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ABSTRACT 

The h i g h - a l t i t u d e  b u r s t  o f  a nuc lear  dev ice over  the  c o n t i n e n t a l  

Un i ted  States can expose c i v i l i a n  e l e c t r i c  u t i l i t y  systems t o  t r a n s i e n t  

electromagnet ic pulses (EMP). The e lect romagnet ic  f i e l d s  experienced 
w i t h i n  one second a f t e r  t he  b u r s t  have been c o l l e c t i v e l y  de f i ned  by the  

term high-a1 t i t u d e  EMP (HEMP). The phenomena has been subdivided, f o r  

t h i s  r e p o r t ,  i n t o  an e a r l y - t i m e  HEMP f i e l d  fo l l owed  by an in termediate-  
t ime HEMP f i e l d .  

Th is  volume documents a p r e l i m i n a r y  research e f f o r t  

t o :  (1)  i n v e s t i g a t e  t h e  na tu re  and coup l i ng  of t h e  HEMP environments t o  

e l e c t r i c  power systems, (2 )  d e f i n e  t h e  c o n s t r u c t i o n  o f  approximate 
system response models and, (3 )  document t h e  development o f  a 
methodology t o  assess equipment and system v u l n e r a b i l i t y .  

The research, t o  date, does n o t  i n c l u d e  an at tempt t o  q u a n t i f y  
power system performance i n  HEMP environments. This e f f o r t  has been t o  

d e f i n e  the  a n a l y t i c a l  methods and techniques necessary t o  perform such 
assessments a t  a l a t e r  t ime. I t i s  a n t i c i p a t e d  t h a t  the HEMP 
methodology w i  11 be i ncorporated i n t o  a comprehensive EMP assessment 

process t o  i n v e s t i g a t e  t o t a l  system r i s k .  

*LuTech Incorporated, La faye t te ,  CA 
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1.  INTRODUCTION 

In the event of  single or  multiple high-altitude nuclear bursts 
over the continental United States ,  i t  i s  predicted that  large 
geographic areas of the country can be illuminated by transient 
electromagnetic f ie lds  known as high-altitude EMP (HEMP), The i n i t i a l  
electromagnetic environment experienced a t  or near the ear th ' s  surface 
is  a fast  transient having character is t ic  r i s e  times strongly related to  
the prompt gamma radiation output ra te  of the nuclear device. This HEMP 
environment, known as early-time HEMP, may have the potential t o  cause 
direct  and consequential damage t o  unhardened, c iv i l ian  e l ec t r i c  u t i l i t y  
systems, as well as system operational upset. Immediately following the 
in i t i a l  , HEMP t rans ien t ,  scattered gamma photons and ine las t ic  gammas 
from weapon neutrons create additional ionization result ing in the 
second (intermediate-time) HEMP environment. The HEMP environments are  
followed a t  much l a t e r  times (seconds to  hundreds of seconds a f t e r  the 
burst) by very low frequency excitation due to  magnetic bubble formation 
followed by hydrodynamic motion of the heated atmosphere. This type o f  
electromagnetic transient has been defined by the term magnetohydro- 
dynamic EMP (MHD-EMP) . 

Since the United States e l ec t r i c  power network of  generation, 
transmission and distribution may be exposed t o  EMP environments, i t  i s  
of c r i t i c a l  importance to national security that  a quantitative and 
comprehensive methodology be developed t o  assess the vulnerabil i ty of 
e l ec t r i c  power systems t o  t h i s ,  externally imposed, transient '  environ- 
ment. The creation of  such an assessment technique would enable a l l  
interested parties to  quantify the potential r i sk  t o  existing systems, 
and to  explore a1 ternate system hardware applications and operational 
s t ra tegies .  EMP assessments have been performed for other types o f  
electr ical  systems, such as mili tary a i r c r a f t ,  missiles and comnuni- 
cations f a c i l i t i e s .  The unique properties of the e lec t r ic  power system, 
such as i t s  complex electr ical  interconnection over a wide geographic 
area strongly indicates t h a t  an EMP assessment methodology should be 
developed with specific focus on the e lec t r ic  power system. 
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Section 2 of this report presents a brief overview of the physics 
related to  HEMP formation as a prelude to characterization of HEMP 
transient environments. Previous approaches to  HEMP environmental 
description , predicated upon concepts o f  "worst case" threat  definit ions 
suitable i n  the assessment of spa t ia l ly  local ,  hardened mili tary 
f a c i l i t i e s ,  are compared to  a l ternate  techniques to incorporate the 
spatial  dependence of the phenomena necessary t o  more real i s t i ca l  ly 

ec t r i c  assess the system interaction of a geography dispersed c iv i l ian  e 
u t i  1 i ty  system. 

In Section 3 ,  the HEMP interaction w i t h  the c iv i l ian  e 
u t i l i t y  system is  discussed. Such interaction includes 

ec t r i c  
direct  

"coup1 i n g "  of the transient electromagnetic f i e lds  t o  e lectr ical  
conductors, such as power l ines  and cables, and the subsequent 
propagation of EMP energy throughout the system. In addition, 
interaction of the HEMP environment d i rec t ly  on system components by 
d i rec t  f i e ld  penetration into enclosures via apertures and by d i rec t  
diffusion i s  developed. Models a re  developed i n  order to define 
applicable e lectr ical  "s t ress"  a t  points of in te res t .  

Section 4 considers the necessary elements o f  a c iv i l ian  e l ec t r i c  
u t i l i t y  assessment methodology for  HEMP environments. The methodology 
encompasses assessment techniques specif ical ly  orientated towards the 
generation, transmission, dis t r ibut ion and operations function of the 
u t i l i t y  system as  well as t o t a l  system response. 

Section 5 presents the development of power system equipment models 
and vu1 nerabil i ty c r i t e r i a  t o  support the assessment methodology. The 
appl icabi l i ty  of existing power system assessment d ig i ta l  codes i s  
discussed and the development of  additional codes is considered. T h i s  
section also considers the scope of an experimental program to 
determine equipment vulnerabi 1 i t y ,  and system responses. 

The report concludes w i t h  a sumnary o f  recommended areas of  
additional research t o  refine the environmental def ini t ion,  modeling 
techniques and assessment methodology. 
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The research t o  date does not include any attempt t o  quantify power 
system performance i n  HEMP environments. The Phase I e f for t  has been to  
define the methods and techniques necessary to perform such assessments 
i n  subsequent phases of the research program. 
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2. HEMP ENVIRONMENTAL DESCRIPTION 

2.1 Introduction 

Any methodology developed to  investigate the interaction o f  HEMP 
w i t h  c iv i l ian  e l ec t r i c  u t i l i t y  systems must incorporate an 
electromagnetic environmental description as  part of the specification 
of i n i t i a l  conditions. The environmental description should  incorporate 
an appreciation of the physics associated w i t h  the generation of  the EMP 
transient phenomena and the su i t ab i l i t y  of the environmental 
specification with respect t o  the physical and functional properties of 
the system under investigation. 

Much of what is  empirically known about the HEMP signal cannot be 
discussed i n  an unclassified sense. However, the unclassified 
l i t e r a tu re  does present a t  l ea s t  one measured HEMP waveform [ l ]  ascribed 
t o  the 1962 high-altitude, nuclear device t e s t  ser ies .  This 
measurement, designated as curve C ,  i s  reproduced i n  Figure 1 of  this 
report. Figure 1 also depicts the resu l t s  of an EMP computer code 
(curve A )  developed t o  simulate the phenomena and investigate the 
accuracy of various approximations made i n  analytical investigations 
employing high-frequency models. Curve B represents the convolution of 
the computer simulated waveform and the measurement instrument response. 

This section presents an overview of the physical mechanisms 
associated w i t h  the creation and propagation of the radiated HEMP 
signal ( s )  from a high-a1 t i tude nuclear detonation and develops the 
parameters o f  in te res t  which could be expected a t  or near the ea r th ' s  
surface. The approach o f  HEMP "worst case" threat  environmental 
definit ion is  discussed and contrasted to specifications incorporating 
the spatial  and time variance of  the HEMP environment within the area of 
direct  illumination. The section concludes with a recommendation of a 
HEMP environmental format designed t o  specif ical ly  investigate the 
interaction of EMP and the c iv i l ian  e l ec t r i c  u t i l i t y  system. 
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2.2 The Physics of EMP Generation 

The HEMP phenomena is  in i t ia ted  by a nuclear detonation a t  an 
a l t i tude  greater than approximately 40 km above the ea r th ' s  surface. 
T h i s  event resu l t s  i n  a radiated, t ransient  electromagnetic f i e l d ( s )  
that  can illuminate large areas of the ea r th ' s  surface. These signals 
are d is t inc t ly  different  from other natural or man-made sources of 
electromagnetic phenomena with respect t o  t he i r  large amplitudes and 
short r i s e  times. In a d d i t i o n ,  within the l imitations of the speed of 
l i g h t ,  large areas of the earth are  simultaneously illuminated. 

The HEMP pulse i s  generated i n  the electromagnetic source 
(deposition) region where gamma rays emanating from the nuclear device 
col l ide w i t h  a i r  molecules and lose part of the i r  energy by producing 
Compton electrons [2]. This interaction i s  shown in Figure 2 .  The 
resul t  i s  an ionized region i n  which an approximately radial ly  directed 
Compton current i s  able to  flow. The physical extent of the deposition 
region i s  a strong function of the height of the burst and the weapon 
yield. For a nominal one megaton burst, the respective deposition 
regions for  heights of 50, 100, 200 and 300 km are shown i n  
Figure 3 [3]. 

I t  is  the Compton electron interaction with the ea r th ' s  magnetic 
f i e ld  and result ing motion within the source region which ultimately 
produces the HEMP electromagnetic radiation. The electron motion i s  also 
affected to  some degree by the EMP f ie lds  themselves, and a 
self-consistent solution for  the f i e lds ,  Compton currents and a i r  
conductivity can be obtained using Maxwell's equations w i t h  the 
appropriate source and boundary conditions and a i r  chemistry 
relations [1,4,5]. 

As i s  shown i n  Figure 3 ,  the asymmetry of the source (deposition) 
region evokes the existence of HEMP radiated f i e lds  outside of the 
region. The physical mechanisms responsible for source region and HEMP 

radiated f i e ld  asymmetry a r i s e  from: ( 1 )  gradients in the ea r th ' s  
atmospheric density, ( 2 )  the presence of the ea r th ' s  magnetic f i e ld  
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which affects  electron motion, and (3) asymetr ies  i n  the i n i t i a l  gamma 
ray flux due t o  weapon design. The net e f fec t  of such asymnetry is  
shown i n  Figure 4. Downward gammas from the burst travel practically 
unaffected until they reach an a l t i t ude  of about 40 km, where the 
ea r th ' s  atmosphere has suff ic ient  density t o  produce Compton electrons. 
The presence of the ear th ' s  magnetic f ie ld  a t  this point causes the 
electrons t o  spiral  around the magnetic f i e l d  l ines ,  result ing i n  a 
transverse component of  the Compton current. This current component 
creates a magnetic dipole moment. The highly peaked, early-time 
character is t ic  of the HEMP radiated f i e ld ,  exhibited i n  the measured 
signal shown i n  Figure 1 ,  has been attr ibuted to  th i s  t u r n i n g  of 
electrons in the ea r th ' s  magnetic f ie ld  [3]. 

Beyond the source (deposition) region, the radiated HEMP electro-  
magnetic transient i s  considered to  propagate according t o  the 
free-space propagation velocity of 3x108 m/s and with a free-space 
character is t ic  impedance of 377 ohms. A t  an observation point on the 
ea r th ' s  surface, the incident HEMP electromagnetic f i e l d  appears as a 
local plane wave having transverse e l ec t r i c  and magnetic f ie ld  
components, a specif ic  polarization, angle of incidence and temporal 
waveform. The exact behavior of these quantit ies depend on the burst 
location and weapon design, the geomagnetic f i e ld  i n  the source region 
and the observation point. 

The preceding physical development o f  the HEMP r ad ia t ed  f ie ld  i s  
predicated on the concepts o f  a high-frequency EMP model and focuses on 
the prompt gamma flux produced by the weapon. Thus, the theory accounts 
for the early-time of the total  HEMP signal ,  i . e . ,  signal times less  
than one microsecond. Scattered gamma ray photons and ine las t ic  gammas 
from weapon neutrons create additional ionization l a t e r  in time. I t  i s  
the HEMP signal produced under th i s  additional ionization tha t  has been 
defined as intermediate-time HEMP. The a t t r ibu tes  of both types of HEMP 
are discussed in the next subsection. 
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2.3 Description o f  Early-Time HEMP Fields 

The early-time HEMP f i e ld  description of i n t e re s t ,  for  c iv i l ian  
e l ec t r i c  u t i l i t y  system assessment, i s  the specification of  the incident 
e l ec t r i c  f ie ld  on the ea r th ' s  surface. For any nuclear event, a 
complete f i e ld  description requires the following quantit ies be 
specified: 

0 Spatial extent o f  the f i e lds  
0 

0 

0 Temporal behavior 

Angle of incident and polarization 
Spatial variation of  the f i e lds  

Each o f  the required quantit ies will be discussed in de t a i l .  I t  i s  
noted t h a t  a definit ion of the incident e l ec t r i c  f ie ld  alone i s  adequate 
for  representing the HEMP environment , since the corresponding incident 
magnetic f i e ld  i s  direct ly  related t o  the e l ec t r i c  f ie ld  t h r o u g h  the 
free-space impedance. 

