eva lua ted  

r e g a r d l e s s  of t h e  l o c a t i o n  of t h . e  observer .  Such an e f f e c t  might mani- 

f e s t  i t s e l i "  as a sou-rce of i n s t a b i l i t y  Ln a l a r g e  e1ectr i .c  power network 

due, f o r  example, .to repeabed nialfunctioriing of va r ious  co r i t ro l  elements. 

Another e f f e c t  of m u l t i p l e  pu l se s  would be a s s o c i a t e d  wi th  t h e  fai1.im.e 

of couiponents. Here, one may cons ider  t h e  p r o b a b i l i t y  of  damage t o  a 

single ind iv idua l -  component as well as t h e  expected t o t a l  number of' 

compcjnents f a i l i n g  in a system. 

Of p a r t i c u l a r  concern Ls t h e  e f f e c t  of m u l t i p l e  bu r s t s  011 r e c l o s e r s  

and  c i r c u i t  b reakers  which lock  open a f t e r  having i n t e r r u p t e d  several .  

defec ted  f a u l t s  w i t h i n  ce rka in  p re sc r ibed  t i m e  l i m i t s  of t h e  o rde r  of cz 

mi.nute. I n  t h e  KUB system a r e c l o s e r  locks out  i f  four  faults a r e  

d e t e c t e d  i n  about  t h r e e  mi.nutes. 

3-14 CUFRmTS ANC VOLTAGES INDUCZD BY EMP 

The IMP w i l l  ealis2 em-rent  a o d  vel-tage surges t o  appear i.n t h e  

components of a d i s t r i b u t i o n  system. Tine most import-arit mechanism for.  

t h i s  i s  t h e  coup l ing  through th.e  t r ansmiss ion  a n d  d i s t r i b u t i o n  l i .nes .  

The c u r r e n t s  and v o l t a g e s  induced d i r e c t l y  5.n compoilents, such as trans- 

formers,  i s  assumed n e g l i g i b l e  'oecause of t h e  s i z e  and because of t h e  

s h i e l d i n g  o r d i n a r i l y  fu rn i shed  by t h e  equ.iprnents m e t a l l i c  case .  

S i n c e  it i s  not  p o s s i b l e  t o  c a l c u l a t e  t h e  c u r r e n t  and v o l t a g e  

induced by t h e  EMP f o r  a l l  p o s s i b l e  s i t u a t i o n s  and geometr ies ,  on1.y a 

few cases  have been s e l e c t e d .  These s e l e c t i o n s  have been made i n  o rde r  

t o  e s t a b l i s h  some upper l i m i t s  a n d  some reasonab le  "average-type" pu l ses  
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I n  add i t ion ,  two methods of  c a l c u l a t i o n  have been used i n  o rde r  t o  

provide  a check. 

A d e s c r i p t i o n  o f  t h e  coup l ing  ca lcu la t i .ons  used i s  as foll.ows. 

F i r s t  t h e r e  was assumed an incoming EMF' w i t h  p o l a r i z a t i o n  and propagati-on 

d i r e c t i o n s  which depend on t h e  l o c a t i o n  of  t h e  l i n e  and t h e  p o i n t  o f  

de tona t ion  as desc r ibed  i.n s e c t i o n  2.2. This  wave was decomposed, o r  

transformed, i n t o  i t s  f requency  componen-ts. To t h e s e  components were 

added t h e  c o n t r i b u t i o n s  from ground r e f l e c t i o n .  Next, mathematical  

mode1.s of  t h e  l i .nes and t h e  a s s o c i a t e d  equipment, such as t ransformers ,  

were app l i ed  i n  o rde r  t o  c a l c u l a t e  t h e  c w r e n t s  and v o l t a g e s  a t  v a r i o u s  

p o i n t s  i n  t h e  network as a f u n c t i o n  of frequency. F i n a l l y ,  t h e s e  fre- 

quency components were added ( t h e  i n v e r s e  t ransform)  -to r e c o n s t i t u t e  

t h e  v o l t a g e  and c u r r e n t  pu l se s  as functi .ons of time. 

The c a l c u l a t i o n  of  t h e  ground-ref lec ted  frequency components 

imvolved: (I-) t h e  decompositi-on o f  t h e  p o l a r i z a t i o n  v e c t o r  i n t o  two 

components, one l y i n g  i.n t h e  plan:: o f  inc idence ,  t h e  o t h e r  h o r i z o n t a l ,  

( 2 )  t h e  s e l e c t i o n  of  a low-rrequency c o n d u c t i v i t y  f o r  t h e  ground w i t h  

c o r r e s  ponding expe r imen ta l ly  determined frequency- dependent c o n d u c t i v i t y  
4 

and d i e l e c t i c  cons t an t ,  (3)  t h e  a p p l i c a t i o n  o f  F r e s n e l ' s  r e f l e c t i o n  

formulae.  5 

An example of t h e  combination of t h e  i n c i d e n t  f i e l d  p l u s  t h e  

r e f l e c t e d  f i e l d  i s  shown i n  F-igwe 3.2.  

even a nega t ive  p a r t )  of t h e  combined f i e l d  as compared wi th  khe h c i d e n t  

f i e l d  a lone  i n  F igu re  3.1. This  example assumes t h e  i .ncident f i - e l d  i s  

sweeping i n  from t e n  degrees above t h e  wire  w i t h  a p o l a r i z a t i o n  i n  t h e  

v e r t i c a l  p l ane  con ta i  ni.ng t h e  wire. F i e l d s  sweeping i n  from higherr 

ang le s  and w i t h  h o r i z o n t a l  p o l a r i z a t i o n  show an  even more r a p i d  drop  

i n  t h e  combined f i e l d .  

Note t h e  more r a p i d  drop  (and 

EMF-induced c u r r e n t  pul-ses have been c a l c u l a t e d  on t h e  b a s i s  of 

two t h e o r i e s :  (I) s c a t t e r i n g  theory,  and ( 2 )  t r ansmiss ion  l i n e  theory .  

S c a t t e r i n g  theo ry  i s  based rigorous1.y and direct1.y on Maxwell's equat ion  

and i s  d i r e c t l y  a s s o c i a t e d  w i t h  t h e  geometry and basic physical.  parameters  

of  t h e  systems. However, t h e  mathematical a n a l y s i s  and computation 

needed are d i f f i c u l t  except  for t h e  s imples t  and most i d e a l  s i t ua . t i ons .  
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log TIME 

Fig. 3.2. The RorizoriCal Component of E l e c k r i c  Field of the 
Combined Incident and Ground-Reflected F i e l d s  a t  a ifeight of 10 Meters. 
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Transmission l i n e  theo ry  r e q u i r e s  f o r  i t s  val.i.di.ty t h e  c o r r e c t  

cho ice  o f  c e r t a i n  " l i n e  parameters"  such as t h e  c h a r a c t e r i s t i c  impedance 

and propagat ion  cons t an t .  These parameters  are  not  f i x e d  b u t  depend on 

.the manner o r  mode i n  which t h e  c u r r e n t  and v o l t a g e  are t r a v e l i n g .  How- 

ever ,  t h e r e  are s t anda rd  formulae f o r  ca l - cu la t ing  t h e s e  l i n e  parameters  

which have been shown to be v a l i d  f o r  most of t h e  cases of prac t ica l  

i n t e r e s t .  

For t h i s  s tudy  bo th  methods have been appl ied .  'The s c a t t e r i n g  

theo ry  has been a p p l i e d  t o  t h e  ca lcu l -a t ion  of cui-rent pu l se s  i n  i n f i n i t e  

pe r fec t ly -conduc t ing  wires. 

t o  t h e s e  cases  as w e l l .  as t o  networks of wires of  f i n i t e  l e n g t h  and 

f i n i t e  conduct i -vi ty  wi.t,h d i f f e r e n t  d i r e c t i o n s  and connected by 

t ransformers .  

Transmission l i n e  theo ry  has  been a p p l i e d  

I n  p a r t i c u l a r ,  t h e  case i n  which t h e  i n c i d e n t  wave of E3MP comes i n  

fi-om a d i r e c t i o n  a long  t h e  wire  and t e n  degrees  above t h e  hor izon  has  

been s e l e c t e d  as a t e s t  f o r  comparing t h e  two methods. The e l k c t r i c  

p o l a r i z a t i o n  was chosen t o  l i e  i n  t h e  v e r t i c a l  p l ane  formed by t h e  

incoming wave d i r e c t i o n  and t h e  di-i-ection of t h e  wire. The wire  was 

assurnzd t o  be a, p e r f e c t  conductor w.51:.t;h no r e s i s t i v i t y .  

The c u r r e n t  f o r  this case accord ing  t o  s c a t t e r i n g  theo ry  i s  shown 

i n  F igu re  3.3. The c u r r e n t  accordi-ng t o  t r ansmiss ion  l i n e  theo ry  i s  

shown i n  F i g u r e  3.4.  A comparison of  t h e s e  two figures shows t h a t  

t r ansmiss ion  l i n e  theory- g ives  a r easonab le  basi-s on which t o  make 

estimates of  t h e  e f f e c t s  of  EMP on l i n e s .  

This  case,  which w i l l  be  r e f e r r e d  t o  as Case A, i s  u n r e a l i s t i c  f o r  

s e v e r a l  reasons .  F i r s t ,  Lhe r e s i s t a n c e  i n  t h e  w i r e  has  been neglec ted .  

This  r e s i s t a n c e  will be seen t o  be  of sorae importance.  Second, t h e  

e l e c t r i c  p o l a r i z a t i o n  chosen i.s possib1.e on ly  f o r  %?,MI' near  t h e  e a r t h ' s  

magnetic equator .  Never the less ,  t h i s  c a s e  bas been selected i n  o rde r  

t o  r e p r e s e n t  a r easonab le  upper bound t o  t h e  range  of  p o s s i b l e  vol.i;age 

and c u r r e n t  pu l se s  t o  be expected from bMP. 

I n  o r d e r  t o  apply  t r ansmiss ion  l i n e  theo ry  t o  t h e  problem of ENP 

coiipling t o  f i n i t e  e l e c  t r i - ca l  networks t h e  fo l lowing  r e l a t i o n s  have 

been developed and used: 
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2 1  

The q u a n t i t y  V ( J )  - Vm(,@,) i s  th.e d i f f e r e n c e  between t h e  a c t u a l  

v o l t a g e  ~ ( 1 , )  a t  a p o i n t  a d i s t a n c e  R down the l i n t .  and t h e  v o l t a g e  TI,(J) 

t h a t  would appear a t  t h a t  p o i n t  i f  t h e  l i n e  extended to i .nfini.t,y i.n both 

d i r e c t i o n s .  S i m i l a r  i n t c x p r e t a t i o n e  hold f o r  t h e  other d i f f e r e n c e s .  Thus, 

t h e  above equat ions  r e l a t e  t h e  v o l t a g e  and  c w r e n t  d i f f e r e n c e s  a t  a p o i n t  

(one end  of t h e  l i n e )  t o  t h e  v o l t a g e  and c m r r n t  d i f f e r e n c e s  a t  point o 

( t h e  o t h e r  end) .  

the  l i n e  paxatneters, 1- arid Z, which are t h e  propagat ion  constant;  and the 

c h a r a c t  e r i s  t ic impedance o f  t h e  l i a  e, r e s p e c t i v e l y  . 

The r c l a . t i o n s  involve ,  i n  a d d i t i o n  t o  t h e  l i n e  ler igth A, 

The l i n e  pammeters  are c a l c u l a t e d  accord ing  to the method g iven  by 
6 

Sunde .  

a c c o r d i n g  to studies r epor t ed  previous ly .  

The "source  volt3gf.s and c u r r e n t s ,  I$, and I a r e  calcul.ated 
w' 7 

The l i n e  segmenCs of an e l e c t r i c a l  d i s t r i b u t i o n  system inay be j o i n e d  

d i r e c t l y  or  may be connected by v a r i o u s  equipmenti. Transformers,  i n  

par t icu l .a r ,  which connect  l i n e s  of d i f f e r e n t  v o l t a g e  r a t i n g s ,  are of 

concern f o r  two reasons :  (1) t h e  p o s s i b i l i t y  of coupl ing  t h e  pulses from 

primary t o  secondary as  w e l l  as the modFfying of t h e  p u l s e  shapes arid 

( 2 )  t h e  p o s s i b i l i t y  of EMP damaging t h e  t ransformers .  

c e r n e d  with. t h e  f i r s t  p o s s i b i l i t y ,  t h . e  fo l lowing  chap te r  i s  concerned 

wi th  t h e  second. 

Here we a r e  con- 

The impedance and  t r a n e f ' e r  c h a r a c t e r i s t i c s  of thyee-phase t ransformers  

s u b j e c t  t o  f a s t  s u r g e s  is a ve ry  complicated aiid involved s u b j e c t .  A s  a 

s tar t ,  w e  have r ep resen ted  three-phase  transformc:rs by a bark  of t h r e e  

similar s ingle-phase  t ransformers  e T h e  model of each s ingle-phase  trans- 

former i n  the bank i s  represented.  by t h e  schematic  diagram shown i n  

F i g ~ ~ r e  3.5. T h i s  nodel. j a c l u d e s  e f f e c t s  of in te rwinding  capac i tance ,  

s e r i e s  capaei t ances ,  and capac i t ances  t o  ground. 

The parameters  a r e  obtained from a v a r i e t y  of sources .  Transformer 

name-plate in format ion  provides  t h e  k i l o v o l t  r a t i n g s ,  kV and  .No, of 
1 L 
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F i g .  3.5.  Single-phase Transformer Model which l n c l u d e s  Shunt 
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to r;qound c ,%: w e l l  as I n d u c t i v e  and S e r i e s  Res is t l ive  Elements. 
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primary and secondary, r e s p e c t i v e l y ,  as 

r e a c t a n c e  X and t h e  power r a t i n g  MVA. 
PU 

w e l l  as t h e  per  u n i t  l eakage  

A l eakage  indue tanc  e 

and an effectfve t u r n s  r a t ? o  

n = kVr/kV:, 

a r e  c a l c u l a t e d  Prom t h i s  in formst ion .  

A t y p i c a l  transforroer i r o ~ i  has a flrlx penetration c h a r a c t e r i z e d  by 
R 

a time cons tan t"  

T = 6 . 5 ~ s e c -  
1.. 

The mutual inductance  i s  then  given as a f u n c t i o n  of frequzncy by 

t a n h  71 
M(s) = Mo 

71 ,jq 

where M i s  t h e  mutual inductance  a t  low f r equenc ie s  and i s  re la ted t o  

t h e  stze and shape of the  t ransformer  by 
0 

where IL i s  t h e  pe rmeab i l i t y  of t h e  i r o n ,  A i s  t h e  c r o s s - s e c t i o n a l  area 

of the i r o n ,  R is t h e  l eng th  of t h e  f lux  pa th  i n  t h e  i r o n ,  and N arid 

N are t h e  number of turns qf' primary and secondary, r e s p e c t i v e l y .  
1 

2 
The corresponding self inductance  of t h e  primary i s  

Ll(s) = n(M(s) + L ' ) 7  

and of t h e  secondary, 

1 
L*(s)  f: z ( ? 4 ( s )  -I- L') . 

The e f f e c t i v e  r e s i s t a n c e  of  t h e  windings was obtained from engineer ing  

tables' on t h e  basis of MVA r a t i n g  and was appor t ioned  t o  pr imary and 

secoridary on t h e  basis of equa l  h e a t  product ion-  
8 

The capac i t ance  values were obta ined  i n  par t  from t a b u l a t i o n s  and 

from reasonab le  guesses  based on t ransformer  c o n s t r u c t i o n .  These capaei-  

tame va lues ,  o r ,  r a t h e r ,  p a r t i c u l a r  r a t i o s  of t h e s e  v a l u e s  are of  s p e c i a l  
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importatice si-nce t h e  t ransformer  o f t e n  looks l i k e  a capac i t ance  v o l t a g e  

d i v i d e r  f o r  pulses t r a v e l i n g  i n  t h e  common mode ( a l l  t h r e e  l i n e s  have 

equa l  c u r r m t s  i n  phase ) .  

Th2 passage of surges thi-ough three-phase  t ransformer  banks depends 

on t h e  t n e  of  t ransformer  connecti.on as w e l l  as t h e  type  of mode of t h e  

surge. We hav'e c a l c u l a t e d  t h e  coupl ing  mat r ix  f o r  common-mode surges 

pass ing  through d e l t a - d e l t a ,  delta-grounded Y, delta-ungrounded Y, 

grounded Y-grouiided Y, grounded Y-ungrounded Y, ungrounded ET-ungrounded 

Y .  Each of t h e s e  t ransformer  connect ions looks v e r y  much l i k e  a capa- 

c i t a n c e  v o l t a g e  d i v i d e r  for comion mode p u l s e s  ; t h e  d e l t a - d e l t a  connect ion,  

i n  par t icu lar . ,  i s  e x a c t l y  t h i s ,  s i n c e  t h e r e  i s  no v o l t a g e  ac ross  khe 

windings i n  common mode. 

The surge  v o l t a g e  r a t i o  of secondary t o  pr imary i n  t h e  d e l t a - d e l t a  

connect ion i s  given by 

12 
c L =  

%2 + c2g 

where C i s  t h e  in t e rwtnd ing  capac i t ance  and C i s  t h e  secondary t o  

ground capac i tance .  S i -nce  t h e  pr imary i .s  a t  a much h igher  v o l t a g e  than 

t h e  secondary? tile i n s u l a t i o n  between primary a n d  secondary i s  g r e a t e r  

.than t h a t  between secondary and ground. Xence, C i s  o r d i n a r i l y  s e v e r a l  

times gi-eater than C and p i s  t y p i c a l l y  of t he  order of  one- four th .  

This  has been demonstrated exper imenta l ly  a t  I 1 8 T R Z  using v e r y  f a s t  

pu l se s .  lo 

12 a2 

2g 

12 7 

11 
Lightning exper tence  a l s o  bea r s  t h i s  ou t .  

Pulses  coupled onto  t he  secondary w i l l  pass  through t h e  t ransformer  

onto  tile primary accord ing  t o  t h e  above equat ion  wi th  C rep laced  by 

C 

of t h e  o rde r  of one-half .  

2% 
Typica l ly ,  C i s  of t h e  same order  of magnitude as C and p i.s u' 1 g  12 

This  equat ion  sugges t s  two ways i n  which t o  reduce t h e  surge  passed 

by transforii iers.  The f i r s t  i s  t o  reduce t h e  va lue  of t he  in te rwinding  

capac i t ance  C by modi.fying the des ign  of t h e  t ransformer .  The second 

i s  t o  i n c r e a s e  t h e  va lue  o f  t h e  secondary t o  ground capac i t ance  C This 

may be e f f ec t i . ve ly  accomplished wi.thout r edes ign ing  t h e  t ransformer  by 

simply adding a n  e x t e r n a l  capac i t ance  t o  ground on t h e  secondary t ransformer  

te rn l ina ls .  

12 

2g' 



3.6 QUALITATIVE COMPARISON OF W WITH LIGHTNING 

An EMP i s  o f t e n  compared t o  l i g h t n i n g .  The p r i n c i p a l  r eason  f o r  

t h i s  comparison i s  t o  g e t  some understanding of t h e  e x t e n t  t o  which 

l i g h t n i n g  p r o t e c t i o n  devices  w i l l  p r o t e c t  equipment a g a i n s t  t h e  EMP. 

Another reason  i s  t o  s c a l e  and measure t h e  El4P a long  t h e  Lines of a 

phenomena wi th  which w e  me more f a m i l i a r .  

I n  t h i s  comparison i t  i s  important  to understand t h e  d i f f e r e n c e s  

between t h e  EMF and l i g h t n i n g .  Here we are no t  concerned so  much wi th  

t h e  d i f f e r e n c e s  i n  t h e  o r i g i n s  and causes  of  t h e  two phenomena but  w i th  

t h e  d.iff'ererrces i n  t h e  v o l t a g e s  and c u r r e n t s  produced by them. It i s  

t h e  v o l t a g e  ( t h e  g r a d i e n t  of t h e  vo l t age ,  t o  be more a c c u r a t e )  which 

causes  f l a s h o v e r  and t h e  breakdown of  i n s u l a t i o n .  It i s  t h e  c u r r e n t ,  

however, which i s  de tec t ed  t h o u g h  t h e  use of  c u r r e n t  trarisforruers f o r  

t h e  ope ra t ion  of c i r c u i t  b reake r s  ( p o t e n t i a l  t r ans fo rmers  are a l s o  

sometimes used) I 

Before we d i scuss  t h e  c h a r a c t e r i s t i c s  of the v o l t a g e  p u l s e s  indused 

by l i g h t n i n g  or an EMP we must  be c l e a r  what; i s  meant by v o l t a g e  s i n c e  

t h e  e l e c t r i c  f i e l d  i s  no t  conse rva t ive .  I n  t h i s  r e p o r t  .Joltage r e f e r s  

t o  t h e  i n t e g r a l  ( a  li.ne i n t e g r a l .  from ground t o  wire) of t ha t  component 

of t h e  e l e c t r i c  f i d d  norinal to t h e  wire and t h e  ground. This i s  t h e  

component which o r d i n a r i l y  w i l l  be responsi1~l.e f o r  t h e  breakdown of i n s  u- 

l a t i o n ,  e t c  e I n  non-mathematical terms, we are us ing  those  e l e c t r i c  

fo rces  po in t i j i g  from t h e  w i r e  to t h e  ground t o  d e f i n e  t h e  vol-tage and 

riot t hose  forces point i .ng along t h e  wire.  

A d i r e c t  l i g h t n i n g  s t r o k e  may be regarded as a n  e l e c t r i c  charge 

i n j e c t i o n  process .  T h i s  charge,  which appears  at a p o i n t  on t h e  l i n e ,  

c r e a t e s  a v o l t a g e  and must t r a v e l  by whatever pa ths  are a v a i l a b l e  t o  

ground if t h e  l i n e  i s  t o  beconie e l e c t r i c a l l y  n e u t r a l .  O r d i n a r i l y  t h e  

charge  t r a v e l s  away from t h e  s t m k e  p o i n t  i n  opposi.f;e dik.ec,tior-s a long  

t h e  l i n e  forming a c u r r e n t  arid an  a s s o c i a t e d  vo l t age .  I n  ordlinary a e r i a l  

t r ansmiss ion  l i n e s  t h e  r a t i o  of .Lhe voJkage to c u r r e n t  i n  such p u l s e s  i s  

of  t h e  o rde r  of 300-500 ohms. T h i s  r a t i o ,  c a l l e d  the su rge  impedance o r  

c h a r a c t e r i s t i c  impedance, i s  s l i g h t l y  f requency dependent. 



I n  c0ntras.t ;  t o  l i g h t n i n g ,  t h e  EMP i s  not  a l o c a l  charge i n j e c t i o n  

process  c a r r y i n g  i.ts own e l e c t r o s t a t i c  f i e l d  w i th  i t .  On t h e  contxary,  

i t  i.s a conti.nuous cuxrent  i nduc t ion  p rocess .  That is ,  c u r r e n t  i s  i-nduced 

cont inuously,  uniformly, and u n i d i r e c t i o n a l l y  a long  a segment of a 

t r ansmiss ion  l i .ne.  

The manner of c w r e n - t  gene ra t ion  depends on the: ang le  between t h e  

incoining wave a.nd t h e  t r ansmiss ion  wire .  If t he  wave cornes i n  a t  r i g h t  

angles  t o  t h e  wire, t h e  c u r r e n t  i s  generated s imul taneous ly  a t  a3.J. p o i n t s  

I.n t h e  wire. If t h e  wave comes in at  some d i r e c t i o n  n e a r l y  a long  t h e  

wire then  t h e  c u r r e n t  i s  generated a t  t h e  p o i n t  of i n t e r s e c t i o n  of  t h e  

wave and. t h e  wire. 'This p o i n t  of c u r r e n t  gene ra t ion  moves a long  t h e  

w i r e  w i th  a speed f a s t e r  than  the  speed of l i g h t .  This  speed i s  a c t i i a l l y  

t h e  speed of  l i g h t  d iv ided  by t h e  cosi t ie  of t h e  ang le  between t h e  

propagat ion d i r e c t i o n  and t h e  wire. 

A s  t h i s  ang le  becomes smaller t h e  speed of t h e  p o i n t  of c u r r e n t  

gene ra t ion  decreases  and becomes more nearLy t h e  speed of  l i g h t .  The 

c u r r e n t  generated cor respondingly  becoraes more s u c c e s s f u l  i n  t r y i n g  b o  

keep up wi th  t h e  p o i n t  o f  genera t ion .  Hence, t h e  peak c u r r e n t  induced 

i.s l a r g e r  i n  magnitude f o r  smal le r  ang le s  of inciderice on t h e  wi.re. 

There i s  another  important  e f f e c t  dependent on t h e  ang le  of i .ncidence.  

This  i s  a s s o c i a t e d  wi th  the  bui ldup  of charge and v o l t a g e  a long  t h e  tratis- 

mission l i n e  which may be considered by conceptual-ly t h i n k i n g  of  an 

in s t an taneous  photograph of t h e  c u r r e n t  a l o n g  t h e  wire .  

I f  the EMP comes i n  a t  r i .ght  angles  t o  an i n f i n i t e l y  long  w i r e ,  

then t h e  c u r r e n t  i.s t h e  same a l l  a long  t h e  wi re  and t h e r e  i s  no net; 

charge oi- vo l t age .  If t h e  wire  i s  f i n i t e  i.n l eng th ,  then  t h e  same 

s ta tement  i s  v a l i d  until charge  and v o l t a g e  bui ldup  a t  the  ends caus ing  

a r e f l e c t e d  pu l se  t o  be launched back a long  t h e  w i r e .  In t h i s  ca se  of 

perpendicula?? i-ncidence t h e r e  i s  no v o l t a g e  ix i ' i i l  t h e  c u r r e n t  i s  r e f l k c t e d .  

The r e f l e c t e d  vol-tage V i s  r e l a t e d  t o  t h e  r e f l e c t e d  clurrent I by r 1" 

v = ZI r r 

where Z i s  t h e  c h a r a c t e r i s t i c  impedance. 



I f  t h e  EMP comes i n  a t  ang le  D wi th  t h e  1-ine then  i t  can be  shown 

t h a t  t h e  voltag.2 i n  an i n f i n i t e  l i n e  i s  r e l a t e d  t o  t h e  current by 

where Z i s  t h e  c h a r a c t e r i s t i c  impedance of  t h e  l i n e .  I f  t h e  l i n e  i s  

f i n i t e  then  the l a t te r  of t h e  two equat ions  a p p l i e s  up u n t i l  tl-e c u r r e n t  

i s  r e y l e c t e d  a t  t h e  ends, and t h e n  t h e  r e f l e c t e d  v o l t a g e  and c u r r e n t  

s a t i s f y  t h e  f i r s t  equa t ign .  

3 .7  CHARACTERISTIC EMP-INDUCED CTJRRENTS AND VOL'I1AGKS 

Vol-tages arid c ~ x r e n t s  f o r  a number of typi.ca1 geometr ies  are shown 

i n  Figures 3. j throu.gh 3.10. The c a p t i o n s  a r e  se l f - exp lana to ry .  

These r e s u l t s  may be nodifi .ed by a phenomenon which has riot y e t  been 

taken  .in-to account,  namely t h a t  due t o  corona.  Sunde  has shown t h a t  the 

effect of  corona i s  t o  delay or  cshop o f f  t h e  f r o n t  of' t h e  vol ta .ge p u l s e  as 

shown i n  F tgure  3.11.. S ince  EPP vol tage  pu l ses  are Tnduced cont inuouely  

a l o n g  a l i n e  r i g h t  up t o  a t e r m i n a l ,  such co rona l  d i s t o r t i o n  ma,y w e l l  be 

less  f o r  E%!P than €or I.ocal charge  i n j e c t i o n  processes ,  such  as lightning, 

f o r  which t h e  pu l se  must travel. some d i s - t a m e  t o  a t e rmina l .  In any case, 

thi.s d i f f i c u l t  ques t ion  of  corona e f f e c t s  on EM23 pu l ses  requires f u r t h e r  

study and r e s e a r c h  f o r  i t s  r e s o l u t i o n .  It i s  n o t  a n t i c i p a t e d  t h a t  corona 

F 7 i . l l  a l . t e r  t h e  p r i -nc ipa l  f i n d i n g s  of  thLs s tudy .  

3.8 QUANTITATIVE C O ~ A B I S O N  OF F m  AND LIGHTNING 

The c u r r e n t  and  v o l t a g e  of  F igu res  3 . 7  and  3.8 r e p r e s e n t  a t y p i c a l  

l a r g e  p u l s e  which earl be induced by an ~ J I P  on t r ansmiss ion  and  d i s t r i b u t i o r i  

I - ines .  This  i s  not an ahsol-ute Ernit but  only a reasonable  r ep resen ta t i . ve  

01' the l a rges t ,  pu l se s  t o  be expected.  

I t  i s  i .n te res t i .ng  and  in fo rma t ive  t o  cornpar(? t h i s  luge EMP p u l s e  

wi th  l i g h t n i n g  pu l ses .  F igu re  3-12 shows 8 cathode-ray oscil.logram of 

t h e  tiighcs 1; l i g h t n i n g  v o l t a g e  recorded oil a t ransmiss ion  l i n e .  -'-- This  

p u l s e  reached a crest of 5,000 W i n  less  than  two microseconds. The 

tnaximm r a t e  of rise was of t h e  o r d e r  of h,000 kV per microsecond. 

Because t h e  I-ighti i ing s t r u c k  four miles up t h e  l i n e  from t h e  o s c i l l o g r a p h  

1 9  
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Fig. 3.7. The C u r r e n t  as Described in Fig. 3.1~ but w i t h  E’requenry 
Dependent  Resistance Included in Line arid Ground. 
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s t a t i o n  and because t h e  v o l t a g e  was much above t h e  corona th re sho ld  

vo l t age ,  it fo l lows  t h a t  t h e  ra te  of r i s e  a t  t h e  p o i n t  s t r u c k  may have 

been on t h e  o rde r  of 10,000 kV per  microsecond. This i s  about t h e  

average  r a t e  of r i s e  o f  t h e  l a r g e  EMP-induced v o l t a g e  p u l s e  shown i n  

F igu re  3.8. 
It should be poin tzd  out  t h a t  t h i s  l i g h t n i n g  su rge  was produced on a 

110 kV wood po le  l i n e  wi thout  ground wire. 

w i th in  4.5 rlliles of t h e  o s r i l l o s c o p e  s t a t i o n ,  so  t h a t  t h i s  l i n e  had an 

e f f e c t i v e  i n s u l a t i o n  l e v e l  much above t h a t  of urban d i s t r i b u t i o n  l i n e s .  

Hence, t h e  p ro l Jab i l i t y  of such  a s t r o k e  on a ground-wire p ro tec t ed  urban 

l i n e  may be q u i t e  small ,  and even i f  s t ruck ,  the urban l i n e  would 

propagate  t h e  p u l s e  w i t h  g r e a t e r  a t t e n u a t i o n .  

Guy wires were e n t i r e l y  absent  

On t h e  o t h e r  hand, i t  should be noted i n  t h e  comparison of t h e  EM?? 

p u l s e  a n d  t h e  l i g h t n i n g  p u l s e  t h a t  t h e  former i s  t h e  resu l t  of a cal-cu- 

1 a t i o n  n e g l e c t i n g  f l a shove r  arid corona, whereas t h e  l a t t e r  a c t u a l l y  

occurred i n  a s i t u a t i o n  i n  which both f l a s h o v e r  and cororia were s i g n i f i c a n t .  

on primary d i s t r i b u t j o n  l i n e s  can be obta ined  from F igure  3.13.9 
Curves show t h a t  v o l t a g e s  g r e a t e r  t han  200 kV seldom appear  on urban 

c i r c u i t s ,  which are much b e t t e r  sh i e lded  than  rural. c i r c u i t s .  Again, 

i t  should be  noted t h a t  t h e s e  curves are based on obse rva t ions  i n  which 

t h e  s t r o k e s  occurred a t  v a r i o u s  d i s t a n c e s  down t h e  l i l e  a n d  t h a t  t h e  

pu l ses  were a t t e n u a t e d  before  be ing  observed. 