2.3.1 Spatial Extent o f  The Fields 

As i l lus t ra ted  i n  Figure 4 ,  the HEMP source region i s  not i n  a 
localized volume of space, b u t  extends i n  a pancake-like geometry under 
the burst point. The radiated f i e lds  observed on the ground include 
contributions from a l l  parts of the source region, a f ac t  t h a t  has some 
importance in determining the late-time response of the f i e ld .  

For early-time i n  the HEMP signal , i t  i s  possible t o  approximately 
determine the extent o f  HEMP coverage by u s i n g  a simple geometric optics 
argument. As shown i n  Figure 5a, i t  i s  possible t o  draw a tangent l ine  
from the burst point t o  the ear th ,  thereby defining the extent of 
coverage o f  the HEMP. The lower frequency (late-time) components of the 
f ie lds  are able to  d i f f r ac t  around the earth and enter the "shadow" 
region thereby contributing t o  the l a t e r  response. Generally, these 
f i e lds  are much smaller in magnitude t h a n  those in the direct ly  
i 1 1 umi nated region. 
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Figure 5b shows the spatial  extent of the HEMP f ie lds  i n  relation 
to the continental United States for several different heights of burst 
( H O B ) .  

2 . 3 . 2  Angle of Incidence and Polarization 

A s  with the determination of the spatial  exbent of  the .IEMP, 
geometrical considerations can be used t o  infer  the approximate angle o f  

incidence and the polarization of the incident f ie ld .  Figure 6 shows a 
burst point a t  a height h above the ear th ' s  surface and described by the 
polar angles ob and $be Similarly, an observation point on the ea r th ' s  
surface is  given by Bo and $o. The l ine  of s i g h t  from the observation 
point to  the burst point defines the direction of incidence of the EMP. 
Given the coordinate system of Figure 6 ,  the x,y,z coordinates of the 
observation point can be expressed as:  

xo = a sin eo cos $o 

yo = a sin eo sin $o ( 2  1 

to = a cos eo ( 3 )  

where a i s  the ea r th ' s  radius. The corresponding coordinates for  the 
burst point are:  

'b = (a+h)  s i n  O b  cos q, (4  1 

'b = (a+h) cos B b  (6) 



1 2  

a )  Tangential coverage distance (RT)  and 
coverage area (AT) for  burst height. 

b )  Overlay of HEMP coverage for  
3 burst heights. 

Fig.  5. Geometrical coverage of  HEMP f ie lds  [5]. 
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This permits the vector F, which defines the direction of inci- 
dence, to be defined as: 

Locally, on the surface of the earth, it is convenient to define 
another coordinate system related to the local vertical direction and 
the magnetic north direction. In this coordinate system, the two angles 
Y and Q, are used to define the angles of incidence of the incoming HEMP, 
as indicated in Figure 6. 

As discussed in the Bell Laboratories publication [5], the 
polarization of the radiated electric field is such that it is 
perpendicular to both the direction o f  propagation of the HEMP and the 
local magnetic field, of the earth in the deposition region. 
Mathematically, this is expressed as: 

i = r x  Bo/JFx E0J 

where the A symbol represents the unit vector direction. 
/ 

For the continental United States the earth's magnetic field has a 
typical dip angle (i .e., the angle between the field and the horizon) of 
approximately 67 degrees [5]. Geometrical considerations indicate that 
for observation points due north or south of the burst point, the HEMP 
field is horizontally polarized. Thus, the electric field vector is 
parallel to the earth as it arrives at the observation point. 

For observation points east or west of the burst point, the 
electric field can have a vertical component, and the orientation o f  
this field can be as much as 23 degrees in the vertical direction. 

For the purpose of performing coupling calculations of the HEMP 
fields, it is convenient to divide the incoming field into two 
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components, referred to as the horizontally polarized and the vertically 
polarized components. As illustrated in Figure 6, the horizontally 
polarized field always has its electric field parallel to the XI-y' 
plane, (i.e., the surface of the earth), whereas the vertically 
polarized field has its electric field vector in the plane of incidence. 
Note that a vertically polarized electric field generally has both 
vertical and horizontal components with respect to the earth's surface. 

The fraction of the total incident field occurring as vertically or 
horizontally polarized components can be expressed as: 

Ei nc 
E;nc = 'ver 

and: 
Einc = a Ei nc 
H ho r 

where the coefficients ahor and aver obey the relationship: 

a2 + = 1 hor ver 

The Bell Laboratories report [5] presents plots of these 
polarization coefficients as a function of the angle of incidence, based 
on the assumed constant magnetic dip angle. These plots are reproduced 
in Figure 7. As may be noted, the polarization of the incident HEMP is 
primarily horizontal in nature, a fact that is important in determining 
the HEMP-induced currents in power lines as will be discussed in 
Section 3. 

2.3.3 Spatial Distribution of The HEMP Fields 

In addition to the determination of the area illuminated by HEMP, 
it is necessary to determine the variations of the incident field 
strength in this region. By referring to Figure 8a [4] it can be shown 
that the field on the earth is a function of position. At observation 
points on the ground, where the directih of incidence of the HEMP is 
parallel to the earth's geomagnetic field, the observed HEMP field is 
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seen t o  be smal l .  A t  e a r t h  observat ion p o i n t s  where the  f i e l d  and t h e  
d i r e c t i o n  o f  inc idence a re  perpendicular,  t h e  f i e l d  i s  t he  l a r g e s t .  The 
reason f o r  t h i s  e f f e c t  i s  shown i n  F igu re  8b. Neglect ing t h e  l o n g i -  

t u d i n a l  mot ion o f  t h e  e lec t rons ,  a t  any p o i n t  i n  t h e  source reg ion,  t h e  
e l e c t r o n s  tend t o  precess around t h e  geomagnetic f i e l d  l i n e s ,  c r e a t i n g  a 
magnetic d i p o l e  moment. This d i p o l e  produces both e l e c t r i c  and magnetic 

f i e l d s  which r a d i a t e  away w i t h  p a r t i c u l a r  s p a t i a l  features.  S p e c i f i -  

c a l l y ,  t he  e l e c t r i c  f i e l d  i s  i n  t h e  d i r e c t i o n  i n  the  f i g u r e ,  and the  
magnetic f i e l d  i s  i n  the  el d i r e c t i o n .  Furthermore, t h i s  type o f  
r a d i a t i o n  has a n u l l  i n  the el = 0' d i r e c t i o n  and a maximum i n  the  

el = 90' d i r e c t i o n .  Apply ing t h i s  model t o  t h e  var ious observat ion 

regions on t h e  e a r t h  shown i n  F igure 8a shows t h e  reason f o r  t he  maximum 
and minimum f i e l d  regions. 

F igure 9 presents a contour map o f  e l e c t r i c  f i e l d  magnitude on the  
e a r t h ' s  surface. A commonly used va lue f o r  t h e  peak magnitude, Emax o f  

t he  r a d i a t e d  ea r l y - t ime  HEMP f i e l d  i s  about 50 kV/m, which occurs i n  t h e  
reg ion  o f  maximum f i e l d  s l i g h t l y  south of t he  b u r s t  p o i n t .  A t  o t h e r  
p o i n t s  on t h e  e a r t h ' s  surface, t h e  peak ampl i tude o f  t he  r a d i a t e d  f i e l d  

w i l l  be l ess ,  accord ing t o  the  data i n  F igure 9. Clear ly ,  the d e t a i l s  

o f  t h i s  f i e l d  v a r i a t i o n  w i l l  depend on t h e  magnetic f i e l d  and weapon 

c h a r a c t e r i s t i c s  i n  any p a r t i c u l a r  case. However, i n  the  absence o f  

sou rce -spec i f i c  data,  Figure 9 c o u l d  form t h e  bas i s  f o r  a d e t a i l e d  

s p e c i f i c a t i o n  o f  t h e  ea r l y - t ime  HEMP environment f o r  power system 
assessment. 

2.3.4 Temporal Behavior o f  The F i e l d s  ' 

The f i n a l  impor tant  f e a t u r e  o f  t h e  r a d i a t e d  HEMP f i e l d  i s  t h e  shape 
o f  t he  waveform. The waveform v a r i e s  as a f u n c t i o n  o f  p o s i t i o n  on the  
e a r t h  [SI. D i r e c t l y  under t h e  b u r s t  ( p o i n t  1), t h e  HEMP has a 10 t o  90 

percent r i s e  t ime on t h e  o r d e r  o f  5 ns, a t ime t h a t  i s  commensurate w i t h  

t h e  r i s e  t ime o f  t h e  prompt gamma pulse. The f a l l  t ime corresponding t o  
a h a l f  t he  peak value i s  on t h e  o rde r  of 20 ns. Away from t h i s  reg ion,  

t h e  r i s e  and f a l l  t imes tend t o  be g rea te r .  For example, i n  t h e  reg ion  
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19 

I 
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Fig .  9. 
f i e l d  on surface of  con t i nen ta l  Un i ted  Sta tes  [SI. 

Var ia t i ons  i n  h i g h - a l t i t u d e  EMP peak e l e c t r i c  
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of the maximum f i e l d  strength (point 2), due south of the burst, the 
f i e l d  has a r ise time of s l ight ly  under 10 ns and a f a l l  time of about 
50 ns [5]. On the horizon ( p o i n t  3 ) ,  near the tangential distance, the 
pulse has broadened considerably, having a r ise time somewhat longer 
than 10 ns and a f a l l  time on the order of 200 ns [5]. The waveforms 
can be represented by a double exponential expression as:  

In Equation (12), the a-1 and f3-l terms are  the applicable time 
constants and the r i s  a normalizing factor calculated so tha t  the peak 
value of f ( t )  i s  unity. The appropriate values fo r  the above waveforms 
are  presented i n  Table 1 .  

Table 1 

WAVEFORM PARAMETERS FOR EARLY-TIME 
HEMP TEMPORAL BEHAVIOR 

Point 

Figure 10 pre 

r Loca t ion - 

Under burst 1.348 
1.259 Emax 

Ho ri zon 1.031 

m t s  the f ( t )  time d 

a ( s - l )  

3 .46~1 O7 
1 .38xl O7 
3 .46~1  O6 

main wavef 

4 .40~1  O8 
2.44~1 O8 
2.00xl o8 

rm o f  the e l e c t r i c  
f i e ld  a t  each p o i n t  and the corresponding frequency spectra. 

2.4 Description o f  Intermediate-Time HEMP Fields 

In contrast t o  the unclassified body of knowledge developed t o  
characterize the early-time HEMP f i e lds ,  l i t t l e  unclassified data i s  
available to  describe the intermediate-time HEMP signal. All o f  the 
unclassified data supplied t o  the authors by ORNL consists of the 
following: 
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a)  Time-dependent func t i ons  
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F ig .  10. 
frequency domain spect ra (b )  f o r  HEMP waveforms a t  var ious  
po in ts .  

Time-dependent func t i ons  (a)  and r e s u l t i n g  
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0 

0 Frequency spect ra f rom 10 Hz t o  10 Hz 

0 

I n  the  absence o f  any o t h e r  techn ica l  guidance, a s i n g l e  

exponent ia l  waveform has been chosen t o  represent  t h e  i n c i d e n t  e l e c t r i c  

f i e l d  assoc ia ted  w i t h  in te rmed ia te - t ime HEMP. The temporal behavior of 
t h i s  waveform i s  expressed as :  

An average peak magnitude o f  100 vo l ts /meter  

S ignal  d u r a t i o n  f rom loe6 seconds t o  1 .O seconds 

1 5 

3 -1 where El = 100 vo l ts /meter  and y = 10 s . 
Figure  11 presents t h i s  t r a n s i e n t  waveform. It must be kept  i n  

. mind t h a t  t h i s  waveform occurs i n  con junc t i on  w i t h  the  ea r l y - t ime  HEMP 
s igna l .  I f  the  ea r l y - t ime  HEMP component were p l o t t e d  on F igure.11,  i t  
would appear almost l i k e  a d e l t a  f u n c t i o n  occu r r i ng  a t  t = O .  

D e t a i l s  concerning t h e  s p a t i a l  ex ten t  o f  t h e  f i e l d s ,  angles o f  

inc idence and p o l a r i z a t i o n  a r e  unknown. For t h e  purpose o f  t h i s  

document, these d e t a i l s  a re  assumed t o  be t h e  same as ea r l y - t ime  HEMP 
f i e l d s .  

2.5 HEMP Environmental S p e c i f i c a t i o n  

The HEMP r a d i a t e d  f i e l d  has been shown t o  con ta in  s p a t i a l l y  
dependent p r o p e r t i e s  w i t h i n  an ex tens ive  coverage p a t t e r n  o f  t h e  e a r t h ' s  
surface. Such a d i s t r i b u t e d  EMP environment and i t s  i n t e r a c t i o n  w i t h  
s p a t i a l l y  l o c a l  m i l i t a r y  systems, such as a hardened communication 
f a c i l i t y  o r  m i s s i l e  s i l o ,  have been p r e v i o u s l y  considered by a number o f  

i n v e s t i g a t i n g  organ iza t ions .  Var ious r e p o r t s  [4,6,7] i l l u s t r a t e  many o f  
t h e  techniques which have been developed f o r  es t ima t ing  HEMP response 

and system s u r v i v a b i l i t y .  I n  performing an assessment on a s p a t i a l l y  

l o c a l  system t o  HEMP, a commonly used approach i s  t o  d e f i n e  a "bounding 

case" HEMP t h r e a t  environment, app ly  i t  t o  t h e  system o f  i n t e r e s t  and 
assess system response. The r a t i o n a l e  f o r  t h e  development o f  t h i s  
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Fig. 11.  Intermediate-time HEMP waveform. 
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threat  environment incorporates the fac t  tha t  such systems may be 
located in a region of maximum excitation. Therefore, i t  i s  necessary 
t o  consider the worst possible excitation i n  order to  insure system 
survivabili ty.  

An unclassified example of a threat  HEMP incident f i e ld  i s  
presented in the Bell publication [5]. For the purpose of this document 
i t  i s  denoted as the "Bell" waveform. The incident e l ec t r i c  f i e ld  i s  
assumed t o  have a peak magnitude of 50 kV/m. The waveform, defined as a 
double exponential as  expressed in Equation (1 2 ) ,  incorporates a f a s t  
r i s e  time and a long f a l l  time. An a l ternate  threat  waveform, denoted 
in this document as the "DoDll waveform, has been suggested t o  the 
authors by ORNL [8] as more applicable t o  early-time HEMP illumination. 
The waveform parameters appropriate for the "Bel 1 I' and "DoDI' waveforms 
are shown i n  Table 2. The time domain waveforms and corresponding 
frequency spectra are plotted as Figure 12 .  

Table 2 

WAVEFORM PARAMETERS FOR THREAT 
HEMP ELECTRIC FIELDS 

Waveform - r d) 
Bel 1 1.050 4 . 0 ~ 1 0 ~  4 . 7 6 ~ 1 0 ~  

Do D 1 .285 3 . 0 ~ 1  O7 4 . 7 6 ~ 1  O8 

The complete threat  HEMP environmental specifications i s  obtained 
by the determination o f  the polarization, angle of  incidence and system 
orientation such t h a t  there i s  maximum interaction between the HEMP 
environment and the system under assessment. This approach develops a 
"bounding case" scenario. Often, such excitation i s  not physically 
realizable,  b u t  i t  does serve to  place an upper bound on possible system 
responses and re f lec ts  a conservative approach t o  the assessment of an 
intentional ly  hardened system. 
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Fig. 12. Time-dependent functions ( a )  and result ing 
frequency spectra ( b )  for  "Bel 1 I' and "DoD" waveforms. 
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The above approach to HEMP environmental specification, developed 
to provide a uniform "bounding case'' interaction with a spatially small, 
hardened system could be invoked in the assessment of the civilian 
electric utility network. However, the significant geographic size of 
the power system and the nature of system network properties evaluated 
under such an environmental specification may provide unrealistic 
estimates o f  system excitation and response. 

In lieu of the use of the above threat environmental specification, 
the authors recommend that the spatial variation inherent in HEMP 
illumination be maintained in the early-time HEMP environmental 
specification for power system assessment. The discussion of early-time 
HEMP field behavior in the previous subsections suggests techniques to 
attain such a specification. For a specified, high-altitude burst 
location, a more realistic estimate can be developed for any spatially 
local observation point on the earth's surface. At any such point of 
interest, the details of the incident, early-time HEMP signal, such as 
the waveform (amp1 itude and waveshape) polarization and angle(s) of 
incidence are retained. For the purpose of this document, the 
incorporation of intermediate-time HEMP effects can be linked to the 
early-time HEMP characterization by the assumptions discussed in 
Subsection 2.4. 

From the initial specification of the geographic location and 
altitude of the nuclear detonation, the surface spatial extent of direct 
illumination can be determined by the geometrical techniques shown in 
Figure 5. For any observation point on the earth's surface, a knowledge 
of the local polarization of the incident field (Equation 8) and the 
angle of incidence (Figure 6) can be determined. The details of the 
local temporal 
incident field 

waveform can be obtained by first expressing the HEMP 
in the form: 
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where Eo is determined from a contour plot similar to Figure 9 plus the 
specification of a maximum value of E, expressed in volts per meter. 
For ,the purpose of this document, El is defined as 100 volts per meter 
and y equals l o3  s-'. The appropriate values for r ,  a and 6 are 
determined for the local observation point of interest. 

2.6 Summary 

This section has discussed an overview of the physical generation, 
propagation and spatially varying behavior of incident early-time HEMP 
electric fields produced by high-altitude nuclear detonation. A 
technique to incorporate the signal known as intermediate-time HEMP has 
been developed from a minimum set of available, unclassified data. 

The recommended environmental specification for early-time HEMP 
assessment retains the spatial variance of incident waveform, 
polarization and angle o f  incidence as a function of position on the 
earth's surface for a specified burst location. These details are 
retained in order to simulate a spatially changing environment over a 
spatially large and unhardened system. 

The approach to specification of the intermediate-time HEMP 
incident field is a preliminary attempt to account for such stimulus 
based on unclassified data. It is strongly recommended that the EMP 
community review such an approach and that the sensitivity of the 
civilian electric utility system to intermediate-time environments be 
investigated in subsequent phases of the ORNL research program. 
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3 .  HEMP INTERACTION WITH ELECTRICAL POWER SYSTEMS 

3.1 Introduction 

A practical power system i s  a very complex collection of massive, 
e lec t r ica l ly  robust components such as towers, transmission 1 ines, 
lightning ar res te rs  and the l i ke ,  as well as e l ec t r i ca l ly  f rag i le  
components such as the integrated c i rcu i t ry  found i n  modern 
communications and control subsystems which form part of the overall 
power system. In order t o  perform an assessment of the e f fec ts  of EMP 
on the power system, i t  i s  f i r s t  necessary t o  obtain a functional 
description of the system. After tha t  i s  done, an electr ical  
description (often referred to  as a topological description) may be 
developed, and this may be used along with the EMP environments 
described i n  Section 2 to estimate the responses a t  points o f  in te res t  
within the system. 

Part of t h i s  calculational process involves determining how the 
incident EMP f ie lds  "couple" t o  important parts of the power system. 
This involves determining the response (voltage o r  current, for example) 
of  e lectr ical  conductors, such as  antennas or power l ines ,  which a re  
direct ly  excited by the incident EMP. This response depends strongly on 
the local geometry of the conductor, as  well a s  on the character is t ics  
of the incident'  f i e ld .  

Such a response i s  generally able to  "propagate" from one point t o  
another i n  the system, so tha t  the e f fec ts  o f  an EMP striking one point 
of the power system can be observed a t  an ent i re ly  different  point. 
Usually, t h i s  propagation of  EMP energy occurs on guided wave 
structures,  such as transmission l ines ,  coaxial l ines ,  e tc . ,  b u t  a t  
times, d i rec t  f i e ld  propagation of energy i s  possible. 

Finally, the EMP energy i s  able t o  "penetrate" into shielded 
portions of the system. For example, in a communications f a c i l i t y ,  
there i s  usually a shielded enclosure protecting equipment from unwanted 
radio frequency interference (RFI) which serves as a barrier to  the 
unwanted EMP energy tha t  might cause internal damage to  the equipment. 
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Such b a r r i e r s  a r e  n o t  p e r f e c t ,  and energy can penetrate i n t o  t h e  b a r r i e r  

a t  holes i n  the  s h i e l d .  S i m i l a r l y ,  t he  process o f  an EMP-induced 
vo l tage surge coup l i ng  t o  a t ransmiss ion l i n e  and then propagat ing t o  

t h e  i n p u t  t e rm ina ls  of a t ransformer can be thought o f  as then 

pene t ra t i ng  i n t o  t h e  i n t e r i o r  reg ions  o f  t he  t ransformer and p o s s i b l y  

causing damage. 

This o v e r a l l  process i n v o l v i n g  coup1 ing ,  propagat ion and 

penetrat ion,  i s  r e f e r r e d  t o  as EMP " i n t e r a c t i o n "  w i t h  t h e  system. A 
number of standard c a l c u l a t i o n a l  models have been developed by 
i n v e s t i g a t o r s  i n  the  EMP community and these may be d i r e c t l y  a p p l i e d  t o  

t h e  power system assessment process, and d e t a i l s  o f  these w i l l  be 

presented l a t e r  i n  t h i s  sect ion.  

I n  choosing t h e  va r ious  c a l c u l a t i o n a l  models f o r  performing an 
assessment , i t  i s  necessary t o  def ine the  "observable" q u a n t i t i e s  which 

a re  t o  be determined. For example, t he  vo l tage  induced across a 

t ransformer winding i s  one impor tant  q u a n t i t y  t o  know, s ince i t  can be 
d i r e c t l y  r e l a t e d  t o  damage w i t h i n  the  i n s u l a t i o n .  However, t h e  
electromagnet ic f i e l d  p e n e t r a t i n g  i n t o  a window i n  an otherwise sh ie lded  

enclosure might  induce a vo l tage  i n  a c r i t i c a l  c o n t r o l  c i r c u i t ,  causing 

upset o r  f a i l u r e .  Thus, t h i s  q u a n t i t y  might  p l a y  an important r o l e  i n  

t h e  system assessment process. 

As discussed i n  t h i s  sect ion,  i t  i s  impor tant  t o  c a r e f u l l y  d e f i n e  

t h e  observable q u a n t i t y .  General ly,  these are vol tages, cu r ren ts ,  

e l e c t r i c  f i e l d s  o r  magnetic f i e l d s ,  and d e t a i l s  o f  t h e i r  t ime h i s t o r i e s  
( r i s e  and f a l l  t imes and peak ampl i tudes) which a re  use fu l  i n  performing 
an assessment o f  t h e  system. I n  a d d i t i o n ,  t he  der ived q u a n t i t y  o f  the 

t o t a l  energy d e l i v e r e d  t o  a l o a d  i s  commonly used. 

I n  examining a t y p i c a l  power system, the  most s t r i k i n g  f e a t u r e  i s  
t h e  t ransmission and d i s t r i b u t i o n  1 i n e  network 1 i n k i n g  the  generat ion 
and l o a d  f a c i l i t i e s .  Obviously, t he  EMP i n t e r a c t i o n  w i t h  t h i s  network 

o f  conductors forms an impor tant  e x c i t a t i o n  mechanism f o r  t h e  system. 

De ta i l ed  models d e s c r i b i n g  the EMP coup l i ng  t o  such l i n e s  and the  EMP 
propagat ion a long l i n e s  a re  needed f o r  an assessment. 
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Various types of antenna structures are  also found i n  power 
systems. Although not used for  the d i rec t  transmission of e lec t r ica l  
energy, these components are typically found i n  the command and control 
subsystems and perform a c r i t i ca l  function i n  maintaining the in tegr i ty  
of the power system. Such antennas occur i n  several forms, such as wire 
structures for  the HF region, blade antennas i n  the UHF regime, and d i s h  
and waveguide antennas for microwave frequencies. In addition, such 
antennas have supporting towers and equipment which themselves m i g h t  
in teract  w i t h  an incident EMP. Because antennas are  designed to  radiate 
electromagnetic energy ef f ic ien t ly  in a particular band of frequencies, 
reciprocity dictates  that  they will be equally good receptors of energy. 
T h u s ,  antennas designed to  operate a t  frequencies i n  which the EMP 

spectrum i s  large will generally be highly excited. Detailed electr ical  
models have been developed for  predicting the -EMP interaction w i t h  
antennas, and these also will be discussed i n  this section. 

Models are  also needed f o r  predicting the EMP penetration through 
apertures i n  shielded enclosures. Apertures occur i n  the form o f  doors 
and windows i n  shielded f a c i l i t i e s ,  cracks and seams in metall ic 
covers, and i n  any other opening i n  a shield. This form of EMP 
penetration is  important t o  consider fo r  highly shielded systems. For a 
normal building, however, where no real attempt has been made to  exclude 
EM interference from the in te r ior ,  i t  i s  d i f f i c u l t  t o  define a "shield" 
and the associated apertures. Such may be the case for  many power 
system f a c i l i t i e s .  

A final phenomenon affecting the EMP penetration in to  a f a c i l i t y  is 
tha t  of f i e ld  diffusion through imperfect conductors. As i n  the case 
of apertures, this effect  i s  only important fo r  highly shielded 
f a c i l i t i e s .  

I n  the following subsections, de ta i l s  of the EMP coupling models 
for  l ines ,  antennas, apertures,  and diffusion a re  discussed, w i t h  
special emphasis placed on those models that  a re  adaptable for  
incorporation i n t o  a computer assessment code. 
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3.2 Introduction to  

In e lectr ical  power systems, 

Transmission Line Modeling 

long runs o f  conductors above a ground 
plane are frequently encountered. These occur i n  the transmission and 
distribution l ines connecting load, generation and distribution 
s ta t ions,  as well as in the switchyard where there are sections of 
e lectr ical  buses interconnecting equipment. In addition, there a re  
lengths of e lectr ical  cables found in communications and control 
subsystems which take the form of a conducting l i ne  over a ground plane. 
Buried conductors are  also encountered. 

An incident EMP impinging  on such conductors can induce substantial 
voltage and current traveling waves on the l i ne ,  and these can propagate 
t o  other p o i n t s  within the system. By vir tue of i t s  re la t ively simple 
geometry, i t  i s  possible t o  easi ly  compute the interaction of an 
incident EMP w i t h  these l ines ,  thereby allowing the possibi l i ty  of 
estimating the EMP-induced response of excited power system components. 

In this subsection, several different analysis approaches for  
t reat ing the case of EMP-excited above-ground conductors are  out1  ined. 
One particular approach involves the use o f  quasi-TEM transmission l ine  
theory t o  predict the behavior o f  induced currents and voltages, and the 
fundamentals of t h i s  approach are  discussed in detail  in Section 3.2.1. 
Furthermore, the extension of this theory to  the case of EMP excitation 
of buried conductors i s  also discussed. Section 3.2.2 then presents 
several examples of the use of TEM models for  power system applications. 