Some i d e a  of t h e  l i g h t n i n g  surge v o l t a g e s  which o r d i n a r i l y  appear 

The 

The c a l c u l a t e d  v o l t a g e  of F jgu re  3.10 may be regarded as a P a i r l y  

t y p i c a l  p u l s e  t o  be expected from high a l t i t u d e  ENP. 

t h i s  w i th  t h e  above l i g h t n i n g  v o l t a g e s  on urban pr imary d i s t r i b u t i o n  

l i n e s  shows t h a t  t h e  ENP v o l t a g p  i s  of the o rde r  of t h e  mxinturtl 

l i g h t n i n g  surge  v o l t a g e .  

A comparison of 

It i s  a l s o  i n t e r e s t i n g  arid e n l i g h t e n i n g  t o  compare 3BlP-I nduced 

c u r r e n t s  w i t h  l i g h t n i n g  s t r o k e  c u r r e n t s .  F igu re  3.14 shows t h e  proba- 

b i l i t y  d i s t r i b u t i o n  or t h e  c r e s t  magnitudes of d i r e c t  s t r o k e  c u r r e n t s  

as w e l l  as of a r r e s t e r .  c u r r e n t s .  9 

Since  the l i g h t n i n g  s t r o k e  c u r r e n t  d i v i d e s  i t s e l f  accord ing  t o  

t h e  number. of pa ths  by which i t  may r each  ground, t h e  s t r o k e  c u r r e n t  
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i.s g r e a t e r  t h m  t h e  c u r r e n t  t h a t  appears  i n  t h e  t r ansmiss ion  l i n e .  For 

t h e  purpose of compari-ng Elfill? c u r r e n t s  w i t h  l i g h t n i n g  c u r r e n t ,  t h e  

arrester  c u r r e n t  curves  may be  t h e  most r e a l i s t i c .  Experimental  resulLs 

of a r r e s t e r  d i scha rge  c r e s t  c u r r e n t s  are  summarized i n  F igu re  3.15'. I t  

i s  then  c l e a r  t h a t  t h e  c a l c u l a t e d  EMP-induced c r e s t  c u r r e n t s  are  of t h e  

same o rde r  as most l ightning-indu-ced c r e s t  c u r r e n t s .  Only about  fi.ve 

pe rcen t  of t h e  I - a t t e r  having greater  c r e s t  va lues .  

The t i m e  dependence of t h e  EMP-induced p u l s e s  are c h a r a c t e r i z e d  by 

r i s e  times of S./4 t o  1 microsecond and a t i m e  t o  h a l f  maximum of from 

2 t o  10 microseconds a t  most. A comparison w i t h  l i g h t n i n g  may be made 

by observ ing  F igu res  3.16 and 3.17. 

t o  hall" maxi-mum i s  g r e a t e r  t han  'ihat, of t h e  El@, i n d i c a t i n g  t h a t  l i g h t -  

n ing  pulses c a r r y  more t o t a l  energy. The r i s e  times are  a l s o  g e n e r a l l y  

large compared Lo t h e  EM? r i s e  times, a l though  F i g w e  3.17 does show t h a t  

ri.se times of  t h e  order of t h e  EMP r i s e  ti.mes are possibl .e.  I t  should 

be noted t h e s e  l i g h t n i n g  d a t a  are based on s t r o k e s  t o  t h e  Empire S t a t e  

Buil.ding and not  on s t r o k e s  t o  t r ansmiss ion  l i n e s .  For  s t r o k e s  .to 

t r ansmiss ion  l i n e s  t h e  tl.mes t o  h a l f  maximum have a similar d i s t r i b u t i - o n .  

Bi2-L McCann's s tudy  of d i r e c t  s t r o k e  l i g h t n i n g  curren.Ls t o  tower- l ike  

s t r u c t u y e s  showed longer r i s e  times, one-half  t o  t e n  microseconds.  His 

l i g h t n i n g  da ta  i n d i c a t e d  t h a t  t h e  r i s e  t i m e  i nc reased  w i t h  khe c r e s t  

c u r r e n t .  Th i s  c o r r e l a t i o n  j.s a l so  i n d i c a t e d  by t h e  c a l c u l a t e d  EMP 

c u r r e n t s .  McCann a l s o  found average  ra tes  o f  c u r r e n t  r i s e  i n  t h e  

l i g h t n i n g  p u l s e  f r o n t s  up t o  45 ki loamperes  per  microsecond. 

I n  Figure 3.16 we see t h a t  the  time 

These comparisons of  t h e  c a l c u l a t e d  EblP-induced surges  w i t h  a c t u a l  

l i g h t n i n g  surges  i n  t r ansmiss ion  l i n e s  i n d i c a t e  t h a t  c res t  v o l t a g e s  and 

c res t  c u r r e n t s  induced by t h e  .EMP can be  of t h e  o r d e r  of t h e  average  

c r e s t  v o l t a g e s  and average  c r e s t  c txrrents  from di . rect  l i g h t n i n g  s t r o k e s .  

However, t h e  maximum d i r e c t  l . igh tn ing  s t r o k e  currenLs are much l a r g e r  

t han  those  induced by an  E?@. On t h e  o t h e r  hand, t h e  rates of r i s e  of 

t h e  EMP c u r r e n t s  and v o l t a g e s  a re  as l a r g e  as t h e  max-imum rates o f  r i se  

from d i r e c t  l i g h t n i n g  s t r o k e s .  

Many tr .ansmission and d i s t r i b u t i o n  l i n e s  are  protecbed from l i g h t -  

n ing  by overhead ground wires. These ground wires a re  r f f e c t l v e  shieI.ds 
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a g a i n s t  d i r e c t  l i g h t n i n g  s t r o k e s  but offer l i t t l e  s h i e l d i n g  a g a i n s t  ENP. 

When t h e  comparison of an EMP and l i g h t n i n g  t akes  t h i s  f a c t o r  i.nto account,  

i t  i s  s e e n  t h a t  c r e s t  v o l t a g e s  from an EMP can be w e l l  above average c r e s t  

l i g h t n i n g  v o l t a g e s  on sh i e lded  overhead c i r c u i t s ,  as was shown i n  

F igu re  3.15. 



CHAPTlER IV 

SYS TEM COMPONENTS 

14 - 1 INTRODTJCTION 

Apparatus which must be  p ro tec t ed  a g a i n s t  v o l t a g e  t r a n s i e n t s  a t  a 

t y p i c a l  outdoor e l e c t r i c  power s u b s t a t i o n ,  such ;is t h e  Dix ie  s l i b s t a t ion  

of t h e  Knoxvil le  TJtili.ties Board, g e n e r a l l y  inc ludes  t h e  fol lowing:  

power t ransformers ,  ins t rument  t ransformers ,  c i r c u i t  b reakers ,  d i sconnec t  

switches,  and buses .  Some s t a t i o n s  a l s o  inc lude  r e a c t o r s  and r e g u l a t i n g  

e qui. pmeri t . 
The Dixie  s u b s t a t i o n  t ransforms power from t h e  (56 kV subt ransmiss ion  

system t o  the  13.8 kV primary d i s t r i b u t i o n  sys-tern. 

on the 66 kV s i d e  of the subs ta t i .on  i s  i .nsu la ted  wi th  r e s p e c t  t o  ground 

a t  a Bas ic  1nsu. la t ion Level  (811,) of  350 kV and a l l  on the 1.3.8 kV s i d e  

a t  a EIL of  110 kV. 

kTj, if its i n s u l a t i o n  w i l l  wi ths tand  wi.thout d i e l e c t r i c  breakdown, t h e  

a p p l i c a t i o n  of t h e  sbandard 'vol tage pu l se  shown i n  F igu re  4.1. This  

p u l s e  has been determined through i n t e r n a t i o n a l  c o l l a b o r a t i o n  as t h e  

b e s t  r e p r e s e n t a t i o n  o f  t h e  t r u e  v o l t a g e  induced i n  a power l i . n e  by 

l i g h t n i n g .  The pulse i s  charac, ter ized by a r i s e  time 0 X = 1.2 psec and 

a. time t o  f a l l  t o  half maximum OIX4 :I 50 ysec .  A s  a s h o r t  hand no ta t ion ,  

the s t anda rd  pu l se  i s  r e f e r r e d  t o  a s  an 1.2 x 50 pu l se . )  

A l l  of t h e  appa ra tus  

( A  p i e c e  of appa ra tus  i.s said t o  have a B I L  of E 

11  

In a n a l y z i n g  .the e f f e c t  of EMF on t h e  Di.xie s l lbs ta t ion ,  t h e  fo l lowing  

v o l t a g e  pu l ses  were assumed induced by an ENP onto the subt ransmiss ion  

(66 kV) and pr imary d i s t r i b u t i o n  (113.8 kV) lines a s s o c i a t e d  wi th  the 

s ub s t a t  ion  : 

Pulse A ( s e e  F ig"  3.3) - Pulse i n c i d e n t  a long  t h e  w i r e ,  80' 
w i t h  r e s p e c t  t o  the v e r t i c a l  (nuclear. explos ion  loca ted  10' 
above t h e  box-izon) . Elec t? - i c  f i e l d  v e r t i c a l l y  polari .zed. 
The  w i r e  i s  an infinitely-1-otig p e r f e c t  conductor .   maxwell-'^ 
equati.ons a r e  so lved .  The eondmctivi ty  arid d i e l e c t r i c  con- 
s tant  of' t h e  ground are independent of  f requency.  

P u l s e  B ( s e e  Fig.  3.9) - Pulse i n c i d e n t  broads ide  t o  t h e  wire ,  
60° wi th  r e s p e c t  t o  t h e  v e ~ t t e a l  ( n u c l e a r  explos ion  loca t= .d  
30° above t h e  ho r i zon) .  
pol-arizet3. The wire i s  an i n f i n i t e l y  l o n g  p e r f e c t  conductor .  

E l e c t r i c  f i e l d  i s  h o r i z o n t a l l y  
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Madmiell' s equa t ions  are solved. The c o n d u c t i v i t y  and 
d i e l e c t r i c  coi ls tant  of t h e  ground are indeperldent of 
f r e  y uency . 
Pul se  C (seeoFig.  3.10) - Pul se  i s  i r ic jdent  broads ide  t o  
t h e  wire, 60 wi th  r e s p e c t  t o  t h e  v e r t i c a l  (nu.clear expl.osion 
l o c a t e d  30 above t h e  hgrizon) .  E l e c t r i c  f i . e ~  i s  h o r i z o n t a l l y  
polarized. The wire i s  assumed t o  be semi . - in f in i t e  i n  length ,  
and t h e  v o l t a g e  shown i n  t h e  F igu re  appears  a t  t h e  inpu t  t.o 
a power t ransformer .  Transmission l i n e  equat fons  a r e  solved 
wi.th the c o n d u c t i v i t y  and d i e l e c t r i c  cons tarit of  t h e  grou.r.d 
al lowed t o  be f u n c t i o n s  of frequ.ency. 

0 

The t h r e e  pu l ses  ( A ,  B, and C> are a r e p r e s e n t a t i v e  sample o f  the  

resul. ts  obtairied i n  t h i s  s tudy  f o r  a variety of eoridi.tions of i .ncidence 

of t he  EMP on t h e  wire, for f requency independent and f requency dependent 

models f o r  t h e  e l e c t r i c a l  p r o p e r t i e s  of t h e  ground, and f o r  t h e  use of 

Mamie3.l'~ equat ions  o r  t r ansmiss ion  E n e  equati .ons t o  d e s c r i b e  t h e  

dynamic response  of t h e  wire. Voltage p u l s e  A cou-ld never occi.ir from 

a high a l t i t u d e  nuc lea r  explos ion  over a r eg ion  away from t he  e a r t h ' s  

equator  where t h e  e a r t h ' s  magnetic f i e l d  causes  the e l e c t r i c  vec tor  of 

the EMP bo b e  polarizzl ' l  h o r i z o n t a l l y  wi th  r e s p e c t  t o  t h e  s u r f a c e  of t h e  

e a r t h .  However> of t h e  t h r e e  pulses considered,  p u l s e  A p r o d i ~ e s  t h e  

most s eve re  stresses t o  t h e  i n s u l a t i o n  of' a 66 kV/l3.8 kV s u b s t a t i o n  

and i s  of i n t e r e s t  for t h a t  reason.  

The full in8gnLtudes of t h e  piilses d i scussed  i n  the Grevious c e c t i o n  

w i l l  not  l i e  impressed upon t h e  i n s u l a t i o n  of t h e  s i h c t a t i o n ,  'I'hs l i g h t -  

nine; a r r e s t e r s  p r o t e c t i  ng t h e  si-tbstation w i l l  a f f o r d  some p r o t e c t i o n .  

The 66 kV s i d e  of t h e  Dix ie  s u b s t a t i o n  i s  p r o t e c t e d  wi th  60 kV rated 

a r r e s t e r s  and t h e  13.8 kV s i d e  by 10 kV rated a r r e s t e r s .  

a n a l y s i s  of t h e  p r o t e c t i o n  afforded a g a i n s t  pulses  B and A i s  not  

p o s s i b l e  unless  the p r e s e n t l y  a v a i l a b l e  performance data f o r  l5ghCning 

a r r e s t e r s  a r e  extended by experiment to cover  v o l t a g e  piiLses w"th rates 

of r i s e  i n  excess of 1 ~ ~ / p s e c .  Ilowever, an estimate of ttie p r o t e c t i o n  

can be  mad? by e x t r a p o l a t i o n  of t h e  known d a t a  t o  t h p s e  r a t e s  of r i s e  

as shown b e h w .  

An exac t  



Shown i n  F igu re  j+.2 i s  a p l o t  o f  t h e  s t anda rd  s t a t i o n  type  or 

d i s t r i b u t i o n  type  l i g h t n i n g  a r r e s t e r  breakdown v o l t a g e  i.n k i 1 o v o l . t ~  pe r  

ki1.ovoJ.t of  arrester rms v o l t a g e  rat i .ng.  The arrester breakdown v o l t a g e  

may be defiried as the v o l t a g e  he ld  a c r o s s  t h e  a r r e s t e r  t e r m l n a l s  a t  t h e  

i n s t a n t  be fo re  t h e  arrester spa rk  gaps f i r e .  ‘The a b s c i s s a  i n  t h i s  p l o t  

i s  t h e  time between a p p l i c a t i o n  of  a v o l t a g e  p u l s e  t o  t h e  arresLer 

t e rmina l s  and t h e  o n s e t  of arrester  breakdown. It i s  c l e a r  from t h e  

shape of t h e  curve,  t h a t  la-rger  pulses produce breakdown .in s h o r t e r  

times. F igu re  4.3 shows t h e  di-scharge v o l t a g e  i n  t h e  same uni’is f o r  t h e  

same stiandard l i g h t n i n g  arrester .  The d i scha rge  voltage ris t h a t  v o l t a g e  

which appears  a c r o s s  t h e  l i g h t n i n g  a r res te r  t e rmina l s  a f t e r  t h e  i n i t i a l  

breakdown of  t h e  s p a r k  gaps and a t  a t ime when t h e  c u r r e n t  l?.miting 

elements of the arrester are begi-oning t o  d r a w  c ~ t - r e n t .  From F igure  4.1 
i t  i s  apparent  t h a t  t h e  d i scha rge  v o l t a g e  depends upon both  t h e  c u r r e n t  

and i t s  t i n e  r a t e  of change. 