The basic geometry of the problem to be treated i n  t h i s  section i s  
i l lus t ra ted  in F i g .  13, which shows a conductor of radius a located a t  a 
height h over a conducting earth. The earth is assumed to have a 
conductivity of 0 mhos/meter, and a re la t ive  d ie lec t r ic  constant of 
For i l l u s t r a t ive  purposes, only a single conductor l ine  has been 
depicted here. More generally, we m i g h t  be interested in the response 
of a multiconductor l ine  hav ing  a similar configuration above the 
ground, and this will be discussed l a t e r  i n  Section 3.2.1. 

9 
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The l i n e  i s  assumed t o  be i l l u m i n a t e d  by an i n c i d e n t  t r a n s i e n t  
plane wave a r r i v i n g  w i t h  an e l e v a t i o n  angle I) and w i t h  an azimuthal  
angle $ w i t h  respec t  t o  t h e  l i n e ' s  d i r e c t i o n .  For  convenience, i t  i s  

des i rab le  t o  decompose t h e  ac tua l  p o l a r i z a t i o n  o f  t h e  i n c i d e n t  e l e c t r i c  

f i e l d  vec tor  i n t o  two independent p o l a r i z a t i o n s ,  one v e r t i c a l  and the  

o t h e r  ho r i zon ta l  as discussed i n  Sect ion 2. The v e r t i c a l l y  po la r i zed  
component i s  an i n c i d e n t  f i e l d  having i t s  e l e c t r i c  - f i e l d  vec to r  

conta ined i n  the  plane of  inc idence ( i  .e. , t h e  plane which conta ins the  
propagat ion (k) vec to r  o f  t he  i n c i d e n t  f i e l d  and i s  perpendicu lar  t o  the  

ground). The h o r i z o n t a l l y  po la r i zed  i n c i d e n t  f i e l d  i s  t h a t  having i t s  

e l e c t r i c  f i e l d  vec to r  always p a r a l l e l  t o  t h e  ear th ,  regard less o f  t h e  

inc idence angles. F igure  13 shows these two p o l a r i z a t i o n  types. 

O f  prime concern i n  the  ana lys i s  o f  t h e  EMP i n t e r a c t i o n  w i t h  t h i s  
c lass  o f  e l e c t r i c a l  s t r u c t u r e s  i s  t h e  de terminat ion  o f  t he  t ime h i s t o r y  

o f  t he  induced vo l tage  ( o r  charge) and c u r r e n t  on the  conductor, 

Perhaps t h e  most fundamental and r i go rous  ana lys i s  i s  through the  use o f  
frequency domain e lect romagnet ic  s c a t t e r i n g  theory  [9] , which has the  

p o t e n t i a l  of p r o v i d i n g  accurate 1 i n e  responses. Such an approach, 

however, i s  r a t h e r  complex and can be t ime consuming. An a l t e r n a t e  
approach us ing  t ime dependent s c a t t e r i n g  theory  i s  a l s o  poss ib le  [ l o ] ,  
b u t  i t s  s o l u t i o n  i s  e f f i c i e n t  o n l y  f o r  r e l a t i v e l y  e a r l y  t imes, 

Moreover, t h e  i n c l u s i o n  o f  l o s s y  ground e f f e c t s  i s  d i f f i c u l t  i n  such 

d i r e c t  t ime domain analyses. 

A t h i r d  c a l c u l a t i o n a l  approach f o r  such problems i s  a l s o  a v a i l a b l e  
i n  the  form o f  quasi-TEM t ransmiss ion l i n e  theory.  This  approach has 
been used by a number o f  i n v e s t i g a t o r s  [11,12,13] and permi ts  a r a p i d  

s o l u t i o n  f o r  t h e  induced l i n e  responses. Al though there  are  e r r o r s  
found i n  the  responses due t o  var ious  s i m p l i f i c a t i o n s  in t roduced i n  the  
ana lys is ,  s tud ies  [1,13,14] i n d i c a t e  t h a t  f o r  EMP responses, t h i s  

approach i s  adequate. La ter ,  i n  Sec t ion  3.2.2 t h i s  p o i n t  w i l l  be 
i l l u s t r a t e d  w i t h  a comparison of some c a l c u l a t e d  TEM response data w i t h  

s i m i l a r  data obta ined from a s c a t t e r i n g  c a l c u l a t i o n .  
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The basic idea behind the analysis of  l ines  using the TEM approach 
i s  to  assume tha t  the electromagnetic energy induced by the EMP striking 
the l ine  propagates along the l ine  in the form . of a transverse 
electromagnet c f i e ld  which i s  closely bound to  the conductor. These 
f ie lds  can be al ternately described in terms of the voltage and current 
on the l i ne ,  and these a re  usually viewed as being the fundamental 
quantit ies of in te res t .  

The determination of  the behavior of  the voltage and current can be 
accomplished by considering the l ine to  consist of a large number of 
ladder-type L-C c i r cu i t s ,  and then perform a c i r cu i t  analysis. Such an 
approach, known as lumped parameter modeling (LPM) i s  possible when the 
length of l i ne  i s  suff ic ient ly  small tha t  only a limited number of L and 
C elements are  needed. For an e lec t r ica l ly  ong l ine ,  however, such an 
analysis approach i s  d i f f i cu l t .  

An a l ternate  approach, and one which i s  discussed i n  more detai l  i n  
the next subsection, involves the analytical solution of  the voltage and 
current behavior on the l i ne ,  regardless of i t s  length. This approach, 
then, permits the consideration o f  much longer l ines ,  and i s  one of the 
chosen approaches for many of the power system assessment calculations. 

However, one d i f f i cu l ty  with t h i s  calculational approach is  
including the effects  of corona, flash-over on l ines ,  and other 
nonlinear behavior of components, since i t  i s  based on a frequency 
domain analysis. Because the concept o f  superposition o f  responses i s  
n o t  possible i n  systems containing nonlinearit ies,  i t  i s  necessary t o  
conduct such analysis direct ly  i n  the time domain. Details of this 
a l ternate  analysis using the TEM concepts will also be outlined i n  the 
next subsection. 

Due t o  the complexity and divers i ty  of the EMP interaction problems 
with long runs of conductors, i t  i s  not possible to  use just one type of 
analysis procedure. In performing an analysis,  therefore,  i t  i s  
necessary t o  have several different  calculational models available for  
use, and know the a t t r ibu tes  and l imitation of each. In the following 
subsection, several different  calculational models a re  summarized, and 
the i r  use in performing an EMP assessment on a power system indicated. 
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3.2.1 Fundamentals o f  Quasi-TEM Ana lys i s  

As mentioned i n  the  previous subsection, i t  i s  des i red  t o  develop 
models use fu l  f o r  p r e d i c t i n g .  t h e  response o f  e l e c t r i c a l  equipment 
connected t o  l o n g  leng ths  of e l e c t r i c a l  conductors e x c i t e d  by EMP. 
U l t i m a t e l y ,  what i s  des i red  i s  a knowledge o f  t he  vo l tage  across the  

t e r m i n a l s  o f  a p iece  of equipment and t h e  c u r r e n t  f l o w i n g  i n t o  t h e  
equipment, as i l l u s t r a t e d  i n  Fig.  14a. These responses a re  a f u n c t i o n  

n o t  o n l y  o f  the EMP-excited l i n e ,  b u t  a l s o  on the  e l e c t r i c a l  

c h a r a c t e r i s t i c s  o f  t h e  l oad  equipment. 

The d e s c r i p t i o n  o f  t h e  EMP response o f  t he  i s o l a t e d  l i n e  w i thou t  

t h e  l oad  present i s  f a c i l i t a t e d  through t h e  use o f  a Thevenin equ iva len t  

c i r c u i t ,  as i l l u s t r a t e d  i n  F ig .  14b. There, t h e  l i n e  and the  i n c i d e n t  

EMP i s  replaced by an equ iva len t  open c i r c u i t  vo l tage  source and an 

i n p u t  impedance. These load-independent parameters may then be combined 
w i t h  a knowledge of t h e  equipment l o a d  impedance t o  compute t h e  a c t u a l  

response. 

Thus, i n  most o f  t h e  development o f  t h e  c a l c u l a t i o n a l  models f o r  

EMP i n t e r a c t i o n  w i t h  l o n g  l i n e s ,  i t  i s  des i red t o  reduce the  problem t o  

t h a t  o f  spec i f y ing  t h e  equ iva len t  c i r c u i t .  Note a l s o  t h a t  t h e  dual  
Norton equ iva len t  c i r c u i t  i n v o l v i n g  a s h o r t  c i r c u i t  c u r r e n t  source and 

an i n p u t  admittance cou ld  be spec i f i ed ,  as shown i n  F ig .  14c. 

It i s  impor tant  t h a t  t he  rep resen ta t i on  o f  t he  behavior o f  t he  
EMP-excited l i n e  through t h e  use o f  an equ iva len t  c i r c u i t  i s  poss ib le  i n  
both the  t ime and frequency domain. The frequency domain rep resen ta t i on  
i s  a b i t  s impler ,  w i t h  t h e  i n p u t  impedance and open c i r c u i t  vo l tage  
being complex-valued funct ions of frequency. I n  the  t ime domain, both 
o f  these q u a n t i t i e s  a re  rea l - va lued  func t i ons  o f  t ime w i t h  the  t ime 
domain i n p u t  "impedance" r e a l l y  be ing t h e  t ime dependent vo l tage  across 

t h e  l i n e  when i t  i s  d r i v e n  by an impuls ive 
f u n c t i o n )  across i t s  t e rm ina ls .  

I n  developing EMP coup l i ng  models f o r  

conductors, t h e  use o f  a frequency domain ana 

vo l tage  

t r a  nsm 

y s i s  i s  

source ( a  d e l t a  

ss ion  l i n e - l i k e  

u s u a l l y  t he  most 
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A' 

a )  S i m p l i f i e d  e l e c t r i c a l  c o n f i g u r a t i o n  

I 

VOC +az' - 

A' 
THEVEN IN I LOAD IMPEDANCE 
EQUl VA LE N T 
CIRCUIT OF EMP 
EXCITED LINE 

b )  Thevenin equ iva len t  c i r c u i t  

I LOAD ADMITTANCE 
NORTON I EQUIVALENT 
CIRCUIT OF EMP 
EXCITED LINE 

c )  Norton equ iva len t  c i r c u i t  

F ig .  14. Analys is  o f  EMP-excited l i n e s  us ing  
equ iva len t  c i r c u i t .  
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s t r a i g h t  forward. As an example, cons ider  t h e  case o f  a s e m i - i n f i n i t e ,  

s i n g l e  w i r e  l i n e  l oca ted  above a conduct ing ground. 

3.2.1.1 

L ine Above Ground 

Transmission-Line Frequency Domain Analys is  - S i n g l e  

The transmission-1 i n e  (TEM propagat ion mode o n l y )  c a l c u l a t i o n  

method used f o r  t h i s  a n a l y s i s  assumes t h a t  t he  surge ( c h a r a c t e r i s t i c )  
impedance o f  conductors above e a r t h  remains constant  a t  t he  value 

de f i ned  by t h e  s e r i e s  impedance and shunt reactance. This i m p l i e s  t h e  

surge impedance o f  t h e  conductor does n o t  change from e a r l y  t ime ( t ime  
before which the  presence o f  ground through r e f l e c t i o n  i s  f u l l y  

estab l ished) ,  t y p i c a l l y  between t ime  zero and (2h s i n  $)/c and l a t e  

t ime, where t h e  e f f e c t s  o f  ground a r e  f u l l y  accounted f o r .  The response 
i n  e a r l y  t ime becomes quest ionable i f  the  he igh t  o f  t he  conductor i s  
g rea te r  than t h e  l onges t  wave l e n g t h  o f  t he  f i e l d  ( o r  s a i d  i n  o t h e r  

words, t he  round t r i p  t ime  from the  conductor t o  ground exceeds t h e  r i s e  

t ime of t he  f i e l d  by two o r  more t imes ) .  However, comparisons o f  e a r l y  
t ime response r e s u l t s  obta ined by t ransmission-1 i n e  method t o  those 

c a l c u l a t i o n s  obta ined from more r i g o r o u s  "exact"  methods were ve ry  

favorable, as discussed i n  Sect ion 3.2.2.1. The l a t e  t ime  response 
obtained by t h e  t ransmiss ion l i n e  response i s  accurate, by v i r t u e  o f  t he  
assumptions made. 

The EMP induced response on an above-ground conductor depends on 

how the  i n c i d e n t  e lect romagnet ic  f i e l d  couples t o  the  conductor and on 
how the conductor propagates t h i s  surge. To i l l u s t r a t e  t h i s ,  consider,  
as i n  Figure 13, a s i n g l e  conductor of r a d i u s  a and e l e c t r i c a l  

c o n d u c t i v i t y  ou l oca ted  over a conduct ing e a r t h  a t  a he igh t  h. The 

e a r t h  i s  assumed t o  be homogeneous w i t h  a c o n d u c t i v i t y  CI and d i e l e c t r i c  
constant  E = 

g 
9 

When an i n c i d e n t  e lect romagnet ic  f i e l d  s t r i k e s  t h i s  conductor, i t  

induces both vo l tage  and c u r r e n t  waves which tend t o  propagate down the  

conductor. I n  r e a l i t y ,  t he  behavior o f  these c u r r e n t s  may be descr ibed 
accu ra te l y  through t h e  use of  antenna ( s c a t t e r i n g )  theory.  Through t h e  
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use of  approximate transmission-1 ine (or TEM propagation) analysis,  we 
can define a s e t  of forward and reverse propagating voltage and current 
waves on a conductor of the form: 

I ( Z )  = Ile-Yz + ~~e +YZ 

where the (+) sign refers  t o  the forward propagating set of waves, and 
the ( - )  refers to those in the negative direction. The term y i s  the 
propagation constant, which generally consists of an imaginary component 
describing the wave-like propagation on the l ine ,  and a real part which 
i s  positive and describes the attenuation along the conductor. The 
amplitudes of the voltage and current waves are related through the 
character is t ic  impedance o f  the conductor, Zo as: 

11 = vl/zo 

1 .= -v / z  2 0 .  2 

Under the assumptions of TEM mode propagation, the equivalent 
c i r cu i t  shown i n  F ig .  15 may be used to  determine the propagation 
constant and the character is t ic  impedance on the conductor. Once these 
quantit ies are known, the conductor response may be determined. 

As discussed . i n  Ref. 13 the inductance i n  the equivalent 
per-unit-length model of the conductor i n  F i g .  15 i s  given by the 
re1 a t i  on : 

(1  9) 
2 h  2 h  A n  a . =  0.2 Rn - pH/, -1 h L' = -cash - N - 21T a 21T a 
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and i s  t h a t  which would be expected if both t h e  ground and t h e  conductor 
were p e r f e c t l y  conduct ing.  The pe r -un i t - l eng th  capaci tance o f  t h e  
conductor i s  g iven by: 

and l i k e w i s e  i t  i s  t h a t  f o r  t h e  conductor over  a p e r f e c t l y  conduct ing 

ear th .  

The term Z represents  the  e f f e c t i v e  complex impedance o f  t h e  e a r t h  
9 

i n  the  propagat ion and i s  g iven  by: 

where the  parameter y i s  t he  plane wave propagat ion constant  i n  t h e  

e a r t h  and i s  expressed as: 
9 

= V j w p  ( a  + jw  ) 
y g  0 9  9 

( l )  and Hi1)  a re  the  Hankel f unc t i ons  o f  t h e  f i r s t  k i n d  and orders  0 
HO 
and 1 respec t i ve l y .  

The a d d i t i o n a l  pe r -un i t - l eng th  impedance term Zi represents  the  

e f f e c t  o f  t he  i n t e r n a l  impedance o f  t h e  l o s s y  conductor, and i s :  

where the  term y, i s  t h e  wave propagat ion constant  i n  the  w i r e  ma te r ia l  
and has t h e  same form as Eq. 2 2 ,  b u t  w i t h  the  w i r e  c o n d u c t i v i t y  a, used 

ins tead o f  t h e  e a r t h  c o n d u c t i v i t y .  Jo and J1 are t h e  Bessel func t ions .  
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The f i n a l  a d d i t i o n a l  term i s  Y which i s  a p e r - u n i t - l e n g t h  suscep- 

This  
g' 

tance account ing f o r  t h e  admit tance e f f e c t s  o f  t he  s o i l  cu r ren ts .  

i s  est imated i n  [13] as: 

2 Y 
y E 9  

zg 

Once these q u a n t i t i e s  are def ined, i t  i s  poss ib le  t o  d e f i n e  t o t a l  

pe r -un i t - l eng th  impedance and admit tance values o f  t h e  conductor as: 

Z '  = jwL '  + Z + Zi 9 
and 

-1 Y '  = [Y,, + 3-4 1 

The propagat ion constant f o r  t he  TEM vo l tages and c u r r e n t s  on t h e  

conductor i s  then de f i ned  as: 

y =  

and the  conductor c h a r a c t e r i s t i c  impedance i s  given by: 

Determinat ion o f  Conductor Response 

Once the  propagat ion c h a r a c t e r i s t i c s  o f  t h e  conductor a re  

determined, i t  i s  poss ib le  t o  develop expressions f o r  t he  f i e l d - i n d u c e d  

surges on the  conductor. 

As a s t a r t i n g  p o i n t  f o r  t h e  ana lys i s ,  cons ider  the  conductor shown 

i n  F ig .  16a. A sec t i on  of conductor o f  l e n g t h  L i s  terminated a t  z=O 
w i t h  an impedance ZL. A t  z=C a lumped vo l tage  source Vs i s  used t o  
e x c i t e  t h e  conductor. Using t h e  t ransmiss ion - l i ne  expressions i t  i s  
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1 
T" 

Fig. 15. Differential section of line over 
lossy ground 

"oc 

z=o Z=L 

Fig. 16a. Lumped source excitation. 

Z=O Z=L  I I 
Fig. 16b. Distributed source excitation. 
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possible to  write an expression f o r  the open-circuit voltage a t  the z=L 
end of the conductor as:  

where the term p i s  a reflection coefficient defined as:  

zL - zo 
zL  + zo 

P =  

Similarly, the i n p u t  impedance of the loaded conductor a t  z=L i s  given 
by : 

For the case of an incident electromagnetic f i e ld  exciting the 
conductor, the excitation sources a re  not i sol ated , b u t  are distributed 
along the conductor as i l lus t ra ted  i n  Fig. 16b. In this case, the 
solution of E q .  (29) for the open-circuit voltage may be regarded as a 
Green's function, and used i n  an integral to  determine the total  
response, as:  

The distributed sources i n  t h i s  case are  given by the tangential 
e l ec t r i c  f i e ld  along the conductor, and these a re  comprised of both the 
incident and earth-reflected f i e lds  as:  

Vk(5) = E;Ot(E) = EInc(5) + (33) 

Equation 32 i s  the most general form of the 
induced a t  the end of a horizontal conductor due 
plane wave. The determination of the closed 

open c i r cu i t  voltage 
t o  an a rb i t ra ry  HEMP 

form response to  a 
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vertical ly or a horizontally polarized HEMP wave necessitates the 
knowledge of the values of the incident and ground reflected electric 
fields in order to evaluate the intergal in Equation (32). 

In Ref. 13 explicit expressions for the vertical and horizontal 
fields at a height h above the earth are given for both the vertically 
and horizontally polarized incident fields. For the case o f  a 
vertically polarized field incident on the conductor with angles Y and 
9, as defined in Fig. 13 electric field components normal and tangential 
to the earth at the height h are given by: 

-y02 hs i n~ 
Ex(h,z) = Eo (w) \ e 1 + R v e  ) COSY (34) -yoZCOSY cos$ i nc 

Ez(h,z) = Eo i nc (w) e -y o ZCOSY COS$ (1 - Rve -Y 2hsinY)siny cos9 (35) 

where EA"(w) i s  the frequency domain spectrum of the transient incident 
field , yo = jk = ju/c is the free space propagation constant, and Rv is 
the plane-wave reflection coefficient for vertical polarization which is 
given by: 

- 
Rv - 

where is the relative dielectric constant of the ground and E ~ = E ~ E ~ .  

In Equations (34) and (35) the point z=O is taken to be the zero 
phase point, implying that the incident field strikes this point at t=O 
in the time domain. For a good conductor this reflection coefficient 
approaches the value of 1 so that the vertical component of the field 
near the surface of the earth becomes twice that of the incident field, 
and the horizontal component tends to zero. 
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In a similar manner, the electric fields due to a horizontally 
pol arized field may be expressed as : 

Ex(h,z) = 0 
and 

(37 1 

sin+ (38) 
-y02 hs i nY 

1 + R H e  
-yozC0SY cos4 i nc EZ(h,z) = Eo (w) e 

where the horizontal reflection coefficient is: 

The resulting expressions for the electric field components 
tangential to the conductor for the vertically and horizontally 
polarized fields may be used in Eq. (32) and the integration performed 
analytically to yield expressions for the open circuit voltage at z=L. 
Equations (40) and (41) show the result of such integrations for 
vertical and horizontal polarizations respectively. 

Vi;)(w) = 

-(y-yocosYcos@) L (40 1 
e -1 

(y-y cosYcos~) 
0 

] e+ -y02 hs i nY 

X 
1 - p e - W  
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The effect  of conducting vertical  elements, such as  steel  
transmission/distribution 1 ine towers, 1 ine drops to  substation 
entrance, cables connecting pad mounted transformers to  distribution 
feeder, e t c . ,  on the horizontal conductor response, i s  to  add additional 
length to the current path for  either polarization, and modify the 
response (induced voltage o r  current)  i n  the case of vertical 
polarization. No response will be induced on vertical elements due t o  
horizontal polarization since the e l ec t r i c  f i e ld  will be orthogonal t o  
the elements. 

The effect  of the vertical  elements a t  z=O and z=L for  vertical  
polarization, can be represented, to  a f i r s t  approximation, by two 
lumped sources a t  these two po in t s .  The values of these end sources a re  
given by the product of the local vertical e l ec t r i c  f i e ld  times the 
height of the elements. These vertical  elements a re  then treated as 
passive loads a t  z=O and z=L for  determing the propagation 
characterist ics of the system. Hence t o  include the effect  of the 
vertical elements on horizontal conductors, Equation (40) becomes: 

-Yo2hsinYl 
inc(u) siny cos# [ 1 - R, e 

EO 
X vi;)(u) = 1 - pe -2yL 

- (y+yocosYcos#) L 

+ P  (y+yocosYcos($) "I e -1 
y-yocosYcos#) 

inc(u)cosq c y L  + EO (1 + R v ) h  -2 LyL 1 - pe 

In this expression, the f i r s t  bracketed terms account for the 
distributed f i e ld  excitation of the horizontal conductor and the l a s t  
two terms represent the vertical f i e ld  excitation a t  the loads (vertical  
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elements). Equation (41) for horizontal polarization is, of course, not 
effected. 

The above method is an approximate one since the variation in the 
strength of the incident electric field with height is not accounted 
for. Vance in [13] develops a more elaborate representation for this 
excitation which is more accurate when the height of the line becomes an 
appreciable fraction of a wavelength. 

Case of Long Conductors (Semi -1nf ini te) 

The above equations are the general forms, as developed from TEM 
transmission line theory, for the open circuit voltage of a conductor 
excited by HEMP. Under certain circumstances, it is desirable to 
simplify these equations. For example, in the case of a matched load at 
z=O, the reflection coefficient p may be set to zero. 

Often, it is desirable to study the effects of field excitation on 
an infinite or semi-infinite line. By setting p to zero, letting the 
conductor length L go to infinity, and changing the zero phase reference 
to the observation point end of the line, the following expressions 
result for the open circuit voltage on the long (semi-infinite) line: 

-yo2hs i nY 
1 - R v e  

voc (")(o) '= ~ d ~ ~ ( o )  sinYcos4 (y -yocosYcos~) (43 1 
and 

-yo 2 hs i n'Y 
l + R H e  

voc (H)(w) =  EA^^ sin4 (y -yocosYcos~) (44) 

The short circuit current at this point may be evaluated as: 

\ 

where Z0(w) is the characteristic impedance o f  the conductor. 
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The above equations may be solved by use of computer programs 
implemented on an IBM PC. The programs use a Fourier transform t o  
obta in  the HEMP excitation field i n  the frequency domain. The solution, 
either short circuit current or open circuit voltage, is  obtained i n  the 
frequency domain and then changed back to  the time domain t h r o u g h  an 
inverse Fourier transform. 

Through the use of approximations t h a t  are valid for many cases, a 
closed form solution may be obtained for the time domain open c i rcu i t  
voltage (o r  short circuit current) i f  the incident f i e l d  is  o f  the form 
E(t)=Eoe [13]. For cases i n  which the approximations are v a l i d ,  
solutions can be obtained through the use of  tabulated functions and a 
cal cul a t o r .  

-at 

3 . 2 . 1 . 2  Responses of Above Ground Multiconductor 
Transmission and Distribution Lines 

The preceding sections discussed the attributes of the HEMP-induced 
responses on isolated conductors i n  free space. The responses of the 
multi -conductor, mu1 ti-phase power 1 ines used i n  transmission and 
distribution system, however , are  more compl icated t h a n  those is01 ated 
conductors i n  free space. Table 3 illustrates the major factors 
influencing the responses of such lines and ,  hence, indicates their 
compl exi t y  . 

Table 3 
Factor Affecting the Response of Power Lines 

1 -  
2 -  
3 -  

4 -  
5 -  
6 -  
7 -  

8 -  
9 -  

10 - 
11 - 
12 - 

The span length 
The length o f  the line insulators 
The presence and number of shield (ground) wires 
and their grounding scheme 
The type of  towers s u p p o r t i n g  the line 
The tower-footing resistance (TFR) 
The (non-corona) attenuation on the line 
The geometrical layout of the phase and shield 
(ground) wires 
The ground resistivity 
The polarization of the EMP 
The angles of incidence and orientation of the line 
The corona attenuation on the line 
The line sag 
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Consider the problem illustrated i n  F i g .  17.  . A multiconductor 
transmission line having n individual conductors and a t o t a l  l e n g t h  L i s  
located above the earth. A t  each end of the line, a generalized load 
impedance matrix ZL 
t o  the l ine  currents!’m 

i s  defined t o  relate the individual line voltages 

I t  i s  assumed t h a t  the line i s  illuminated by an incident 
electromagnetic field as indicated in the figure. Generally, this field 
could be a plane wave arising from a high altitude detonation, or i t  
could be a radiated field from a surface burst, i n  which case the field 
would have a l / r  amplitude f a l l - o f f  from the burst point and not  be 
perfectly planar. 

I t  i s  further assumed t h a t  for performing an  assessment o f  the 
connected power equipment, i t  i s  necessary t o  estimate the line currents 
and voltages a t  the load of interest, say a t  the load a t  z=L. As in the 
single line case, i t  i s  common t o  replace the transmission line, i t s  
load impedance a t  z=O, and the incident EMP field by an equivalent 
Thevenin open circuit which i s  then connected t o  the load impedance a t  
z=L. This i s  illustrated in Fig. 18. Characterizing the line in this 
load-independent manner thus permits the determination of many different 
responses, depending on the nature of the load on the line. 