Table  1 gi.ves a comparison of c r e s t  va lues  and s lopes  of  t h e  c u r r e n t  

and voltiage a s s o c i a t e d  wi th  each of t h e  t h r e e  pu l ses ,  A, 13, and C .  Using 

t h e  curves  i.n F igu res  I+.? and 4.3, e x t r a p o l a t i n g  where necessary,  and t h e  

d a t a  i n  Table 1, esLimates have been made of  t h e  breskdown and d i scha rge  

v o l t a g e s  expected from 60 kV r a t ed  and 10 kV ra. ied 1.i.ghtning a r r e s t e r s  

such as appear i n  t h e  Dixie s u b s t a t i o n .  These r e s u l t s  are summarized i n  

Tab le  2.  

Tab1 e 3.. Pul se  Parameters  

Pu l se  

A H C 

-_ 

Max. Vol tage  (kV) 24,000 1,609 275 

Max. Curren t  (k4) 60.50 4.02 1.15 

Average F ron t  Slope 

Average F ron t  S lope  

Vol tage  (kV/ps) 2’+, 030 1.2,200 J-84 

Current  ( k ~ / p s )  60.0 30.5 18.L 
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Table 2. Lightning Arrester Rehavior 

Pulse 

A R C 

60 kV Lightn ing  A r r e s k r  

Breakdown Vol tage  (kV) 53 4 43 8 20!4 

Discharge Vol tage  (kV) 330 244 222 

Time t o  Reach Breakdown 
Vol tage  ( n s )  10 30 1, coo 

Energy Di s s ipa t ed  (kWsec) 22.8 0.35 1.220 

10 kV Lightn ing  A r r e s t e r  

Breakdown Vol tage  (kV> 190 1110 ).I 0 

41 37 Discharge Vol tage  (IrV) 55 

Vol tage  (ns) 4.7 10.5 200 

Energy Di s s ipa t ed  (kWsec) 3.81 ,0514- " 2!)2 

n J.irne t o  Reach Breakdown 

With pulse C ,  t h e  d i scha rge  v o l t a g e  for t h e  60 kTT a r r e s t e r .  exceeds 

the  breakdown v o l t a g e  and  f o r  t h e  10 16J arrester t h e  corresponding d i s -  

charge  v o l t a g e  n e a r l y  equa l s  t h e  breakdown voltage. By c o n t r a s t ,  t h e  

ra tes  of r i s e  of the v o l t a g e  i n  pulses A and R a r e  so h igh  t h a t  t h e  

breakdown v o l t a g e s  f o r  both  arresters g r e a t l y  excped the d i scha rge  

voltage. The q ix i l - i ta t ive  behavior  o f  the v o l t a g e  i n  such a c a s e  i s  

i l l u s t r a t e d  i n  F igu re  14.J-1. 

c a l c u l a t i o n  of breakdown and d i scha rge  v o l t a g e s  i s  given. 

~n Appendix C, such an example of  t h e  

Table 2 a l s o  gives an upper l i m i t  on t h e  energy expected t o  be d i s -  

charged by both  a r r e s t e r s .  The type  of l i g h t n i n g  arrester  foucd in t h e  

Dix ie  s u b s t a t i o n  i s  capab le  of d i scha rg ing  h k'idsec pe r  kV pe r  r a t ing .  

t he  energy i n  a l l  t h r e e  pu l ses  can easi2.y b e  handled by t h e  a r r e s t e r .  

Thus, 

In s t anda rd  l i gh tn i -ng  p r o t e c t i o n  p r a c t i c e ,  the l i -ghtni i ig  a r r e s t e r  

i s  placed between t h e  incoming l i n e  and t h e  s u b s t a t i o n  Lo t h e  p ro tec t ed .  

This  p r a c t i c e  a l s o  he lps  -to p r o t e c t  a g a i n s t  t h e  e f f e c t s  of EMF; bu t ,  as 

i n  Lightning p r o t e c t i o n ,  t h e  l e n g t h  of t h e  arrester e l e c t r i c a l  lead 

cannot  be chosen a r b i t r a r i l y .  Because of t h e  t r a v e l i n g  wave nature of 
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t h e  FMP pu l sc  on t h e  pouer l i n e ,  t i m e  i s  r equ i r ed  i'or t h e  p u l s e  t o  t r a v e l  

down t h e  arrester  e l e c t r i c a l  lead, f o r  t h e  a r r e s t e r  t o  r each  i t s  break- 

down vo l t age ,  and fo r  t h i s  new v o l t a g e  t o  t r a v e l  back t o  t h e  power l i n e .  

If t h e  a r r z s t e r  lead i s  t o o  long, t h e  p r o t e c t e d  appara tus  has a l r e a d y  

been stressed t o  t h o  f u l l  EMP v o l t a g e  be fo re  t h e  a c t i o n  of the a n e s t e r  

has a f f e c t e d  t h e  power l i n e .  

Analys is  of t r a v e l i n g  waves on t h e  l i g h t n i n g  a r r e s t e r  lead  r e su l t s  

i n  t h e  fo l lowing  equat ion  

where J- i s  t h e  r a t e  of r i s e  or" t h e  E3P i n  kV/psec d iv ided  by thn  l i g h t n i n g  

a r r e s t e r  rating i n  kV and x i s  t h e  l e n g t h  of  t h e  a m e s t e r  lead i n  Peet. 

The q u a n t i t y  m i s  t h e  margin of p r o t e c t i o n  f o r  the  s u b s t a t i o n  and i s  

de f ined  by t h e  equat ion  
E 

where E i s  t h e  wi ths tand  v o l t a g e  i n  kV of t h e  s u b s t a t i o n  i n s u l a t i o n  and 

E i s  t h s  breakdown v o l t a g e  i n  kV of  t h e  arrester.  

Equiztiori 1c.1, which i s  p l o t t e d  i n  F igu re  14.5, gives  t h e  r e l a t i o n s h i p  

W 

b 

between (m/x) and r i n  t h e  case t h a t  E 

-.xceeds Ewe I f  t h i s  i s  not t h e  s i t u a t i o n ,  t h e  fo l lowing  cases  in which 

R r e p r e s e n t s  a r r e s t e r  r a t i n g  i n  kV may be d i s t i n g u i s h e d .  

t h e  ppak voltagz of t h e  EMP, 
P' 

I3 < 3 . h R .  

breakdown v o l t a g e  curve i s  3.4R. I f  E i s  less than t h i s ,  

t h e  l i g h t n i n g  arrester f a i l s  t o  f i r e  and t h e  p ro tec t ed  

p o i n t  senses  t h e  full-  pu l se .  

3. lcR < E < E In t h i s  c a s e  t h e  Lightning a r r e s t e r  f i res  

a f t e r  t h e  peak v o l t a g e  has passed.  

senses  a p i i l s e  which has been chopped on the  t a i l  and h a s  

peak v o l t a g e  E e 

T h e  asymptot ic  v a l u e  of  t h e  l i g h t n f n g  arrester 
P 

P 

p b * 
The p r o t e c t e d  p o i n t  

P 
< E . The 1.ightning arrester f i res .  D e p e n d i n g  w 

upon l e n g t h  of the a r r e s t e r  l e a d ,  t h e  p r o t e c t e d  point, may 

sense  any v o l t a g e  between E arid E I b p 
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Appendix c shows how one may use F igu re  J-iB.5 t o  cakulate t h e  maximum 

adiu- iss ible  l e a d  I.engl;h of  an a r r e s t e r  of any I?ati.ng. 

The insu . l . a t fm of t h e  c i r c u i t  b reake r s ,  d i sconnec t  swj.tches, and 

buses on t h e  high volta.ge s i d e  of t h e  s u b s t a t i o n  have a, BXL of' 350 .kV. 

It i s  cI.ear from the r e su l t s  presented  i n  Table 2 t h a t  t h i s  appa ra tus  

is p r o t e c t e d  agai .nst  t h e  e f f e c t s  of pulse  C ,  s ir ice t h e  bI'SakdoW1 'vol tage 

and t h e  discharge vol . tage of t h e  a r r e s t e r  i n  t h i s  c a s e  is k s s  t han  

350 kV., For pinlses A arid B, however, t h e  breakdown v o l t a g e s  of .the 

a r r e s t e r  o v e ~ s h o o t s  arid exceeds .350 kV* Whether pulses A arid E w i l l  

cause  t h e  i n s u l a t i o n  t o  breakdown, h.owever, i s  p r o b l m a t i e a l  because 

t h e  widths of the overshoot  v o l t a g e s  a r e  m-ucn l e s s  t han  t h e  du ra t ion  

1 .2  x 50 pse? wave iised t o  d e f i n e  t h e  BLL. i t  i s  l.';nown t h a t  i n s u l a t i o n  

w i l l  wi ths tand  h igh  instantaneous v o l t a g e s  fo r  s h o r t  t imes ( f o r  examplp, 

t he  " s t e e p  f r o n t  wave" d j s e u s s e d  below), so  t h a t  i t  i s  p o s s i b l e  t h a t  

t h c  overshoot voltages of p u l s e s  A and B w i l l  ~ k i l  t o  break  down the 

i n s u l a t i o n .  

The d i s t a n c e  t r a v e l e d  by an EMP-induced v o l t a g e  i n t o  a t ransformer  

winding du r ing  the time t h e  v o l t a g e  i s  apprec iab ly  changing ( r i s e  t i n e )  

is short compared w i t h  t h e  l e n g t h  of t h e  winding. For t h i s  reason  a 

d i s t r i b u t e d  parameter c i r c u i t  model similar t o  t h a t  used  t o  repressnt 

t r ansmiss ion  l i n e s  i s  needed i f  t h e  v o l t a g e  d i s t r i b u t i o n  i n  t h e  winding 

i s  t o  be  c a l c u l a t e d .  The r e s u l t s  of c a l c u l a t i o n  w i t h  siich a mc>del pre- 

dict t h a t  when an EMP v o l t a g e  reaches  a t e r m i n a l  of one winding of a two 

winding t ransformer ,  t h e  v o l t a g e  i s  i n i t i a l l y  d i s t r i b u t e d  nonuniformly 

i n  both  windings dire t o  t h e  effect of t h e  tu rn - to - tu rn  capac i tance ,  thp  

capac i t ance  t o  ground of each winding, and the mutual capac i t ance  between 

t h e  windings.  Following t h i s  i n i t i a l  capacj t a t ive ly -coup led  t r a n s i e n t ,  

bo th  windings go j n t o  o s c i l l a t i o n  due t o  t h e  i n t e r a c t i o n  o f  the i r  

inductances  and capac i t ances .  

The v o l t a g e  stresses i n s i d e  t ransformers  and bushings depend u~pon 

t h e  shape of the wave impressed on the winding. I n  a d d i t i o n  t o  t h e  " f ' i i l l "  
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wave used t o  defj-ne Lhe BIL, t ransformers  and bushings f o r  use i n  66 kV 

systems are also gi-ven a breakdown t e s t  w i t h  t h e  "chopped" wave shown i n  

F i g u r e  14.6. 
wave, l a r g e r  di .e lectr . ic  s t r e s s e s  are developed a c r o s s  t h e  i n s u l a t i o n  of  

t h e  t ransformer  than  a x e  found when t h e  " f u l l "  wave i s  appl-Ted. 

manufacturers  have a l s o  t e s t e d  t ransformers  o f  t h i s  c lass  w i t h  a " s t e e p  

f r o n t "  wave shown f o r  a 66 kV system i n  F igu re  4.6. 
wave taluses even more sevei-e d i e l e c t r i c  stresses than  t h e  "chopped" wave; 

and, because i t  r ises  w i t h  a s l o p e  of 1 Pni/@sec, i t  more c l o s e l y  approxi-  

mates t h e  e f f e c t  on a transyormer of pulses A and E3. 

Because of tile ab rup t  changes of  v o l t a g e  i n  Llie "chopped" 

Recent ly ,  

The " s t e e p  f r o n t "  

E'i.gures '4.'7, 4.8, and 'c.9 show p l o t s  of  v a r i o u s  v o l t a g e s  c a l c u l a t e d  

us ing  t h i s  model which can be  expected j-n windi-ngs of  a s i n g l e  phase 

t ransformer  when s t r e s s e d  a t  t h e  h igh  v o l t a g e  t e r m i n a l  w i t h  a pu l se  wi.th 

t h e  d i scha rge  v o l t a g e  of p u l s e  A. The n e u t r a l  of t he  pr imary winding 

and both  of t h e  t e rmina l s  of t h e  secondary winding of  t h e  t ransformer  

I L  a assumed to be  grounded. The p u l s e  app l i ed  Lo t h e  pr imary h igh  v o l t a g e  

t e r m i n a l  was assumed t o  r i s e  t o  a peak o f  330 kV i n  0.01 psec. This  p u l s e  

only  approximates the  e f f e c t  o f  t h e  l i g h t n i n g  arrester on pulse  A, s i n c e  

t h e  l a r g e  overshoot  o f  t h e  breakdown v o l t a g e  over  t h e  d i scha rge  v o l t a g e  

has  bezn ignored.  This  was necessary  because t h e  detai1.s of t h e  t r a n s i t i . o n  

of t he  v o l t a g e  from breakdown t o  d i scha rge  were not  known. I t  was f u r t h e r  

u s e f u l  to i gnore  t h i s  d i f f e r e n c e  t o  ach ieve  a s imple mathemstical  form -to 

r e p r e s e n t  t h e  p u l s e  i n  o rde r  t o  app ly  t h e  d i s t r i b u t e d  parameter circt1i.t 

mod e 1. a 

Figure  4.'7 shows t h e  s p a t i a l  d i s t r f b u t i o n  of t h e  v o l t a g e  i n s i d e  t h e  

prFmary and secondary wS.nding for v a r i o u s  early ti.mes d w t n g  which only  

t h c  windi.ng capac i t ances  are  p l ay tng  a role. The s p a t i a l  coo rd ina te  i s  

t h e  d i s t a n c e  a long  t h e  axis  of  t h e  winding, whl:.ch i s  assumed t o  b e  c y l i n -  

d r i c a l  tn shape. The zei-0 o f  t h e  s p a t i a l  coo rd ina te  i s  assurned t o  be  a t  

t h e  h igh  v o l t a g e  t e r m i n a l  OC t h e  winding w i t h  S.OO$ of the  wtnding havj.ng 

been traversed upon r each ing  t h e  n e u t r a l .  It i s  c l e a r  from t h e  f igure  

t h a t  f o r  times of Lhe o r d e r  of t h e  r i s e  t i m e  of t h e  p u l s e  t h e  v o l t a g e  

app l i ed  t o  t h e  h igh  .vol tage t e r m i n a l  does no t  d i s t r i b u t e  i t s e l f  uniformly 

over the e n t i r e  winding bu t  teilds t o  p i l e  up ac ross  t h e  f i r s t  l!~O$ o f  t h e  
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t i r n s  n e a r e s t  t h o  h igh  v o l t a g e  t e rmina l .  Hence, t he  peak volbage of  

330 kV i s  impressed upon t h e  i n s u l a t i o n  o f  t h e s e  f i r s t  t u r n s  a l o n e  and, 

depending upon t h e  i n s u l a t i o n  s t r e n g t h ,  could cause  breakdown. From thc 

f i g u r e  i t  i s  a l s o  apparent  t h a t  t h e  v o l t a g z s  i n  t h e  secondary winding 

due t o  t h e  v a r i o u s  windifig capac i t ances  are much less  than  t h o s e  i n  t h e  

pr imary . 
After t h e  i n i t i a l  t r a n s i e n t s  shown i n  F igu re  h.7r which propagate  

through t h e  windings v i a  t h e i r  turn--to-tu_rn capaci-tarice, t h e i r  capac i t anec  

t o  ground, a n d  t h e i r  mutual capac i tance ,  o s c i l l a t i o n s  are s e t  u-p due t o  

t h e  combined e f f e c t  of t h e  winding inductances  arid capac i t ances  ., This  

behavior  i s  shown i n  F igu res  1,.8 and 4.9. 

only  for t imes of t h e  o rde r  of  or  g r e a t e r  t han  t h e  f i r s t  na tu ra .1  per iod  

The o s c i l - l a t i o n s  become apparent  

of' the windings whi.ch 1j.es in t h e  range  of' a few microseconds. 

t imes,  t h e  p u l s e  v o l t a g e  a t  t h e  high voltage termirial of t h e  primary i s  

a , l so  beginning t o  decay. 