The details of the analysis of  a general multiconductor line are 
reviewed in Appendix A and this results in a matrix equation ( E q .  A9) 
for  the i n d i v i d u a l  wire currents a t  both ends o f  the multiconductor 
line, given in terms of  the line, load and excitation parameters. This 
equation may be used t o  determine the Thevenin equivalent circuit a t  the 
z=L end on the l ine .  

First, a useful approximation in the analysis o f  many practical 
multiconductor line configurations i s  t o  assume t h a t  a l l  of the TEM 
modes on the line propagate a t  the same velocity. For a set of 
cl osely-bund1 ed conductors having dielectric coatings, this 
approximation i s  not  accurate, b u t  f o r  widely separated conductors, the 
resulting errors are n o t  significant. Moreover, i t  has been shown i n  
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Fig. 17. Field-excited multiconductor line over ground. 

THEVENI N 
EQUIVALENT 

I 
VI I 

LOAD 

I I I 
z =  L GROUND 

Fig. 18. Generalized Thevenin circuit o f  mu1 ticonductor 
line at z=L. 
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Ref. [15] that  the use of single velocity modes does not lead to  large 
errors  in the terminal response of practical l ines .  T h u s ,  it i s  a 
practical approximation for  increasing the ease of calculations.  

As a resu l t  o f  this single velocity approximation, the propagation 
matrix term e(Yn,m)'l i n  E q .  (A9) i n  the appendix becomes equal t o  the 
u n i t  matrix multiplied by a simple scalar  propagation term as:  

where yc i s  a scalar  propagation constant given by: 

= w/v 
y$ (47) 

Here w i s  the angular frequency and v i s  the velocity of 
propagation on the l ine .  

As a resul t  of this assumption of single velocity propagation on 
the l i ne ,  i t  i s  possible to choose any l inear ly  independent se t  of modal 
distributions for  the current modes on the l ine .  One possible choice of 
the modal current distribution i s  for a u n i t  current t o  ex is t  on one 
wire with zero current on the remainder of the conductors. Of course, 
the ground (reference conductor) has a negative u n i t  return current. 
This choice of modal currents resu l t s  i n  the mat r ix  (Tn ) i n  Appendix A 
being simply a diagonal matrix, thereby simp1 ifying the resul t ing 
expressions considerably. 

,m 

In order t o  determine the Thevenin equivalent c i r cu i t  fo r  the l ine  
in F i g .  1 7 ,  i t  i s  necessary t o  open-circuit the l ine  a t  z=L and compute 
the voltage a t  the various terminals. From E q .  (AlO), i t  i s  noted tha t  
i n  the open-circuit case, the reflection coefficient a t  z=L i s  the u n i t  
matrix. This may be used i n  E q .  (A9) along w i t h  the character is t ic  
impedance matrix of the l ine  to  determine the open c i r cu i t  voltage a t  
z=L. I n  t h i s  case, the effective source terms are  those determined by 
the distributed f i e ld  sources given i n  Eqs. (A13) and (A14). 
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Similarly, Eq. (A9) along w i t h  the lumped source excitation terms 
of Eqs. (Al l ) ,  and (A12) can be used to  obtain an expression for the 
Thevenin impedance a t  the p o i n t  z=L. 

Under the above assumptions and a f t e r  much algebraic manipulation, 
the Thevenin voltage source for  the multiconductor l ine  may be shown t o  
be expressed as: 

. 
where the excitation terms (V,)  and (I,) may be expressed using the 
distributed voltage and current sources as:  

and 

The individual terms ( V t ( s ) ( z ) )  and ( I ' ( ' ) ( z ) )  are the n-vector 
distributed source terms defined i n  Eqs. (A15) and (A16). 

) i s  the nxn character is t ic  impedance 
matr ix  of the l ine  which i s  
era1 case. For the single velocity case being discussed here, t h i s  
reduces to: 

In Eq. (48), the matrix (Zc 
n 'm given by Eq. (A7) in the most gen- 

where ( L n Y m )  i s  the per-unit-length inductance matrix of the l i ne ,  and v 
i s  the propagation velocity. 
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Similarly, the expression for  the Thevenin impedance i s  given by: 

In each of these expressions, the reflection coefficient term i s  
that  due to  the load a t  z=O and i s  given by: 

The expressions i n  Eqs. (48) and (52)  above may be reduced in 
complexity in the case of an  open, short ,  and matched load a t  z=L. In 
these cases, the reflection coefficient matrix becomes the negative u n i t  
matrix, the unit matrix and the null mat r ix  respectively, thereby 
simp1 ifying the expression fo r  the Thevenin response. 

In order t o  understand the excitation of the multiconductor l ine  by 
an incident f i e l d ,  i t  i s  convenient to  assume that  the wave reflections 
a t  the z=O end of the l ine  are zero. This, i n  e f f ec t ,  permits the 
understanding of  the induced l ine  response due to  the i n i t i a l  
interaction of the exciting f i e ld  w i t h o u t  having subsequent reflections 
from the end of the l ine  adding t o  the complexity of the waveform. 

W i t h  (rn,,,)=O i n  E q .  (48) the following expressions resu l t  for  the 
Thevenin equivalent c i r cu i t :  

and 
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The open c i r c u i t  vo l tages on each conductor i n  t h e  l i n e  i n  t h e  

above expressions d i f f e r  i n  form somewhat from t h a t  f o r  a s i n g l e  w i r e  
conductor developed i n  Sect ion 3.2.1 .l. I n  t h e  present formulat ion,  a 
c o n t r i b u t i o n  t o  the  t ransmiss ion l i n e  source terms conta ins both the  

e l e c t r i c  and magnetic f i e l d s .  Furthermore, i n  the  present fo rmu la t i on  

t h e  e l e c t r i c  f i e l d  o f  i n t e r e s t  i s  t h a t  component perpendicu lar  t o  the  
conductors and the magnetic f i e l d  i s  t h a t  component which l i n k s  the  
conductor and t h e  reference ground plane. I n  the  case i n  

Sect ion 3.2.1.1, t he  o n l y  e x c i t a t i o n  was t h a t  due t o  t h e  t a n g e n t i a l  

component o f  t h e  e l e c t r i c  f i e l d  on t h e  conductors, as w e l l  as on the  
t e r m i n a t i n g  conductors. 

That these two a l t e r n a t e  representat ions f o r  the l i n e  response are 

i d e n t i c a l  can be shown by us ing  t h e  c u r l ( E )  Maxwell equat ion t o  express 

the  magnetic f i e l d  i n  the  d i s t r i b u t e d  vo l tage  term i n  terms on t h e  

e l e c t r i c  f i e l d .  Then, upon combining t h e  vo l tage  and c u r r e n t  source 
c o n t r i b u t i o n s  i n t o  a s i n g l e  term, i t  may be noted t h a t  o n l y  the  

t a n g e n t i a l  components of t h e  e l e c t r i c  f i e l d  a r e  present i n  t h e  sources. 

I n  t h i s  manner, t h e  expression f o r  t he  Thevenin vo l tage  a t  t he  end 
o f  t h e  matched mu l t i conduc to r  l i n e  can be w r i t t e n  i n  an a l t e r n a t e  form 
as: 

where t h e  f i r s t  term represents  the  e f f e c t  o f  t h e  e l e c t r i c  f i e l d  a long 
the  l e n g t h  o f  t h e  conductor, and the  second two terms account f o r  t he  
e x c i t a t i o n  o f  t h e  l o a d i n g  te rm ina t ions  by t h e  i n c i d e n t  f i e l d .  Note t h a t  

i n  t h i s  n o t a t i o n  (Etan ) represents t h e  t o t a l  inc i -dent  p l u s  ground-re- 

f l  ected tangen t i  a1 e l e c t r i c  f i e l d  on each o f  t he  n conductors and 
(E1 ) represents t h e  t o t a l  i n c i d e n t  e l e c t r i c  f i e l d  normal t o  the  n 

In conductors and t e r m i n a t i n g  on t h e  ground plane. 
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As discussed in Reference [13], the e l ec t r i c  f i e ld  exciting the 
l ine in E q .  (56) consists of contributions from the d i rec t  ( incident) 
wave, as well as from the e l ec t r i c  f i e ld  reflected from the ground, as 
i l lus t ra ted  in Fig. 19. Reference [13] shows t h a t  these may be written 
as: 

(57 1 - j k 2 h  sinY) siny (1 - Rv e -jkz COSY 
Etan  = Eoe 

and 

where Eo i s  the incident f i e ld  strength, and Y i s  the angle of 
incidence. In these relat ions,  the incident f ie ld  i s  assumed t o  be 
ver t ical ly  polarized. 

The term R v  i s  the plane wave reflection coefficient for  ver t ical ly  
polarized f i e lds  and i s  given by E q .  (36). 

I n  looking a t  these relat ions,  i t  may be noted t h a t  for  conductor 
heights which are small compared with a wavelength, the excitation of 
each conductor varies l inear ly  w i t h  the height above ground. T h u s ,  i f  
the excitation term i s  known on one conductor, the corresponding 
excitation can be estimated for  another in the same l ine .  

For example, consider the typical transmission 1 ine cross sections 
f o r  a 69 kV l ine  as shown i n  Fig.  20. For the single c i r cu i t  l i ne  shown 
in F i g .  20a, each phase conductor i s  a t  the same height over the ear th ,  
so t h a t  each receive the same amount of  excitation from the incident 
f ie ld .  (This neglects any phase differences i n  the excitation f i e ld  
across the cross section of the l i n e . )  Based on an estimation of the 
various heights of the phase conductors in F i g .  20b where a double 
c i r cu i t  l ine  i s  shown, i t  may be estimated t h a t  there will be a 
variation of approximately 30% of the voltage source on the t o p  
conductor over t h a t  for the bottom conductor. This difference may or 
may not  be important in the final outcome of the analysis,  and  depends 
on how the calculated resu l t s  are t o  be used. If  there are similar 

uncertainties i n  the modeling of components and the i r  suscept ib i l i t i es ,  
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F i g . ' 1 9 .  Reflection of incident f ie ld  a t  ground plane. 
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AVERAGE SWN= 1000 FT. AVERAGE SPAN=900 FT. 
SINGLE CIRCUIT DOUBLE CIRCUIT 

Fig. 20. Steel tower construction for transmission 
lines at voltages o f  69 kV and above. 
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or i f  there are  larger uncertainties i n  the EMP environments exciting 
the l ine ,  i t  may not be necessary to  take the multiconductor l ine  
behavior into account. In this case, an approximate single l ine may 
suffice . 
3.2.1.2.1 Equivalent Single-Conductor Response 

In the cases where the inaccuracies i n  u s i n g  a single l ine  model 
for  a multiconductor l ine  response a re  low enough to  permit the use of a 
single l ine  model t o  estimate individual phase conductor currents or 
voltages, i t  i s  necessary t o  determine the appropriate single l ine 
parameters for modeling the 1 ine. These parameters include the 
characterist ic impedance and wave velocity on the single l ine  
equivalent, the f ie ld  coupling parameters, and the effective load 
impedances. A knowledge of these parameters then permits the 
representation of the excited l i ne  as a single Thevenin equivalent 
c i r cu i t  as shown i n  F ig .  21. 

This problem has been addressed by several investigators [16,17] 
and the i r  resu l t s  will be summarized here. The determination o f  the 
propagation velocity for  the equivalent single conductor l ine  i s  
obtained by looking a t  a l l  of the multi-mode propagation velocit ies on 
the multiconductor and choosing the f a s t e s t  velocity. The f a s t e s t  mode 
i s  always the bulk (or common) mode on the l ine ,  and thus corresponds 
most closely to  the quantity be ing  calculated i n  the single l ine  model. 

In addition t o  t h i s ,  the single l ine  character is t ic  impedance can 
be defined as: 

(59) 

represents the i j t h  element o f  the inverse of the where 
impedance matrix ( i  .e. ,  the character is t ic  admittance matr ix  of the 
1 ine) .  

-1 
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THEVENIN 

"oc ! EQU I VAL EN T 
LOAD 

I 
I 

'IY I I 
I A . 

GROUND z =  L 

7 zL 

I 

I 
I 

Fig. 21. Single line Thevenin equivalent circuit. 



59 

For determining the appropriate load impedance a t  the end of a 
single conductor line, E q .  (59) may a l so  be used, b u t  w i t h  the load 
impedance (Z,) used in place of  the characteristic impedance matrix. 

For the field coupling parameters, i t  i s  necessary t o  determine an 
average height of the conductors above the ground and use this t o  f i n d  
the excitation terms i n  the single line equivalent of E q .  (56). This i s  
the same as defining an average of  a l l  excitation voltage sources on the 
multiconductor line and using this for the single line excitation. 

Doing this leads t o  the definition of the single-line voltage and 
currents as: 

h 

and 

h 
- 2  

Ii 
- 

I S  i =1 

where n i s  the number of conductors in the line, and V i  and Ii are the 
wire voltages and currents on the multiconductor line. 

Once a single line analysis has been conducted, and the load 
voltages and currents have been determined, i t  s t i l l  remains t o  estimate 
the individual phase conductor responses from the b u l k  response. This 
may be accomplished by assuming t h a t  the loads are balanced on the line 
and t h a t  the phase voltages are identical. This then permits the 
estimation o f  the phase conductor response as: 

vi = vs 
and 

I i  = Is/n 
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Obviously, there are many different  errors introduced i n  u s i n g  a 
single l ine  analysis for  a multiconductor l ine.  Unfortunately, i t  i s  
very d i f f i c u l t  t o  quantify the degree of e r ror  i n  a general sense. As a 
resu l t ,  there have been several numerical studies performed to  assess 
the accuracy of this modeling, b u t  they a r e  unable to  permit any general 
statements regarding the accuracy. 

In a general power system, a preliminary screening o f  the load and 
l ine  configurations must be carried o u t  and an assessment of the desired 
calculational accuracy made prior t o  deciding whether a single or 
multiconductor analysis i s  required. 

3.2.1.3 Network Modeling i n  Frequency Domain 

The EMP coupling models discussed to  this p o i n t  have a l l  been 
related to  a single length of l ine ,  containing one or more individual 
conductors. In actual practice i n  a power system, the topology of the 
electr ical  conductors connected to  a particular piece of equipment may 
not be this  simple. There may be branching of  e lec t r ica l  conductors, as 
well as significant changes of  l ine  impedance, such that  a transmission 
l i ne  network model i s  more suitable for  the analysis of the Thevenin 
equivalent c i r cu i t  a t  the observation end of the l ine.  While such 
analysis i s  possible [ l ] ,  the result ing complications can be severe and 
this type of analysis i s  best avoided i f  possible. 

Consider the electr ical  transmission network shown i n  F i g .  22 which 
i s  comprised of a number of individual transmission l ine  sections 
(e i ther  single wire or multi-wire) which a re  interconnected a t  each of 
the nodes or junctions i n  the system. I t  i s  desired t o  determine the 
open c i r cu i t  response a t  the observation p o i n t ,  denoted as 0. 

From the experience gained from the analysis of single wire l ines ,  
i t  i s  c lear  t h a t  the very ear ly  time response of the l ine  a t  0 i s  
dictated by the coupling of the EMP with the l ine  conductor i n  the 
vicini ty  of the observation point. As time progresses, the e f fec ts  of 
the coupling t o  the l ine  a t  points further away from the observation 
poin t  have time to  propagate and influence the response. 
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/ 

OB S E R VA T I ON 
POINT 

Fig. 22. Transmission l i n e  network w i t h  observat ion 
p o i n t  i nd i ca ted .  
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Using the concept o f  the critical line length permits us t o  extract 
a portion of the network and analyze i t s  EMP response as if  i t  were 
isolated from the remainder of the network. Clearly, i f  the calculated 
response i s  desired for later times, the resulting size of the 
sub-network t o  be analyzed i s  correspondingly larger. In most cases, 
however, the peak EMP-induced response occurs well within the f i r s t  
microsecond after the incident field strikes the observation point, and 
the required sub-network size i s  small, perhaps consisting of only a 
single line less t h a n  a kilometer in length. 

The critical line length of a single conductor i s  expressed as: 

c tmax 
(1 - cos (Y )  cos (9)) Lc = 

where tmax i s  the maximum time for which the response of the single 
length line i s  t o  be identical t o  t h a t  of the line imbedded in the 
network. Note t h a t  the above equation i s  developed for  a line located 
over a highly conducting earth, where the wave velocity on the line i s  
the same as t h a t  i n  free space. 

Assuming t h a t  a maximum time of 1 microsecond i s  acceptable for 
estimating the effects of EMP on a component in the power system, the 
above equation becomes: 

300 
(1 - cos ( Y )  cos (9)) Lc = 

Table 4 presents this critical line length for several values of 
the angles of incidence Y and 9. Thus, depending on the angles, a 
complete EMP network coupling analysis may not be necessary in assessing 
a particular piece of equipment. 

There may be, however, times when a network analysis i s  needed. 
For example, in studying the effects of intermediate time HEMP, i t  will 
be necessary t o  consider times on the order of milliseconds, and the 
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n 

U 

8 

Table 4 

Critical Line Lengths (in Km) for a 1 us Clear Time 

Y (Degrees) 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 
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corresponding c r i t i c a l  1 ine lengths become large. Similarly, i n  
,estimating the response of distribution systems, a network model may be 
required, since the network s ize  may be comparable to  the c r i t i c a l  l i ne  
1 ength. 

In cases l ike  these, there are  several different  approaches which 
may be used. The f i r s t  i s  a simple network reduction technique which 
permits the reduction of a simply connected ( i . e . ,  no closed loops) 
network into i t s  Thevenin equivalent through a ser ies  of 
transformations. 

Consider the simple network shown i n  F i g .  23 which consists of f ive  
lines located above the ground. A t  the ends of three of .the l ines  there 
are terminating impedances, and the Thevenin equivalent c i r cu i t  i s  
desired a t  the terminal 0. Through the use of the transmission l ine  
transformation indicated i n  F i g .  24,  i t  i s  possible to  sequentially 
collapse each l ine  a t  the extremities of the network into lumped 
impedance and voltage sources i n  para l le l ,  and then combine the i r  
contributions. This process i s  continued u n t i l  the network i s  
completely reduced t o  a single Thevenin equivalent c i r cu i t ,  as i s  
i l lus t ra ted  i n  F i g .  25. 

Note tha t  i n  collapsing a l ine  as  indicated i n  F i g .  24, the 
,- incident f ie ld  on the l ine ,  as  well as the presence of a previously 

excited l ine ,  contribute t o  the l i n e ' s  response. The contribution to  
the open c i rcu i t  voltage by the incident f i e ld  i s  direct ly  given by 
Equations (40) and (41) for  the two different  polarizations, and the 
part of the open c i r cu i t  voltage due to  lumped source a t  the f a r  end of 
the l ine  i n  F i g .  25 i s  given by: 

I - - 
-26L 1 - pe voc 

where p i s  the reflection coefficient for the l ine  previously defined i n  
Eq. (30). Similarly, the expression for  the input impedance for  the 
l ine segment is  given by E q .  (31). 
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Fig .  23. T ree - l i ke  t ransmiss ion 1 i n e  network. 

ZI SInc . A . 

"I + F r  - 
A' 

Fig.  24. Fundamental c i r c u i t  f o r  network reduc t ion .  
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v i  r0 

Fig. 25. 
a Thevenin equivalent. 

Series of transformations o f  network to 
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There are some cases where the transmission line network contains 
loops,  as illustrated in Fig. 26. In this instance, the simple node 
reduction method previously described is  not  applicable for  the 
determination of the equivalent circuit a t  the observation point. A 
more general analysis approach i s  required. 

The analysis of general transmission line networks has been 
discussed recently in several different References *[18,19] and involves 
an analysis procedure t h a t  i s  similar t o  t h a t  used in the solution o f  
large circuit problems, also involving loops: instead of simplifying 
the circuit, a set o f  node (o r  possibly loop)  equations are written, and 
the entire circuit i s  analyzed a t  once. This formalism will n o t  be 
re-derived here, b u t  the salient aspects of the analytical approach will 
be summarized. 

For the transmission line network, however, the individual elements 
linking the nodes i n  the network are long compared with a wavelength, 
thereby complicating the analysis. From the physical description of the 
transmission line network, i t  i s  possible t o  develop a topological 
representation o f  the same, as shown in Fig. 26b. Each branch of the 
network represents a particular l eng th  of transmission line, either 
single or multiwire, and each are assumed t o  be excited by an incident 
EMP . 

The previous discussions of EMP coupling t o  single and multiwire 
lines permit the determination of  the amplitudes of positive and 
negative traveling waves on each of the lines in the network. How each 
of these t r a v e l i n g  waves interact  w i t h  each other a t  the junctions i n  
the network i s  a function of the connections of the conductors a t  the 
junctions, as well as the details of the load  impedances a t  these 
points. This knowledge i s  incorporated i n  one large matrix equation, 
known as the BLT equation [18], which may be solved for the line 
traveling waves. These may then be combined t o  yield the line voltages 
and currents a t  a l l  o f  the junctions in the network. 
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a)  Transmission 1 i n e  network i n v o l v i n g  loops 

P I  0 = NODE 

I =BRANCH 

0 7 @  

b) L inear  graph showing network topology 

F ig .  26. P i c t o r i a l  rep resen ta t i on  (a)  and t o p o l o g i c a l  
rep resen ta t i on  ( b )  o f  a t ransmiss ion l i n e  network w i t h  
1 oops. 
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As t h i s  a n a l y s i s  i s  performed i n  t h e  frequency domain, any 
t r a n s i e n t  r e s u l t s  a r e  obta ined by performing such an a n a l y s i s  a t  many 

d i f f e r e n t  f requencies,  and then us ing  a F o u r i e r  t ransform. 

This  c a l c u l a t i o n a l  approach has been inco rpo ra ted  i n  a general 

computer code f o r  t r e a t i n g  mu1 t i c o n d u c t o r  t ransmiss ion 1 i n e  
networks [20], and i s  a v a i l a b l e  f o r  use i n  power system assessments, i f  

necessary. However, i t  i s  p r e s e n t l y  thought t h a t  t h e  need f o r  such an 

a n a l y t i c a l  t o o l  w i l l  be i n f requen t ,  due t o  t h e  f a c t  t h a t  t he  l a r g e s t  EMP 
response a t  a s p e c i f i c  component occurs w i t h i n  the  f i r s t  microsecond and 
t h e  c r i t i c a l  l i n e  l e n g t h  concept a l l ows  a reduc t i on  o f  t h e  s i z e  o f  t h e  

network t o  be analyzed. 

3.2.1.4 Underground Conductors 

Th is  s e c t i o n  covers t h e  a n a l y s i s  o f  t h e  response o f  b u r i e d  
conductors t o  HEMP. Th is  a n a l y s i s  can be a p p l i e d  d i r e c t l y  a p p l i e d  t o  
p ipe type cables, i n s u l a t e d  cables, bare cables, condui ts ,  and m e t a l i c  
water pipes. This  s e c t i o n  discusses t h e  case o f  both e l e c t r i c a l l y  l ong  
and s h o r t  b u r i e d  conductors. 

The a n a l y s i s  descr ibed here i s  based b a s i c a l l y  on the ana lys i s  by 

Vance i n  References [13 and 211. 

Long Bur ied Conductors 

Consider t h e  problem shown i n  Figure 27. An i n f i n i t e l y  long, 

h i g h l y  conduct ing conductor o f  r a d i u s  a and covered w i t h  an i n s u l a t i n g  
j a c k e t  o f  rad ius  b i s  l o c a t e d  a d i s tance  d below t h e  sur face o f  t h e  
ea r th .  The e a r t h  i s  assumed t o  be a homogenious hal f -space having a 
c o n d u c t i v i t y  o and a d i e l e c t r i c  constant  E An i n c i d e n t  HEMP impinges 

9 g' 
on t h e  e a r t h  w i t h  angles o f  inc idence 9 and $ ,  and has e i t h e r  v e r t i c a l  
o r  h o r i z o n t a l  p o l a r i z a t i o n  as def ined i n  Sect ion 3.2.1.1. I t  i s  des i red 
t o  determine t h e  time-dependent c u r r e n t  induced on t h e  l i n e  conductor. 

As discussed i n  Sect ion 3.2.1.1, t h e  ana lys i s  o f  t h i s  problem can 

be c a r r i e d  o u t  through the development of a t ransmiss ion l i n e  model 

having t h e  d i f f e r e n t i a l  s e c t i o n  shown i n  F igure 28. Once the  var ious 
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DIRECTION OF PROPAGATION 
OF INCIDENT W A V E  

a )  Perspective view 

AIR 

INSULATING 
SHIELD JACKET 

b)  Cross sect ional  view 

Fig .  27. Geometry o f  HEMP e x c i t e d  buried cable [21]. 
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L' 

F ig .  28. 
e x c i t e d  by HEMP. 

D i f f e r e n t i a l  sec t i on  of bur ied  conductor 
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impedance and admittance elements a re  defined, and the excitation 
voltage source related to  the incident EMP e lec t r i c  f i e l d ,  the 
conventional transmission l ine  relations developed in Section 3.2.1.1 
may be used t o  determine the conductor current. I n  this particular 
case, the conductor i s  taken t o  be in f in i t e ,  so the e f fec ts  of current 
reflections a t  the ends of the l ine  are not taken into account. 

In Fig. 28, the total  per-unit-length impedance for  the 
transmission l ine  model i s  given by: 

Z ' ( W )  = Z ( w )  + Z i ( w )  + j d '  (67 1 9 

where the f i r s t  term Z represents the effective impedance of the 
ground-return p a t h  o f  the current. Ideally, the transmission 1 ine 
current flowing on the buried conductor a t  one end must flow out of the 
end, i n t o  the near-by s o i l ,  and propagate back to  the opposite end of 
the conductor t o  complete the c i r cu i t .  This term accounts for the 
impedance of t h i s  current p a t h  and i s  given in Ref. 13 as :  

9 

where H A 1 )  and H I 1 )  represent the cylindrical Hankel functions and y i s  
the propagation constant i n  the lossy earth given by: 

9 

which for low frequencies may be approximated as: 

where 6 i s  the skin depth defined as:  
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Figure 29 from Ref. 21 shows p l o t s  o f  s k i n  depth vs. frequency f o r  
several  d i f f e r e n t  ground c o n d u c t i v i t i e s .  I n  these r e l a t i o n s ,  f i s  the  

frequency given by f = w/21~. 

For the  cases when the  depth of b u r i a l  o f  t he  conductor i s  

s i g n i f i c a n t l y  l e s s  than t h e  s k i n  depth, t h e  e a r t h  impedance c o n t r i b u t i o n  

t o  the  t ransmission l i n e  model can be approximated as: 

where ro i s  E u l e r ' s  constant  given by 1.781 ... 