By t h e s e  

The r e s u l t s  shown i n  F iqu res  'c.7 th roysh  '4.9 a r e  i n d l c a t i v e  only  of 

t h e  q u a l i t a t i v e  behavior  of a 66 kV/ l?J  .8 s t .a t io r i  -transformer s t r e s s e d  by 

EMP. This i s  t r u e  f o r  t h e  r easons  s ta ted above concerning t h e  need t o  

i g n o r e  t h e  overshoot  of t h e  d i scha rge  v o l t a g e  of the l i g h t n i n g  a r r e s t e r  

and a l s o  because t h e  c i r c u i t  c o n s t a n t s  f o r  k h i s  transYorrner were unknown 

and could be es t imated  only  c rude ly .  

From t h e  q u a l i . t a t i v ?  behavior of t h i s  p a r t i c u l a r  traiisforraer model, 

however, sotne conclus ions  can b e  slrarijn. 

.Lions i n d i c a t e s  t h a t  t h e  t ransformer  i.s on ly  j m p m f w t l y  p r o t e c t e d  aga-ins 1; 

t r a n s i e n t s .  Bet ter  si.ippressicri of' v o l t a g e  osc i l . l . a t ions  than  t h i s  i s  o f t e n  

included i n  t r ans fo rmers  of t h i s  c l a s s  and shou-ld be encouraged t o  enharice 

t h e  p r o t e c t i o n  of t h e  transfornier. a g a i n s t  EN!?. Any of t h e  s tandard  tech-  

niques for r e d w i n g  the  o s c i l l a t i o n s  such as e l e c t r o s t a t i c  sliielrlthng, 

i n t e r l e a v i n g  of turns, l a y e r  windings,  and graded capac i t ance  a x e  des i r -  

able  (I Fuwtberrnore, by comparing p u l s e  C w i t h  t h e  t h r e e  s tandard  trans- 

former t e s t  waves (Figwse b . 6 ) ,  it m y  be concluded that;  t;he s i m i l a r i t y  

i s  s u f f i e t e r i t  that  i:f' +;he transformer i n s u l a t i o n  w i l l  withstand t h e  test 

waves, i.t w i l l  wt ths tand  p u l s e  C a l s o .  Pulses A arid B, however, because 

of t h e i r  large r a t e s  of rise, form ano the r  c l a s s  arid rerriain problematical . .  

The presence  of  v o l t a g e  cscilla- 



CHAPTER v 

THE EFFECTS OF THE EMP ON DISTRIBUTION SYSTEMS 

5.1 INIRODUCTIOlV 

It must be emphasized t h a t  t h e  e f fec ts  of an  hMP cons idered  i n  t h i s  

s tudy  are r e s t r i c t e d  t o  those  which a r i se  from surges i n  t h e  power c i r -  

c u i t s  o f  t h e  d i s t r i b u t i o n  syskem. The e f f e c t s  of surges induced i n  

supe rv i so ry  and c o n t r o l  c i r c u - i t r y  are  be ing  s t u d i e d  p r e s e n t l y  and w i l l  

be  descr ibed  7.n a l a t e r  r e p o r t .  

Even wi th  t h i s  l i m i t a t i o n  i t  i s  imposs ib le  a t  t h e  p r e s e n t  stage t o  

cal.culate t h e  FW?-induced v o l t a g e  a t  every  po in t  of an  e l e c t r i c  power 

d i s t r i b u t i o n  system. This  i.s because of t h e  complex geomet r i ca l  a r range-  

ments p o s s i b l e  and t h e  complex atid non l inea r  behavior  o f  components such  

as l i g h t n i n g  arresters and t ransformers .  Even i f  one knew t h e  v o l t a g e s  

he would be f aced  w i t h  t h e  t a s k  o f  ustng them t o  p r e d i c t  t h e  breakdovn 

and f l a shove r  of i n s u l a t i o n ,  punctur ing  of d i e l e c t r i c ,  eke., a t  a l l  

p o i n t s  of t h e  sys t em.  Each o f  t h e s e  f l a s h o v e r s  would modify t h e  v o l t a g e  

and c u r r e n t  a t  o t h e r  p o i n t s  i n  a non l inea r  f a s h i o n  and as a complicaked 

f u n c t t o n  o f  time. 

What i s  known a t  t h e  p r e s e n t  are  some r e p r e s e n t a t i v e  and t y p i c a l  

pu l se s  induced by an EMP, such as those  shown i.n Chapter 111. These show 

t h a t  such W[P-induced c u r r e n t  pu l se s  can be  larger  than  the  average  

l i g h t n i n g  induced c u r r e n t s  i n  components b u t  l ess  than t h e  average Lo ta l  

c u r r e n t  i n  a l i g h t n i n g  s t r o k e  and c e r t a i n l y  much less  than  t h e  greatest  

l i g h t n i n g  s t r o k e  c u r r e n t s .  Hence, speaking broadly,  we can say  Lhat t h e  

e f f e c t s  t o  be  expected from EMP correspond t o  e f fec ts  from somethfng l i k e  

t h e  weakest q u a r t e r  o f  d i r e c t  l i g h t n i n g  s t r o k e s  or from t h e  weaker kwo- 

th i - rds  of  l i g h t n i n g  s t r o k e s  h f t t i n g  down t h e  l i n e  a bit. 

O f  course, w e  must be  cognizant  of  the d i f f e r e n c e s  between 1igh.tning- 

induced and EMF-induced pu l ses  i n  a p p l y h g  th i s  rough r u l e  of thumb. A s  

po in ted  ou t  i.n Chapter  I11 t h e  p r i n c i p a l  d i f f e r e n c e s  are: (1) l i -ghtn ing  

i s  a p o i n t  c h a r g e - i n j e c t i o n  process  w i t h  pu l se s  moving away from t h e  p o i n t  

of i n j e c t i o n  whereas EMP induces c u r r e n t  c o n t i n u a l l y  a long  a l i n e  w i t h  



charge  and v o l t a g e  bui . lding u.p a t  t e r m i n a l s  and sha rp  t u r n s ,  (2) Ek!P i s  

b a s i c a l l y  a faster process  than  l i g h t n i n g  wi th  much s h o r t e r  r i s e  times 

( t h i s  may be  p a r t i a l l y  compensated by n a t u r a l  t endencies ,  such as corona, 

to spread out  t h e  wave f r o n t  and by il, corresponding  srnaller t o t a l  e n e r y z  

i n  t h e  pulse), and (3) EMP-induced. pulses  w i l - l  appeal. s imul taneous ly  

throughout  an ent- i re  power g r i d  whereas I.ightni.ng i s  a l o c a l  i n t e r m i t t e n t  

phenomenon. 

The e f f e c t s  which are  impor tan t  t o  cons ide r  are  similar t o  the 

e f f e c t s  from l i g h t n i n g .  These t n c l u d e  corona, f laskiover of  i n s u l a t o r s ,  

fol low current discharge ,  and d i scha rge  through a r r e s t e r s .  Attendant  

with t h e s e  a r e  t h e  p o s s i b i - l i t i e s  of pernanent  damage t o  equipment a n d  

components, i n  p a r t i c u l a r ,  the puncturing of s o l i d  i .nsulati .on.  

The burnout  of' fuses and recloser opera t ion ,  e s p e c i a l l y  lockout  of 

r e c l o s e r s ,  are iruportarit effects which can r e s u l t  from a f l a shove r  w i t h  

fo l low c u r r e n t  caused by t h e  EMP. I n  addib ion ,  because of i t s  w i d e  

coverage t h e  F m  can i n f l u e n c e  Lhe s t a b i l i t y ,  s e c i l r i t y  and cont;rol. of 

t h e  e n t i r e  e l - e c t r i c a l  system. 

The e f f e c t s  of ENP-induced c u r r e n t s  and v o l t a g e s  can be c i a s s i f i e d  

accord ing  t o  t h e  part of' the system on which they  appear.  i n  a d d i t i o n  

t o  t h e  long  t r ansmiss ion  l i n e s  supply ing  the  major sube ta t ions ,  thery  

are t h r e e  major d i v i s i o n s  of  the  d i s t r i b u t i o n  power c i r c u i t s  c:lassi f i e d  

accord ing  t o  vol tage :  t h e  subt ransmiss ion  l i n e s ,  thP  pr imary d i s t r i b u -  

t i o n  l i n e s ,  and th? secondary d i s t r i b u t i o n  l i n 9 s .  The first two types 

of l i n e s  o r d i n a r i l y  have l e n g t h s  of  the o r d e r  of miles. The secondary 

d i s t r i b u t i o n  l i n e s  are t y p i c a l l y  q u i t e  shor t  and may, La f a c t ,  c o n s i s t  

merely i n  the drop t o  the  consumer. The v o l t a g e s  and c u r r e n t s  induced 

d i r e c t l y  on such l i n e s  may be q u i t e  n e g l i g i b l e .  

A c r i t e r i o n  f o r  dec id ing  whether a line i s  s h o r t  may be  fourid b y  

comparing t h e  times t o  t h e  c u r r e n t  peak i n  a l i n e  of i n f i n i t c  l e n g t h  t o  

t h e  t i m e  it t a k e s  a pu l se  r e f l e c t e d  a t  t h e  end t o  t r a v e r s e  t h e  w i r e  

l eng th .  Thus, when t h e  c u r r e n t  i n  a long l i n e  would be r each ing  a 

maximum value ,  t h e  currert i n  a s h o r t  w i r e  would aLrcady inc lude  r e f l e c t e d  
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components. A t i m l :  t o  peak c u r r e n t  of  from 0.3 t o  1 rni.croseconds c o r r e -  

sponds t o  a l e n g t h  c r i t e r i o n  of  from 100 t o  300 meters. The secondary 

d i s t r i b u t i o n  l i n e s  of KUB are o r d i n a r i l y  less  than  300 fee t  and always 

less  than  500 feet .  'Thus, t h e  KUB secondary l i n e s  are s h o r t .  

The EMP surges  appear ing  i.n a d i s t r i b u t j - o n  c i r c u i t  m y  be induced 

d i r e c t l - y  i.n t h a t  c i r c u i t  or i t  may b e  t r a n s m i t t e d  th.rou.gh t r a n s f o r m e r s  

from another  c i r c u i t .  A s  shown i n  Chapter 111 t h e  magnitude of  v o l t a g e  

surgzs p a s s i n g  through t ransformers  are reduced t o  one- th i rd  o r  l e s s .  

For 1-ong c i r c u i t s ,  i. e. , t ransmiss ion ,  sub-transmission,  and primary 

d i s t r i b u t i o n  c i r c u F t s ,  t h e  s u r g e  induced d i r e c t l y  from l%viT i s  t h e  s u r g e  

of irqiorLance. For t h e  c i r c u i - t s  of  s h o r t  l eng th ,  i .e .  , t h e  secondary 

d i s t r i b u t i o n  c i r c u i t s  and t h e  consumer service drops,  t h e  surge coming 

through t h e  d i s t r i b u t i o n  t ransformer  i s  t h e  c r i t i c a l  swge.  

ENP-induced p u l s e s  on the pr imary d i s t r i b u t i o n  c i r c u i t s  w i l l .  be  the 

same as t h o s e  on t h e  subt ransmiss ion  c i r c u i t ,  bu t  t h e r e  i s  a d i f f e r e n c e  

i n  t h e  b a s i c  i n s u l a t i o n  l e v e l s .  T i l  t h e  KUB system t h e  basi.c i n s u l a t i o n  

l e v e l  of t h e  pr imary d5.s t r ibut ion c i r c u i t  i s  110 kV and 350 kV on t h e  

s ab tr an s m i  s s i o  ii c j. rc i l l .  t s . 
However, t h e  i n s u l a t i o n  s t r e n g t h  on wood po le s ,  which are  t y p i c a l  

of primary system, i s  o r d i n a r i l y  much g r e a t e r  than  t h e  nominal b a s i c  

i n s u l a t i o n  level. Thi.s means t h a t  t h e  i-nduced v o l t a g e s  and c u r r e n t s  

are most l i k e l y  t o  f l a s h o v e r  a t  d e a d  ends and a t  c o r n e r s  where guy wi-res 

and j -nsu la to r  s t r i n g s  aye used, a t  d i s t r i b u t i o n  t ransformers  and through 

t h e i r  associa ' ied l i g h t n i n g  arresters,  and a t  t h e  s u b s t a t i o n  e n t r a n c e  or 

bus. 

'The c u r r e n t s  and v o l t a g e s  on the  sub t r ammiss ion  and primary d i s t r i -  

but ion l i n e s  are tlien as descr ibed  i n  Chapter 111. A f a i r l y  typical. 

v o l t a g e  pulse on t h e s e  l i n e s  be ing  t h a t  descr ibed  by Figure 3.10. 

t h a t  t h e  270 kV c r e s t  v o l t a g e  of Lhis pulse i s  s l i g h t l y  below t h e  350 kV 
bas2.c i n s u l a t i o n  level. (BiL) o f  t h e  subt ransmiss ion  system but, w e l l  above 

t h e  110 kV BiL of t h e  primary d i s t r i b u t i o n  c i r c u t t .  

i n s u l a t i o n  s t r e n g t h  of l i n e s  on wood poles i s  o r d i n a r i l y  w e l l  above t h e  

nominal valiie except  a t  terrainat ions,  dead ends, etc.  Hence, i t  i s  no t  

unreasonable t o  expect  t h e  full 270 kV c r e s t  v a l u e  t o  appear  on mixh of 

t h e  primary- c i r c u i t .  

Note 

!lowever, Lhe a c t u a l  



The v o l t a g ?  pass ing  on t o  t h e  secondary d i s t r i b u t i o n  c i r c u i t  w i l l  

be about  one q u a r t e r  of t h a t  on t h e  p r i ~ a r y  s ide .  Hence, i f  t h e  o r d i n a t e  

of F i g w e  3.10 i s  d iv ided  by four,  the v o l t a g e  curve  then  r e p r e s e n t s  a 

typica l .  piilse appear ing  on t h e  secondary s i d e  of t h e  d i s t r i b u t i o n  

transformcr if n o t  p r o t e c t e d  by 8 l i g h t n i n g  a r r e s t e r . .  

If t h e  pr imary side or’ t he  d i s t r i b u t i o n  t r a n s f o r m s  i s  prcitected by 

a l i g h t n i n g  a r r e s t e r  t hen  t h e  v o l t a g e  passed on t o  the secondary as w c U  

as t h a t  on t h e  pr imary w i l l  be reduced. 

kV/2208/120 v o l t s  and p r o t c c t e d  by 10 XV pr immy a s r e s t e r s ,  as i n  t h e  XU? 

system, r e c e i v e s  3 p u l s e  from ETVP, the  a n e s t e r  w i l l  spark over  at norr? 

than  40 kTJ. About one quarter oi‘ t h i s  w i l l  be impressed on t o  tht3 secon- 

dary  wi th  a c r e s t  v o l t a g e  of more Lhan 1.0 kV. In a d d i t i o n  t o  t h j s  surge,  

a d i r e c t l y  induced EMP v o l t a g e  or’ t h e  o rde r  of some t e n s  of kilovolts may 

be h d u c c d  on t o  t h c  secondary depending or. t h e  geomet r i ca l  o r i e n t a t i o n  

and l e n g t h  of t h e  l i n e .  

If il t ransformer  rated a,t 13.8 

Hence, EHP v o l t a g e s  on sccondary d i s t r i b u t i o n  c i r c u i t s  w i l l  be of 

the  o rde r  of 10  kV t o  ‘70 kV or more depending on t h e  pa r t i eu l . a r  a r range-  

ment. These v o l t a g e s  are h igher  t han  t h e  impulse wi ths tand  s t r e n g t h  of 

most customer equipment conriectcd t o  208/l20 v o l t  c i r c u i t s .  TJnless such 

equipment i s  pro tee te r?  by arresters and p r o t e c t i v e  capaei  tors they w i l l  

undergo fa i lure .  This  f a i l u r e  w i l l  l i k e l y  occur i n  s o l i d  i n s u l a t i o d .  

T y p i c a l  examples are motor-winding f a i l u r e s  and power t ransformer  winding 

failures. 

5.3 SYSTEM MAI;FUNCTIONS 

P o s s i b l e  damage of t h e  components i nc lude  pm-cturing and b l i s t e r i n g  

of i n s u l a t o r s  whese f l a s h o v e r  occurs .  Punctur ing  of thc i n s u l a t o r s  does 

not  occur as f r e q u e n t l y  as i n  t h e  p a s t  because of improvements i n  material. 

However, the faster r i s e  times of EMF i n  comparison wi th  l i g h t n i n g  i n c r e a s e  

t h e  l i k e l i h o o d  of punctured i n s u l a t i o n .  

The punc tu r ing  o f  i n s u l a t i o n  i s  e s p e c i a l l y  seri.ous a t  a dead end or 

sharp corner ,  where FXP induced vo l t ages  will appear  earl: es t  and wi th  

g r e a t e s t  magnitude. I n s u l a t i o n  breakage wi th  t h e  r e s u l t i n g  l o s s  of an 

i n s u l a t o r  string a t  such a p o i n t  would cause  l o s s  of  t ens ion  i n  t h e  l i n e  



f o r  some d i s t a n c e .  For ligh.Lning p r o t e c t i o n  such an occurrence i s  

guarded agains'l; by i n c r e a s i n g  ,the i n s u l a t i o n  a t  such dead  ends and 

co rne r s ,  so  t h a t  f l a shove r  i s  more l i k e l y  t o  occur  down t h e  l i n e .  On 

t h e  subt ransmiss ion  system KlTB uses seven i n s u l a t o r s  a t  dead ends com- 

pared t o  f i v e  i n s u l a t o r s  a t  p o i n t s  w i th  gravi.ty load  onl-y. 

I n  o rde r  t o  check t h e  adequacy of t h e  two e x t r a  insu la tor .  uni.ts f o ~  

EMF' p r o t e c t i o n ,  cons ider  a v o l t a g e  b u i l d i n g  up a t  such a dead  end t o  a 

peak of 1100 kV i n  one microsecond, whfch i s  a typ ica l .  r a t e  f o r  EMP-induced 

vo l t ages .  This  wil.1. produce f l a shove r  across Lhe seven i n s u l a t o r s  at, .tile 

end of t h e  microsecond. 

sponds t o  a s h o r t  span d i s t a n c e )  t h e  v o l t a g e  a t  t h e  end of one microsecond 

wil.1. be only  730 kV (because t h e  v e l o c i t y  of t h e  v o l t a g e  p u l s e  s e n t  ou t  

from t h e  end 5.s l j-mited t o  t h e  speed of l i g h t ) .  

t o  t he  300 kV requ i r ed  f o r  f l a shove r  acyoss  fi .ve insu3.ator u n i t s .  

Down t h e  l i n e  one hundred meters (which corre- 

But t h i s  i s  iiot y e t  equa l  

Thus, t h e  b.wo e x t r a  i n s u l a t o r s  i n  t h e  dead  end and co rne r  insul .a tor  

s t r i n g s  do not  g t v e  t h e  r equ i s i t e  added p r o t e c t i o n  f o r  pu l se s  wi th  t h e  

r i s e  r a t e s  and  t ime c h a r a c t e r i s t i c  of  EMP. I n  c o n t r a s t  t o  I - ightning,  

ENP-induced f l a shove r  i s  more l i k e l y  t o  O C C L ~  a t  t h e s e  dead-end p o i n t s  

than at p o i n t s  a long  t h e  l i n e .  

These f l a s h o v e r s  can appear on t h e  pr imary d i s t r i b u t i o n  l i n e s  as 

w e l l  as on t h e  subt ransmiss ion  l i n e s .  It i s  not  c l e a r  what f r a c t i o n  of 

t h e s e  f l a s h o v e r s  wil.1- r e s u l t  -in sus t a ined  power fo l low s i n c e  t h e  proba- 

b i l i t y  of  th i . s  depends on t h e  du ra t ion  as wel.1. a s  magnitude of t h e  p u l s e  

f l a shove r  c u r r e n t .  Lightning f l a shove r s ,  w i th  a cur re i i t  du ra t ion  o r d i -  

nar:i.ly many t imes g r e a t e r  than t h a t  of an EMP, cause s u s t a i n e d  power 

follow wi th  about 85 pe rcen t  p r o b a b i l i t y  f o r  high vo l t age  s t e e l  tower 

l i n e s  of l i n e  I-ength l e s s  than  1.00 miles.9 

a much s h o r t e r  c u m e n t  du ra t ion  and w i l l  r esu l t  i n  sus t a ined  power f o l . 1 0 ~  

l e s s  f r equen t ly ,  bu t  j u s t  how much i s  not  known. A p r o b a b i l i t y  o f  s e v e r a l  

t o  some tens of  percent ,  which appears  reasonable ,  would m a n  t h a t  a num- 

ber  of f l a s h o v e r s  wi-Lh sus t a ined  power fo l low ape l i k e l y  t o  oeeux on t h e  

subtransrnissi .on l i n e s  of  a system such as KUB. Assuming normal r e c l o s e r  

opera t ion ,  t h e s e  wou.ld be c l e a r e d  unless f o u r  pulses occurred w i t h i n  about 

t h r e e  minutes f o r  t h e  KUB system. 

EMP-induced i"l-ashovers have 



The l i n e s  i n  t h e  s u b s t a t i o n  are f a i r l y  s h o r t  i n  l e n g t h  and most of  

t h e  ENP v o l t a g e  w i l l  be  due to the v o l t a g e  coming i n  from t h e  sub t r ans -  

mission and d i s t r i b u t i o n  l i n e s .  These pu l ses  w i l l  be  shaped by- corona, 

f l a s h o v e r s ,  r e f l - ec t ions ,  and i n d u c t i v e  and c a p a c i t i v e  elements i n  t h e  

system, so  t h a t  by t h e  t ime t h e  p u l s e  g e t s  t o  t h e  t ransformer  t ,erminals ,  

t h e  p u l s e  shape may be  more n e a r l y  l i k e  t h a t  c h a r a c t e r i s t i c  of l i g h t n i n g .  

A s  shown i n  Chapter N, t h e  l i g h t n i n g  arrester should g ive  p r o t e c t i o n  i Y  

t h e  l e a d  l e n g t h  i s  s u f f i c i e n t l y  s h o r t .  I t  i s  common p r a c t i c e  t o  rnocmt 

t h e  l i .gh tn ing  a r r e s t e r  d i r e c t l y  on t h e  t ransformer  cases .  A t  D ix ie  

subs t a t ion ,  t h e  l e a d  l e n g t h s  are about  two meters long. 

Lightn ing  arresters  w i l l  f u n c t i o n  wi thout  s u s t a i n i n g  damage. However, 

power fo l low a f t e r  a flashoven. w i l l  cause  f u s e s  t o  blow, o r  r e c l o s e r s  to 

open, o r  bo th  depending on t h e  coord ina t ion  scheme of t h e  power system and 

the  t iming  of success ive  nuc lea r  detonat i -ons.  

On t h e  subt ransmiss ion  l i n e s  of t h e  KUE system t h e  arrester  breakdown 

v o l t a g e s  of  p u l s e s  A and B are g r e a t e r  t han  t h e  B I L  of 350 kV. This i s  due 

t o  t h e  so -ca l l ed  turn-up of t h e  a r r e s t e r  c h a r a c t e r i s t i c s .  The i n s u l a t i o n  

shows even g r e a t e r  turn-up f o r  t h a t  t i m e  range  i n  which measurements have 

been made. There i s  some opin ion  t h a t  t hose  components, s t a t i o n  t r a n s -  

formers  i n  p a r t i c u l a r ,  which are adequate ly  p r o t e c t e d  by arresters a g a i n s t  

l i g h t n i n g  w i l l  also be p r o t e c t e d  a g a i n s t  EMP. 

s b a t i o n  t ransformers  would no t  l i k e l y  be  damaged by %MB on the  subt rans-  

missioti side.  This s t a t emen t  should be tested by expeyimentati.on us ing  

c u r r e n t - i n j  z c t i o n  techni.ques,  which should no t  be expensive i f  t h e  state- 

ment i s  t r u e .  It should be po in ted  ou t  t h a t  s u b s t a t i o n s  are sh ie lded  

a g a i n s t  d i r e c t  l i g h t n i n g  s t r o k e s  by overhead groiund wi re s .  AltJhough these 

are ve ry  e f f e c t i v e  f o r  p r o t e c t i o n  a g a i n s t  l i g h t n i n g ,  th.ese ground wires  

o f f e r  l i t t l e  p r o t e c t i o n  a g a i n s t  DW induced surges .  

Accord'ing t o  thi .s ,  sub- 

Discount ing  t h e  e f f e c t  of t h e  failure of 1-mprotected consumer 

appal-atus, a d i s t r i b u t i o n  system w i t h  well coord ina ted  r e c l o s e r s  and 

f u s e s  should s u r v i v e  a s i n g l e  nuc lea r  de tona t ion  wi th  ease. Rut a series 

of such detonations in a span of a few mrinutes w i l l .  cause reclosers t o  

lock open and f u s e s  to blow, r e s u l t i n g  i n  a power outage  over ai; least  a. 

p a r t  of  t h e  system. 
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Such power outage i n  v5rtuaS.S.y a l l  d i s t r i b u t i o n  systems combj-ned 

w i t h  damage Lo unprotected consumer equipment w i l l  lead t o  l a r g e  load 

losses at t h e  gene ra t ing  s t a t i o n s .  This  may n e c e s s i t a t e  s h u t t i n g  down 

some of  t h e  gene ra t ing  capac i ty .  It i s  not  c l e a r  t o  what e x t e n t  syn- 

chronism may be maintained i n  such a s i t u a t i o n .  The full exterit  of 

t h e s e  i t np l i ca t ions  i n  a d d i t i o n  t o  t h e  e f f e c t s  of f l a s h o v e r s  occur-ri.ng 

s imul taneous ly  a t  a number of poinbs on -the high v o l t a g e  t ransmiss ion  

l i n e s  have yet t o  be  s tud ied .  
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Tho r e s u l t s  of t h i s  s t u d y  i n d i c a t e  t h a t  t h e  EMP from a high a l t i t u d z  

fiuelear explos ion  will induce a c u r r e n t  and v o l t a g e  su rge  throughout  t h e  

KLectr ic  powe~' system. The v o l t a g e s  and c u r r e n t s  w i l l  be  induced ori t h e  

t r ansmiss ion  and d i s t r i b u t i o n  l i n ~ s  and w i  11 be c h a r a c t e r i z e d  by ve ry  

f a s t  r a t e s  of  rise, high peak va lues ,  and s h o r t  t ime dura t ions .  The 

peak values of t h e  c u r r e n t  p u l s e s  depend on t h e  o r i z n t a t i o n  and geometry 

of' t h e  l i n e s  arid can b e  as g r e a t  as t e n  kiloamperes.  Although t h i s  i s  

less than  t h e  total c u r r e n t  of t h c  averag3 l i g h t n i n g  s t roke ,  i t  i s  

g r e a t e r  t han  the average l i g h t n i  ng e u r r e n t  appear ing  i n  l i g h t n i n g  

arresters. Voltages t o  t h e  consumer o u t l e t s  can be: of t h?  order  of 10 

k i l o v o l t s  t o  70 k i l o v o l t s .  

These EMP-induced pu l ses  d i f f e r  from l i g h t n i n g  i n  two e s s e n t i a l  ways. 

F i r s t ,  t h e  rise times oP t h e  pulses may b c  lip to t e n  o r  more times faster 

Lhan t h e  T i s ?  times a s s o c i a t e d  wi th  l i g h t n i n g .  Second, as mentioned above, 

t h e s e  pulses can appear  s imul taneous ly  throughout  t h e  e n t i r e  pcwer system. 

I n  p a r t i c u l a r ,  and j n  c m n e c t i o n  wi th  1;ni.s sbudy, t h e  pu l ses  w i l l  appear  

throughout  each d i s t r i b u t i o [ i  sys tea. 

This u n i v e r s a l  a s p e c t  of h i g b - a l t i t u d e - ~ - i n d u e c d  pu l scs  means t h a t  

t h e  system w i l l  b e  thcroughly t e s t e d  f o r  i t s  weakest components. This i s  

i n  c o n t r a s t  t o  l igh tn ing- induped pu l ses  which ana lagous ly  only "sgot-check" 

the system f o r  weaknesses. Furthermore,  i n  an a t t a c k ,  t h e r c  may be nany 

h igh  a l t i t u d e  explos ions .  T h i s  mt_ans that t h e  power system w i l l  be s u o j e c t  

t o  repea ted  universal .  t e s t s  by FMEJ-ir;dLiced surges .  

It i s  v i r t u a l l y  c e r t a i n  t h a t  wcak p o i n t s  w i l l  be  found. Those po in t s  

i n  t h e  system w h i c h  are rlot adequate ly  p r o t e c t e d  a g a i n s t  l i gh tp tng - i  rducod 

vu l ses  are e s p s c i a l l y  vu lnerablc .  B u t  adeyliate 1ighti-i; ng p r o t e c t i o n  dozs 

not  guarantee  adequate  p r o t e c t i o n  a g a i n s t  EMP. I n  p a r t i c u l a r ,  werhead 

ground wires  o f f e r  l i t t l e  probee t ion  a g a i n s t  EMY. 
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i n  addi-Lion t o  t h e  d i r e c t  coup l ing  of  EMP i n t o  t r ansmiss ion  and 

d i s t r i b u t i o n  l i n e s  up t o  one t h i r d  o f  t h e  v o l t a g e  on t h e  pr imary may be  

passed on t o  t h e  secondary by c a p a c i t i v e  coiupling. This  means t h a t  

t ransformers  w i l l  no t  o f f e r  s u b s t a n t i a l  p r o t e c t i o n  aga i -ns t  such pu l ses  

coming i n  t o  t h e  equipment of  t h e  consumer. Such v o l t a g e  pulses may 

r e a c h  peak values o f  10 kV t o  70 kV and w i l l  damage consumer equipment 

unless  p r o t e c t i v e  measures are taken.  Such p r o t e c t i v e  measures i-nclude 

tbe use o f  l i g h t n i n g  arresters  and pro,Lective c a p a c i t o r s .  

6 .2  CONCLUSIONS 

An EMP i s  no t  l i k e l y  t o  cause  e x t e n s i v e  damage t o  power sys-Lem com- 

ponents .  There i s  s t i l l .  some ques t ion  concerning t h e  v u l n e r a b i l i t y  o f  

t r ans fo rmers  which are  not  completely p r o t e c t e d  a g a i n s t  l i g h t n i n g  by 

arresters .  An exper imenta l  program t o  s tudy  t h i s  probl-em should be  

promoted and c a r r i e d  ou t .  

If t h e  t ransformer  i s  adequa te ly  p ro t2c ted  a g a i n s t  l i g h t n i n g  on each 

s i d e  by an  arrester  theri such p r o t e c t i o n  may well be s u f f i c i e n t  p r o t e c t i o n  

a g a t n s t  FMP-induced pu l ses .  This  i s  o r d i n a r i l y  t he  case f o r  l a r g e  s t a t i o n  

t ransformers  f o r  which t,he investment  j u s t i f i e s  complete p r o t e c t i o n  by 

s t a t i o n  type  arresters .  

Di s t rTbu t ion  t ransforniers  are  another  matter. These may be of t h e  

completely s e l f - p r o t e c t e d  type, each o f  which has  passed a su rge  t e s t  

equ iva len t  t o  a d i r e c t  s t r o k e  of  l i g h t n i n g .  I t  has  been t h e  custom oil 

t h e  west c o a s t  t o  use d i s t r i b u t i o n  t ransformers  wi thout  any p r o t e c t i o n  

from l i g h t n i n g  arresters,  b u t  a tyend i.n which arresters are be ing  used  

t o  p r o t e c t  d i s t r i b u t i o n  t r ans fo rmers  seems t o  be g e t t i n g  e s t ab l i shed .  

A s  w e  have seen, t h i s  w i l l  a l s o  reduce  t h e  s i z e  of  t h e  p u l s e  t o  t h e  

consumer froin perhaps '70 kV t o  ar0un.d 3.0 kV. 

Consumer equipment i s  v u l n e r a b l e  t o  t h e  e f f e c t s  o f  even a si .ngle 

p u l s e .  Thi.s damage may be prevented by (1) d i sconnec t ing  t h e  equipment 

from t h e  power l i .ne  be fo re  a nuc lea r  a t t a c k  and ( 2 )  p r o t e c t i n g  t h e  

qu ipmen t ,  i f  i t  must remain conneclxd t o  t h e  l i n e ,  by f i l t e r s ,  c a p a c i t o r s ,  

or arresters.  



I f  t h e  consumer equipment i s  adequate ly  p ro tec t ed ,  a d i . s t r ibu€ ion  

system should be a b l e  t o  recover  e a s i l y  from t h e  e f f e c t s  of a s i n g l e  

EMP pulse ,  o r  from a s e r i e s  of‘ such pu l ses  spaccd more than  a u?inute 

a p a r t .  If four  o r  more pu l ses  occi.~r i n  a per iod  of t h e  o rds r  cf  t h r e e  

minutes ( f o r  t h ?  KUf? system) t h s n  r e c l o s i n g  breakers  are l i k e l y  t o  

lock  open on a l a r g e  s c a l e .  

It i s  most ]=gent t h a t  t h e  power i n d u s t r y  be made aware of t h e  EMP 

t h r e a t .  This  awareness must be a t  both t h e  engineer ing  End manaprial  

levels. 

There are a number of channels  through which t h i s  may be  implemented. 

Def-.nse C iv i l  Preparedness  Agency (DCPA), w i th  t h e  coopera t ion  of o the r  

governmental agencies ,  should c o n t a c t  each segment of  t h e  i n d u s t r y  

d i r e c t l y  or  through a p p r o p r i a t e  channels .  Thcse segments i nc lude  t h e  

public and p r i v a t e  u t i l i t i e s ,  t h e  manufacturers ,  and r e l a t e d  gcnrernmental, 

t e c h n i c a l ,  and  i n d u s t r i a l  o rgan iza t ions .  Among t h e s e  which should  b~ 

aware of t h e  t h r e a t  and work toge the r  as much a s  possible art: th:: 

fol lowing:  The Federa l  Power CrJmmission, t h e  O f f i  c e  of Emerger c y  Pre- 

paredness ,  t h e  Defense E l e c t r i c  Power Adtninis t ra t ion,  t h e  Na t iona l  Bureau 

of  S tandards ,  t h e  Atomic Energy Comiss ion ,  t h e  Defense Civil .  Preparedness  

Agency a n d  i t s  r eg iona l  o f f i c e s  and emergency ope ra t ions  cen te r s ,  t h e  

N a t i o n a l  E l e c t r i c a l  Manufacturers  Assoc ia t ion ,  the E l e c t r o n i c  Tndus t r i e s  

Assoc ia t ion ,  t h e  Edison E l T c t r i c  I n s t i t u t e ,  t h e  Na t iona l  E l e c t r i c a l  

R e l i a b i l i t y  Council ,  the E l c c t r i c a l  Research Council ,  t h e  I n s t i t u t e  of 

E l e c t r i c a l  and E l e c t r o n i c s  Engineers .  

This spread of  in format ion  concerning an EMP i s  most urgent .  It w i l l  

help t h e  u t i l i t y  engineer  t o  know what t o  expec t  under t h e  cond i t ions  of 

an a t t a c k ,  so t h a t  he can understand t h e  problems, prepare  f o r  them and 

cope wi th  them when a n d  i f  they  do occur.  Such knowledge w i l l  be inva lu -  

a b l e  n o t  on ly  i n  p reven t ing  and reducing  power shutdown, loss of loads,  

instabilities, and speeding r e p a i r s ,  b u t  a l s o  i n  shaping t h e  t r end  of 

future developments which can coord ina te  p r o t e c t i o n  a g a i n s t  t h e  EMF, 

l i g h t n i n g ,  and swi tch ing  surges .  This  knowledge o f  t h e  ‘EMP can i r i f lucnce  



t h e  desi-gners and rmnufac turers  of powex’ equipment a s  well  as t h e  

u t i l i t y  engineers  themselves t o  proceed a long  a d i r e c t i o n  i n  which ECVIP 

p r o t e c t i o n  and l i g h t n i n g  protecti .on are coordinated,  resul-Ling i n  

i n c r e a s e d  p r o t e c t i o n  a t  a minimum c o s t .  

E f f o r t s  should be  made now t o  i n t r o d u c e  t h e  concept of  EMP to elec- 

t r ical .  engineer ing  s t u d e n t s  s o  t h a t  t h e y  are aware of  i t s  t h r e a t  and t h e  

corresponding need f o r  considerri ng it i n  pla.nning and design.  

6. IC COORDINATED PROTECTION 

The need f o r  l i g h t n i n g  p r o t e c t i o n  has  long been recognized i n  t h e  

e1ec t r i . c  powcr iiiiiustzy. S tandards  for  equipment and pro tec t i . ve  devices  

have been e s t a b l i s h e d  along w i t h  i;he development of t e s t i n g  procedures.  

A +;rend must now be s t a r t e d  i.n which t h e  i n d u s t r y  recognizes  t h e  w e d  

f o r  EMF p r o t e c t i o n  and e x i s t i n g  s t a n d a r d s  and t e s t s  are  a p p r o p r i a t e l y  

modified t o  i n c l u d e  comprehensive and coordina-ted p r o t e c t i o n  aga-inst 

b o t h  FlMP and l i g h t n i n g ,  

More concern m u s t  be  given to the problkm o f  t h e  p r o t e c t i o n  o f  con- 

sumer equipment. This  a g a i n  may be  coordina,tetl w i t h  l i g h t n i n g  p r o t e c t i o n .  

While t h e  number of people  k i l l e d  iridoors by 1igh. tning i.s r e l a t i v e l y  s m a l l ,  

dea ths  s t i l l  occur.  

1-ightriing whi le  using t h e i r  tel.ephones, whi le  many o t h e r s  were k.illed 

near  appl iances  plugged i-nto t h e  house w i r i n g  system or  f ixtures connected 

t o  house plumbing. Damage by l.i,ghtni.ng t o  home applianc,os and equipment 

i s  even more f requent .  It  i s  apparent  t h a t  t h e r e  i s  a need and use f o r  

increased  consi~mm l..ightning p r o t e c t i o n .  Such a d d e d  l i g h t n i n g  p r o t e c t i o n  

can be coord ina ted  wi th  EMP protecbion  w i t h  I . i . t t l e  o r  no a d d e d  cos t .  

Between 1959 and 1965 four persons were k i l l e d  by 

14 

P r o t e c t i o n  agai .nst  l i g h t n i n g  i s  gauged accord ing  t o  t h e  l i g h t n i n g  

threat .  A measure of l i g h t n i n g  threat which has been used for. rflany y e a r s  

i s  t h e  is0keraixrj.c level..  This  i s  t h e  number of thu iders torm days ( d a y s  

on which thunder i s  heard)  p e r  yea r .  F i g u r e  6 .1  shows t h e  i sokeraunic  

l e v e l s  over most of the United S t a t e s .  It i s  seen t h a t  cen t r a l .  F l o r i d a  

has a maximum l e v e l ;  hence, l i g h t n i n g  p r o t e c t i o n  devices  a r e  used p l e n t i  - 
f u l l y ,  even on secondary l i n e s .  O n  t h e  o t h e r  hand, t h e  west c o a s t  has a 

l e v e l  which i s  p r a c t i c a l l y  z e ~ o  r i g h t  on t h e  beach. The use of l i g h t n i n g  

a r r e s t e r s  on d i s t r i b u t i o n  l i n e s  has  accord ingly  been n e g l i g l b l e .  



Fig. 6.1. The Number of  Days per  Yew on Which Thunder is Heard 
at  Various Loeaticjns i n  t h e  1J.S.A. Adapted from "Mean Number of 
Thunderstorm Days i n  t h e  TJnited S t a t e s , "  Tcichriical Paper No. IC>, 
Climatological S e r v i c e s  Division, Weather Rureatl, September 1.9:12. 



i n  s p i t e  of .thi-s low thunderstorm l e v e l ,  extensl .ve ligi?tinj..ng occurs 

i.n something li.ke n ine  year  cyc le s .  

Ca1iforni.a Fdison Compaiiy l o s t  2200 d i  s t r i b u b i o n  t r ans fo rmers  Prom such 

l i g h t n i n g  a c t i v i t y .  S ince  t h a t  time, they  have e s t a b l i s h e d  a p o l i c y  of 

p r o t e c t i n g  d i s t r i b u t i o n  t ransformers ,  25 kVa and above, w i th  a r r e s t e r s .  

Such a p o l i c y  i s  not  u n i v e r s a l  on t h e  west coas t ,  however. SubstatFon 

t ransformers  a r e  s t i l l  no t  p ro tec t ed  by arresters.  

Tn t h e  per iod  1967-1968, Southern 

The west c o a s t  i s  t h e r e f o r e  e s p e c t a l l y  vu1nerabl.e to EMP pulses i.n 

t h e  d i s t r i b u t i o n  systems s i n c e  they  have a minimum of l i g h t n i n g  p ro tec -  

t i o n .  But, even on t h e  west c o a s t  rflore p r o t e c t i o n  a g a i n s t  l i g h t n i n g  i s  

d e s i r a b l e  as w e l l  a s  t h e  added p r o t e c t i o n  a g a i n s t  M P  which would be 

ob ta ined  by a coord ina ted  program.. 

Extens ive  hardening of t h e  e lec t : r ic  power system i s  not recommended 

A coord ina ted  program of  r e sea rch ,  t h e  development of on a c r a s h  b a s i s .  

s tandards ,  w i th  inc reased  p r o t e c t i o n  a g a h s t  both l i g h t n i n g  and EMP should 

b e  followed. This i nc reased  p r o t e c t i o n  i s  obta inahIk  through t h e  use of 

modern, s o p h i s t i c a t e d  a r r e s t e r s  wbich f i r e  r a p i d l y  ( i n  t h e  submicrosecond 

time range ) .  

A p r i n c i p a l  problem bes ides  t h a t  of p r o t e c t i n g  consumer equipment 

(which i s  p o s s i b l e  us ing  p r e s e n t l y  a v a i l a b l e  dev ices )  i s  t h a t  of the 

locking out  of r e c l o s i n g  breakers .  The only  s o l u t i o n  t o  this seems t o  

b e  t h a t  of  overx-iding t h e  lockout  by remota co i l t ro l .  This  i s  not  y e t  

avail.ab1.e i n  many s u b s t a t i o n s ,  bu t  it i s  t h e  t r end  to go t o  more and more 

remote control... This s o l u t i o n  i n  t u r n  r e q u i r e s  a c o n t r o l  and s u p e m i s o r y  

system which i s  hardened a g a i n s t  W. It i.s suspected t h a t  p re sen t  con- 

Lro l  and supe rv i so ry  s y s t e m  may h e  vu lne rab le  t o  hTP and thi .s  problem 

i.s being i n v e s t i g a t e d .  More s tudy  of t h e  I.ockoub p r o b k m  i s  needed. 

Perhaps o t h e r  s o l u t i o n s  wi l l .  be forthcoming. 

A b i g  wnknown which r e q u i r e s  ex tens ive  s tudy  i s  t h e  dynamic e f f e c t  

of an WIP on t h e  e n t i r e  power system. The need f o r  a t t e n t i o n  to system 

s e c u r i t y  was emphasized by l;he so -ca l l ed  Nor theas t  power f a i l u r e  i n  

November 1965. That fai . lu.re showed t h a t  concern w i  Lh s t a b i l i t y  and 
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system s e c u r i t y  i s  not  merely acadenic  and t h a t  a r e l a t i v e l y  small 

s i n g l e  l o c a l  f a i l u r e  can have widespread e f f e c t s  of  major p ropor t ions .  

I n  c o n t r a s t  t o  t h e  Nor theas t  power failure,  EMP-induced e f f e c t s  on 

consumel-s and d i s t r i b u t i o n  systems would e s s e n t i a l l y  b l anke t  t h e  country.  

There i s  no ques t ion  t h a t  such a widespread phenomena would imply impor- 

t a n t  consequences r ega rd ing  t h e  s t a b i l i t y  of  t h e  system and maintenarice 

of synchronism, and hence system s e c u r i t y .  This  important  and d i f f i c u l t  

problem remains even if a l l  t h e  problems o f  consumer p r o t e c t i o n  and 

lockout  are so lved .  This  i s  because of' t h e  shock to t h e  system which 

would r e s u l t  Prom t h e  momentary s imultaneous ope ra t ion  of  many c i r c u i t  

b reakers  i n  t h e  system. 

The s tudy  of ' t h i s  problem of s t a b i l i t y  r e s u l t i n g  from d i s t z i b u t i o n  

system e f f e c t s  as w e l l  as from p o s s i b l e  EMF induced f l a shove r  coneeivab1.y 

caus ing  three-phase  f a u l t s  i s  imperat ive.  It might be poin ted  out  t h a t  

even t h e  Hoover Dam l i n e s  of t h e  c i t y  of Los Angeles were not  designed 

f o r  t r a n s i e n t  s t a b i l i t y  du r ing  three-phase f a u l t s .  This  f a c t  should 

i n d i c a t e  t h e  se r iousness  of t h e  problem and t h e  importance of such 

s t u d i e s .  
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A P P B I D i X  A 

EXPERIMENTS ON SURGE COUPLING 
THROUGH A DISTRIBUTION TRANSFORMEE 

A 24OO/L160-120/240 V, 3 kVA s i n g l e  phase t ransformer  manufactured 

by P r e c i s i o n  Transformer Company was connected as shown i n  F i g w e  A . 1 .  

With t h i s  arrangement of grounded t e rmina l s  which i s  s t anda rd  f a r  d i s -  

t r i b u t i o n  t ransformers ,  t h e  fo l lowing  expsr iments  were performed. 

The t ransformer  was e x c i t e d  by connec t ing  a L20 V, 60 Hz source  i n  

series w i t h  a power l i n e  f i l t e r  between t e r m i n a l  73 and t h e  secondary 

n e u t r a l  SN. Also between B and S N  and i n  p a r a l l e l  wi-th t h e  source was 

connected a small t r a n s i s t o r i b e d  AM r a d i o .  A 3 kV d i s t r i b u t i o n  type  

a r r e s t e r  was connected between A and PN. Terminal C was l e f t  f l o a t i n g .  

While t h e  r a d i o  was i n  ope ra t ion ,  a v o l t a g e  p u l s e  wi th  a peak of 60 kV 

and a r i s e  t i m e  of LO ns was app l i ed  between A and PN. The powerl ine 

f i l t e r  prevented t h e  p u l s e  from damaging t h e  120 V, 60 Hz source .  

success ive  such pu l ses  sepa ra t ed  by no more than  2 miriutes fa i led t o  

cause  any damage t o  t h e  r ad io ,  a l though t h e  pu l se  could be  heard as 

s t a t i c  i n  t h e  r a d i o  r ecep t ion .  

T m  

Next, t he  l i g h t n i n g  mrcster was removed from t h e  pr imary arid t h e  

pu l se  app l i ed  again.  O n  t h e  f i f t h  p u l s e  app l i ed  wi th  t h i s  arrangement,  

t h e  r a d i o  f a i l ed  due t o  damage t o  i t s  i n p u t  t ransformer .  

A s  a supplementary experiment, pu l se s  wi th  t h e  same r i s e  t i m e  b u t  of 

i n c r e a s i n g  v o l t a g e  were app l i ed  d i rec t ly  t o  t h e  power i n p u t  of an i d e n t i c a l  

r a d i o .  The i n o u t  t ransformer  on t h i s  r a d i o  f a i l e d  when t h e  peak v o l t a g e  

of t h e  p u l s e  was 10 IrV. This  10 liV was a measure of  t h e  d i r e c t  vu lne ra -  

b i l i t y  of t h e  r ad io .  

t ransformer  primary, about  1/6 of t h i s  peak v o l t a g e  was impressed across 

t h e  r a d i o .  

Thus, when t h e  60 kV pu l se  w a s  app l i ed  t o  t h e  3 kVA 

I n  a, second experiment t s r m i n a l s  B and C were left open r i r c u i t e d  

and a square p u l s e  of  50 V ampli tude and v a r i o u s  wid ths  ranging  from 

50 ns  t o  8 microseconds was applied between A and  PN. Measurements 

showed t h a t  t h e  v o l t a g e  betwcon R arld SN and C and SN was only  l / 6  o€ 

th-e 50 V app l i ed  a t  A.  This  r e su l t  c o r r e l a t e s  well w i t h  t h e  h igh  
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Fig. A. 1. D i - s t r i b u t i o n  Transformer. 



voltage pulse  resul.ts descri.bed above w i t h  this same transformer. and t h e  

AM rad.io. 

In ano the r  experiment, t,erminal.s R and  C were I.eft f l o a t i n g ,  arid 

the 12Q V 60 HZ so1lrce in series with the power line filter was coiin.;cted 

between te?-minals I3 a n d  SN. The piLse  w T t h  60 kV peak and 10 ~ 1 6  ui.se 

time was a p p l i e d  between 'ierminals 23 and SIT. Although no statistical 

s t u d y  w a s  a t tempted,  i n  a majority of c m e s  the effect  of t h e  pulse was 

to produce a spark between either B and Si\T o r  C and SN. Witti the top  of 

.the transformer t ank  removed, one could obserye tha t  the sparks oceusred 

between t h e  bushings, most  ofken i1isi.de t h e  t a n k  but also occasi.nrmlly 

outside the -tank. 
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USE OF LIGHTNING ARRESTFB DATA 

As a!i example of  t h e  use  of tile publ ished l i gh tn i i i g  arrester  data, 

we w i l l  use t h e  curves  i n  F igures  )+*2 and 4.3 t o  determine t h e  response  

of a 60 kV l i g h t n i n g  a r r e s t e r  t o  p u l s e  R of t h i s  chapter .  

we f i n d  t h a t  t h e  maximum val.ue of t h e  c u r r e n t  i n  t h e  p u l s e  i s  4.02 kA, 

which r i s e s  w i th  an average s l o p e  of 30.5 kR/p,sec. The volbages asso- 

ciabed wi th  t h e  p u l s e  r i s e s  w i t h  an average slope of 12,200 k V / p s e c .  

I n  Table 1 

Di-viding t h e  vo l t age  ra te  of  r i s e  by the  l i g h t n i n g  arrester  r a t i n g ,  

we c a l c u l a t e  a "normalizedrf r a t e  of  r i s e  of 203 kV/kV psec .  

l i n e  through t h e  o r t g i n  wi th  bhis  SI-ope on t h e  graph i n  F i g w e  3. This  

l i n e  i n t e r s e c t s  t h e  graph a t  7.3 kV/kV. 

60 kV, tbe  l i g h t n i n g  arrester  r a t i n g ,  we f i n d  t h a t  t h e  breakdown v o l t a g e  

of t h e  a r r e s t e r  i s  438 kv. 

We p l o t  a 

I f  we mul t ip ly  '7.3 kV/kV by 

To determine t h e  d i scha rge  v o l t a g e  of t h e  arrester,  w e  t u r n  to 

Figure  '1.3. From t h e  f i g u r e ,  w e  see t h a t  t h e  maximum r a t e  of r i s e  of 

t h e  c u r r e n t  f o r  whjch t h e r e  i s  a curve p l o t t e d  i s  20 kA/usec. 

l e s s  than t h e  average r a t e  of r i s e  of t h e  c u r r e n t  f o r  pulse ( R )  which 

i s  30.5 U / p s e c .  

i s  not  g r e a t ,  i t  i s  apparent  t h a t  t h e  d i scha rge  voltage i s  not a s t r o n g  

f u n c t i o n  of t h e  r a t e  of r i s e  of t h e  c u r r e n t  i n  t h e  pu l se .  If t h e  c u r r e n t  

rate of r i s e  of t h e  p u l s e  under ques t ion  were a g r e a t  dea3- l a r g e r  than 

20 kA/psec, it would be  necessary  t o  draw i n  a new curve on t h e  f i g u r e  

usling t h e  spac ing  between t h e  e x i s t i n g  curve a s  a guide t o  r e p r e s e n t  

thi .s  g r e a t e r  r a t e  of r ise .  I n  t h e  case  of  p u l s e  R, we can s t i l l  u se  

t h e  curve f o r  20 kA/p,s wi thout  a p p r e c i a b l e  error. 

curve l i n e a r l y  t o  the  l e f t ,  we f i n d  t h a t  when d i scha rg ing  a c u r r e n t  of 

11.02 kA, t h e  "normalj.zed" l i g h t r 6 n g  arrester d i scha rge  vol:tage i s  L. 1 

kV/kV. Mul t ip ly ing  t h i s  r e s u l t  by 60 kV, t h e  a r r e s t e r  r a t i n g ,  w e  f i n d  

t h a t  bhe a r r e s t e r  d i scha rge  v o l t a g e  i s  246 kV. 

Tnis  i s  

S ince  t h e  spac ing  between t h e  curves  i n  F igu re  '1.3 

E x t r a p o l a t i n g  t h i s  
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APPEXDIX C 

The l i g h t n i n g  arres.ter l e a d  l e n g t h  cwve can be u.s& to ana lyze  t h e  

p r o t e c t i v e  c a p a b i l i t y  of  e x i s t i n g  a ~ r e s  ters or t o  des ign  new subs b a t i o n s  

i.n which the a l lowab le  arrester lead l e n g t h  m u s t  be e s t a b l i s h e d .  

Example: An a n a l y s i s  problem. The 66 kV side of a d i s t r i . b u t i o n  

s t a t i . on  has  a BXL of 350 kV and has -insta. l led I.i.ghtni:ig arresters rated 

a t  60 W .  The l o n g e s t  l ead  of any of t h e s e  arresters i s  15 ft.. A 

margin of p r o t e c t i o n  of 25% i s  considered d e s i r a b l e .  What i.s t h e  m a x i -  

mum r a t e  of rLse f a r  ai1 EMP wi th  peak v o l t a g e  i i l  excess of t h e  BIL t h a t  

f;he 66 kV s i d e  of  t h e  s u b s t a t i o n  w i l l  wi ths tand?  

We calculi tbe x/m = 15 ft./0.25 = 60 f t .  From t h e  g a p h .  (F:igure 4.5) 
w e  f i n d  r = 38 .kV/kV p s .  

arrester r a t i n g ,  we f i r i d  t h a t  the s u b s t a t i o n  is p r o t e c t e d  f o r  an EMP 

w i t h  r a t e  of r i s e  2280 kV/ps or  l e s s .  

Mult iply- ing t h i s  value of 'r by 60 .kY,, t h e  

Example 2: A des ign  problem. A s u b s t a t i o n  i s  unde r  cons t ruc t ion .  

One s i d e  of t h e  s u b s t a t i o n  has 23 kV l i n e s  wi th  a BIZ of 150 1W. The 

a r r e s t e r s  t o  be i n s t a l l . e d  on t h i s  s i d e  of t h e  s u b s t a t i o n  are r a t e d  f o r  

2 1  kV. 

E?4P t h r e a t  to t h i s  s i d e  of t h e  s u b s t a t i o n  i s  es t imated  t o  be Prom pu l ses  

wi th  500 IrV peak v o l t a g e  and rate of r i s e  of 1000 kV/ps. 

maximum a l lowable  lead l e n g t h  for the a r r e s t e r s ?  

A4 mrxrgin of' p r o t e c t i o n  of' SC$ i s  designed for. t h e  s t a t i o n ,  'The 

What is t h e  

-1 
The normalized rate of r i s e  or' the DdP i s  r 1- 1.OC0 kV p s  /21 kV= 

47.6 kV/kV p s .  

c a l c u l a t e  t h a t  x can be no g r e a t e r  t han  50 f t .  x .5 =: 25 f t .  

From the graph w e  f i n d  x/m = 50 f t .  From this w e  
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IS. A B S T R A C T  

The e l .ec t rom:~gr ie t ic  p u l s e  (EMP), one  of t h e  e f P e c t s  o f  t h e  d e t o n a t i o n  o f  x 
n u c l e a r  wr?apuri, c o n s i s t s  of a t r a n s i e n t  wave of i n t e n s e  e l e c t r  i.c anti m a g n e t i c  f i e l d s .  
These i n t e n s e  f i e l d s  can c a u s e  m a l f u n c t i o n  o r  damage t o  e l e c t r i c a l  a n d  e l e c t r o n i c  equir 
ment exposed  t o  E?@. Suc:h m a l f u n c t i o n  atid damage may b e  w i d e s p r e a d  i f  t h e  tJe ' tonat ion 
i s  a t  h i g h  a l t i t u d e .  I n  t h i s  r e p o r t  are  g i v e n  the r e s u l t s  of a n  i n v c s t i g a t i ~ o n  of ENP 
on a n  e l e c t r i c  power d i s t r i b u t i o n  systcru. Only  t h e  poWer c i r c u i t r y  arid power component 
have been c c n s i d e r e d  i r i  tk1i.s s t u d y .  'The r - . s u l t s  of' a s t u d y  of t h e  v u l n e r n t i l i t y  of 
c o n t r o l  c i r c u i t r y  w i l l  b e  g i v e n  i n  a l a t e r  r e p o r t .  

T h i s  s t u d y  i s  b a s e d  on  n u m e r i c a l  and & n a l . y t i c a l  c a l c u l . a t i o n s ,  on cli s c u s s i o n s  wi th  
d i s t r i b u t i o n  company e n g i n e e r s  and power-eq u i  pment maruifact u r e r  e n g i n e e r s ,  and on 
e x p e r i m e n t a l  work and field t r i p s .  Cwrerits arid v o l t a g e s  induced  by 134P on d i s t r i b i 1 t j . t  
c i r c u i t s  as w e l l  as t h o s e  r e a c h i n g  t h e  consumer have h e e n  c a l c u l a t e d .  A cornparison 
w i t h  l i g h t n i n g  p u l s e s  has b e m  madc, and the: p r o t e c t i o n  p r e s e n t l y  used a g a i n s t  
l i g h t n i n g  h a s  been e x p l o r e d .  

s u r v i v e  a s i n g l e  M P  w i t h o u t  e x t e n s i v e  damage i f  i t  i s  w e l l  p r o t e c t e d  by l i g h t n i n g  
arrestPrs. However, e x t r ? n s i v e  l o c k o u t  of r e c l o s i n g  bretikers w i l l  occ111* f rom rriiiltTple 
d e t o n a t i o n s ,  and consumer equipment  w i l l  be damaged f r o m  EMP pulses u n l e s s  s p e c i f i c a l l !  
p r o t e c t e d .  The r e s u l t i n g  loss  of b a d  h a s  s e r i o u s  i r n p l i c a t l o n s  c o n c e r n i n g  t h e  s y s t m  
s e c u r i t y  of t h e  ~ n i : i r e  poxer  systern. 

The a l e r t i n g  of' tile power i n d u s t r y  ;and the development  of a c o o r d i n a t e d  program 01 
l i g h t n i n g  and ENP p r o t e c t i . o n  i s  recommended, a n d  f u r t h e r  s t u d y  of t h e  s t a b i I . i t y  of the 
power system -is n a c e s s a r y .  

The resu.1:ts of t h e  s t u d y  i n d i c a t e  t h a t  a d i s t r i b u t i o n  system s h o u l d  be a b l z  t o  
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EFFECTS OF EIECTROMAGNETIC PULSE (EMP) 03T A POWER SYSTEM 
(Unc las s i f i ed )  Oak Ridge Na t iona l  Laboratory, Oak Ridge 

U.S. Atomic Energy Conrnission. 99 pp. Deceriber, 1972. 
In te ragency  Agreement No. A% bO-3l-6b and OCD-E-6L-284 
Work Unit 22l3C. 

Abs t r ac t  

This s tudy i n d i c a t e s  t h a t  power components o f  a m- 

m lenr.essee, operated by TJnior: Carbide Corporat ion f o r  t h e  

t r i b u t i o n  system should su rv ive  a s i n g l e  - WiP i f  w e l l  
p ro t ec t ed  by modern arresters.  
be  damaged unless  s p e c i f i c a l l y  p ro tec t ed .  M u l t i p l e  EMP's 
w i l l  cause widespread lockout  of r e c l o s i n g  breakers .  
These e f f e c t s  t h r e a t e n  t h e  s t a b i l i t y  of t h e  e n t i r e  
power system. 

Consumer equipment w i l l  

EFFECTS OF ELECTROMAGNETIC PULSE (W) ON A POWER SYSTEM 
(Unc las s i f i ed )  Oak Ridge Na t iona l  Laboratory,  Oak Ridge, 
Tennessee, opera ted  by Union Carbide Corporat ion f o r  t h e  
U.S. Atomic Energy Commission. 99 pp. December, 1972. 
In te ragency  Agreement No. AEC bo-31-61, and  O C D - P S - ~ L - ~ ~ ~ ,  
Work Unit 22l3C. 

Abs t rac t  

This s tudy  i n d i c a t e s  t h a t  power components of a - d i s -  
t r i b u t i o n  system should su rv ive  a s i n g l e  - EVP i f  w e l l  
p ro t ec t ed  by modern arresters.  Consumer equipment w i l l  
be damaged Qnless s p e c i f i c a l l y  p ro tec t ed .  M u l t i p l e  WP's 
w i l l  cause widespread lackout  of r e c l o s i n g  breakers .  
These e f f e c t s  t h r e a t e n  t h e  s t a b i l i t y  of  t h e  e n t i r e  
power sys  tem. 

EFFECTS OF ELECTROMAGNETIC PUISE (mP) ON A POWER SYSTEM 
(Unclass i f ied)  Oak Ridge Na t iona l  Laboratory,  Oak Ridge 
Tennessee, operated by Union Carbide Corporat ion f o r  t h e  
U.S. Atomic Energy Commission. 99 pp. December, 1972. 
In te ragency  Agreement No. AEC 40-31-61. and O C D - P S - ~ L - ~ ~ ~  
Work U n i t  22l3C. 

Abs t r ac t  

This s tudy  i n d i c a t e s  t h a t  power components o f  a &- 
t r i b u t i o n  system should su rv ive  a s i n g l e  EN€' i f  w e l l  
p ro t ec t ed  by moderr, arresters.  Consumer equipment, w i l l  
be damaged unless  s p e c i f i c a l l y  p ro tec t ed .  Mul t ip l e  Ec.IP's 
w i l l  cause widespread lockout  of  r z c l o s i n g  breakers .  
These z f f e c t s  t h r e a t e n  t h e  s t a b i l i t y  of the e n t i r e  
pawer sys  tern. 

- 

EFFECTS OF ELECTROMAGNETIC PULSE (EMP) ON A POWER SYSTEM 
(Unc las s i f i ed )  Oak Ridge Na t iona l  Laboratory,  Oak Ridge, 
Tennessee, operated by Union Carbide Corporat ion f o r  t h e  
U.S. Atomic Energy Comrnission. 99 pp. December, 1972. 
In te ragency  Agreement No. AEC 40-31-64 and 0 -PS-64-284 ,  
Work Unit 22l3C. 

Abs t r ac t  

This s tudy  i n d i c a t e s  t h a t  power components of a - d i s -  
t r i b u t i o n  system should surv ive  a s i n g l e  - EMP i f  w e l l  
p ro t ec t ed  by modern a r r e s t e r s .  Consumer equipment w i l l  
be damaged unless  s p e c i f i c a l l y  p ro tec t ed .  Mul t ip l e  D P ' s  
w i l l  cause widespread lockout  of  r e c l o s i n g  breakers .  
These e f r e c t s  t h r e a t e n  t h e  s t a b i l i t y  o f  t h e  e n t i r e  
power system. 