The second term i n  t h e  pe r -un i t - l eng th  impedance i n  Eq. 67 p e r t a i n s  

t o  the i n t e r n a l  impedance o f  t he  conductor i t s e l f  which i s  g iven 
approximately as: 

Zi(w) = (1 + j ) /21~aat j  (a>>&) (73) 

I n  developing t h i s  l a s t  r e l a t i o n ,  i t  i s  assumed t h a t  t he  conductor 

i s  a h i g h l y  conduct ing c y l i n d e r .  

The l a s t  term i n  the  l i n e  impedance i s  due t o  t h e  impedance o f  t he  
d i e l e c t r i c  j a c k e t  o f  t he  cable having a th ickness b-a. This  i s  g iven 
as: 

j wo 
jwL '  = -2.rr l n ( b / a )  (74) 

The o v e r a l l  p e r - u n i t - l e n g t h  admittance o f  t he  conductor i s  seen t o  
be a s e r i e s  combination o f  two i n d i v i d u a l  admittance elements, j w C '  and 
Y The f i r s t  i s  due t o  t h e  c a p a c i t i v e  e f f e c t  of t h e  d i e l e c t r i c  sheath 

which i s  expressed as: 
9' 

j w C '  = j w  2 1 ~ ~ ~ / l n ( b / a )  (75) 
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Fig .  29. 
soil [Zl]. 

Skin  depth i n  i m p e r f e c t l y  conduct ing 
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where ci is the dielectric constant of the cable jacket. The second 
term pertains to the shunt susceptance of the soil, and according to 
Vance [13], is given approximately as: 

The resulting total per-unit-length admittance of the line is thus 
the series combination of these two admittances and is given as: 

(77)  

Note that for a bare conductor or for a conductor with a very thin 
jacket, the jacket capacitance approaches a large value and the 
per-unit-length admittance of the line reduces to just that of the 
surrounding earth. With the line impedance in Eq. ( 6 7 ) ,  and the 
admittance in Eq. (77), the propagation constant for induced currents on 
the buried bare conductor may be calculated as: 

and the characteristic impedance is given as: 

j w0 d r 6  
2yg ro 

ZC(W) = i Z ' ( W ) / Y ' ( W )  - In - (79)  

These latter quantities permit the description of the behavior of 
the EMP-induced conductor current using the simple transmission 1 ine 
expressions. 

The final quantity needed to complete the description of the 
per-unit-length model of the buried conductor is the distributed 
exciting voltage sources. As for the above ground conductors, these 
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distributed sources are  equal t o  the tangential e l ec t r i c  f i e ld  on the 
conductor. Because the conductor i s  buried i n  the ear th ,  i t  i s  expected 
that  this excitation f i e ld  will be considerably reduced in magnitude, 
due to  the reflection of much of  the incident f i e ld  from the ground 
surface. 

Vance, i n  Ref. 13 has developed two approximate expressions fo r  the 
frequency-domain tangential e l ec t r i c  f i e ld  a t  a depth d for  both 
vertical and horizontal polarization. These are given as: 

E, N 2 Eo ( w )  COS+ - ( 1 t J ) d / 6  (ver t ica l )  (80) 

and 

E, = 2 E0(w)  sin$ cos+ -(l+J)d’* (horizontal ) (81 ) 

where Eo(w)  is the spectrum of the incident HEMP wave. 

The description of the buried conductor response through the 
quantit ies i n  Eq .  ( 7 9 ) ,  (80),  and (81), are  suff ic ient  to permit the 
application of the transmission l i ne  formalism of Section 3.2.1.1 t o  
develop a solution for  the frequency domain l i ne  current. 

Instead of doing this,  however, Vance [21] has i l lus t ra ted  how i t  
i s  possible to  obtain a re la t ively simple expression for  the time-domain 
cable current without resorting to  a numerical evaluation of the current 
spectrum and performing a Fourier transform. F i r s t ,  i t  i s  necessary t o  
simplify the form of the incident waveform somewhat. Instead of us ing  a 
double exponential , a single exponential waveform i n  the form o f :  

E o ( t )  = A. e - t / T  

i s  suitable with A, = 50 kV/m, and ? = 0.25 x i n  order t o  
represent the HEMP f ie ld .  Note t h a t  this does not  represent the early 
time part of the f i e ld  accurately, b u t  the e f fec ts  of the lossy earth 
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serve to  markedly broaden the transmitted f i e lds  into the earth,  so that  
the actual f i e ld  i s  not a t  a l l  strongly dependent on the de ta i l s  of the 
very early time p a r t  of the incident waveform. For a double exponential 
i n p u t  waveform, one can obtain the response by supposition of the 
results of the two single exponential responses. 

Using concepts similar t o  those developed for  the transmission l ine  
analysis for  above ground conductors, the frequency-dependent current on 
the in f in i t e  l ine  a t  a depth d can be expressed as: 

where the term T~ represents a time constant for  the earth and i s  given 
by: 

T = € / u  
e 0 9  

The term D($ ,$)  in Eq. (83) i s  the d i rec t iv i ty  function which 
accounts for  the polarization of the incident f i e ld  and i s  given by: 

D($,@) = COS@ (vertical  polarization) (85) 

D($,@) = sin$ sin@ (horizontal polarization) (86) 

In attempting t o  develop an analytic solution for  the time-domain 
response for the current, i t  i s  necessary t o  make an additional 
simplification i n  Eq. (83) i n  order t o  perform the transform from the 
frequency-domain into the time-domain. As i l lus t ra ted  i n  F ig .  30, the 
log term i n  the denominator of Eq. (83) i s  a weak function of frequency. 
As discussed by Vance, the. choice of a constant value of about 10 
appears t o  be a reasonable one, and in doing this,  the inverse Fourier 



78 

16 

14 

12 

10 

$7 8 

- 8 

6 

4 

2 

I I I I I1111 
0 I I I I I I I I I  I I I I I 1 1 1 1  
102 I o3 1 o4 lo5 

FREQUENCY - HZ 
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transform may then be taken analytically.  This permits the final 
expression for the transient current i n  the buried cable to  be written 
as: 

2 2  m 
- t / T  J e e' dg (87) i ( d , t )  = 2x10 6 iz ' e T  A. D ( q , $ )  e 

0 

where the parameter p is  a constant and i s  given by 

2 
P = [;I /4TTe 

The evaluation of E q .  (87) i s  rather straightforward. The only 
potential problem is t h a t  the evaluation of the integral must be done 
carefully so as t o  not  cause unwanted errors i n  the response. 
Additionally, for large times, the positive exponential term must be 
treated carefully,  since there i s  a possibi l i ty  of this result ing i n  
numerical overflows. As a q u i c k  reference, F ig .  31 from Ref. [21], 
shows the variation of the normalized current as a function of time and 
the incident f i e ld .  

Figure 32 from Ref. [21] shows the variation of the peak induced 
current with respect t o  incidence angles for  both vertical  and 
horizontal polarization. For an arbi t rary polarization, the techniques 
of superposition can be applied t o  determine the response of cable, 

Special Case: Buried Conductors In Non-Metalic Conduits 

A special case of the under-ground conductor are  those enclosed i n  
non-metalic conduits or  mechanical shields. The shield i n  this case 
does not offer  any shielding t o  the inner conductor, b u t  serves only to  
a l t e r  the capacitance between the soil  and the conductor. In addition 
to  this, the insulation i n  the shield (ei ther  air  or  any other form of 
insulator) tends to  make the response of such a conductor different  than 
the bare conductor i n  d i rect  contact w i t h  the so i l .  These e f fec ts  lead 
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T I M E -  t / T  

Fig. 31. Normalized waveforms of t h e  i n c i d e n t  f i e l d  and 
cab le  c u r r e n t  as func t ions  of t ime [21]. 
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to  less  attenuation of the induced current a t  low frequencies (since the 
coupling t o  the inner conductor i s  th rough  the capacitance between i t  
and the s o i l ) .  A t  high frequencies, the admittance per-unit-length i s  
dominated by the admittance of the so i l .  The two types of conductors 
will have approximately the same response. 

Short Buried Conductors [21] 

If  the conductor i s  short e l ec t r i ca l ly  (few tens of meters i n  poor 
to  average s o i l s )  with respect t o  a s k i n  depth i n  soi l  for the 
frequencies of i n t e re s t ,  i t  can be analyzed as an e l ec t r i ca l ly  short 
dipole i n  a f i n i t e l y  conducting medium. The current a t  the center of 
such a conductor of length’& is then given as:  

Ez&Y 
1 -  - 2 

where E, i s  the f i e ld  strength i n  the s o i l .  

Y i s  the admittance of a center-fed dipole of length ~r and radius a 
For @>WE we can write: 

where u i s  the conductivity o f  the earth 

Then : 

Using E q .  (80) and (81), Vance gives the following relationships 
for the current i n  terms of a single exponential incident f i e ld  of the 
form of E q .  (82): 

T d o R  2 
sin sin 4 -/a Te T I =  

J W  + - 
‘I 
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lToAoR 2 
dr cos Q I -  Te - 

T 

(93) 

Equations 92 and 93 are for  horizontal and vertical  polarization 
respect i vel y . 

The waveform of the current a t  the center of the conductor i s  hence 
given by: 

where 

Te = “/a 

D ( l J , Q )  = sin Q sin J, (horizontal polarization) 
= cos 9 (vertical  polarization) 

T = Time constant of incident exponential f i e ld  pulse. 

(95) 

(96) 

Equation (94) i s  only valid for  t>re and gives the maximum current 
along the conductor [21]. 

3.2.1.5 Coupling t o  the Inner Conductors of Shielded Cables 

Shielded cables are  used for many applications i n  today’s power 
systems. Some of these applications are found i n  energy delivery, 
communications, and control sub-systems. This subsection of the report 
describes the coupling of HEMP t o  the inner conductor of such cables, 
and, hence, this completes the coupling aspects t o  a l l  kinds of 
conductors. 

This subsection s t a r t s  with the description of a transmission l ine  
model for  the shielded cable, followed by a discussion on the t ransfer  
impedance and admittance of shield,  followed by the responses of short 
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and arbitrary-length cables. A discussion on multi -shields and 
ferrormagnetic saturation concludes this subsection. 

Transmi ssion-Line Model 

There are basically two types of shielded cables. The f i r s t  kind 
i s  the type with a braided-wire shield, and the second i s  the type with 
continuous solid (with no cavities and no apertures) sheath. In bo th  
cases, however, the transmission-line model can be used t o  analyze the 
effects of an incident HEMP plane wave. In  the case of the f i r s t  type 
(shield with apertures) , the transmission-line model will contain both  
distributed series voltage and shunt current sources, as in Fig. 33. In  
the case of  the second type'of shielded cables (with continuous shields) 
only the series voltage sources are present in the model. 

Formulation of the Response 

The differential element, dz ,  o f  the cable of Fig. 33 contains a 
distributed voltage source of the form: 

where, I o ( z )  i s  the current in the shield, per Fig. 33a. 
transfer impedance of  the shield. 

ZT i s  the 

The distributed current source i s  of  the form: 

where, Vo(z) i s  the external vol tage of the shield, per Fig. 33a. 
the transfer admittance of the shield. 

YT i s  

The inner conductor voltage V and current I are defined by the 
fol 1 owing two differential equations : 
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'CONDUCTOR 

a )  Cross section o f  a shielded cable 

b)  Equivalent c i r cu i t  for  the internal c i r cu i t  when 
bo th  the t ransfer  impedance and the transfer 
admittance are  i ncl uded [13]. 

F i g .  33. Model f o r  a shielded cable. 
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where, Z and Y are  the ser ies  and s h u n t  admittance per u n i t  length, 
respectively. V;(z) and J;(z) a re  as defined in Equations (97)  and (98) 
respecti vel y . 

In the case of a solid shield,  J z ( z )  i s  negligible compared to  
v;(z). 

The Transfer Impedance, ZT 

The t ransfer  impedance of the shield depends on the character is t ics  
of the shield and i s  the given by: 

1 dV 
‘T = f- 5 I 1=0 

0 

Where, Io i s  the current i n  the shield. 

dV - is the voltage per u n i t  length along the cable. dz 

ZT gives the open c i r cu i t  voltage developed between the internal 
conductor and the shield fo r  one ampere of shield current i n  a cable one 
meter long .  In other words, ZT, i s  the r a t io  o f  the voltage induced 
across the ends of a one meter cable divided by the current induced on 
the outside shield by the incident HEMP, 

Properties of ZT 

For both types of shields,  ZT always contains a diffusion component 
w h i c h  defines the longitudinal e l ec t r i c  f i e l d  inside the shield t o  the 
current on the finitely-conducting shield. For shields w i t h  apertures, 
there i s  also a mutual inductance term to account for  the coupling t o  
the inner conductor. 



- ,  

87 

For solid shields,  Schelkunoff [22] defines ZT as follows: 

whereby a i s  the outer radius of the shield. 
T i s  the thickness of the shield. 
6 i s  skin depth i n  the shield given by: 

1 6 =  

( ~ . l  and  are the permeability and conductivity of the shield.)  

Equation (102) assumes the following: 

- a i s  small compared t o  the smallest wavelength o f  the incident 
f i e ld .  

- CJ i s  high (conduction current >> displacement current)  

For low frequencies, T/6 << 1 and ZT is  real and is  given by: 

ZT 1 

where Ro i s  the dc resistance of the shield per u n i t  length. 

For high frequencies, T/6>> 1 and Z,. i s  given by: 

w i t h  a phase angle, ez = - g t  
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Figure 34 shows the variation of normalized ZT as a function of 
T/6. This figure indicates t h a t  as T/6 increases, I ZTI  decreases 
implying tha t  the higher the frequency the l e s s  coupling t o  the inner 
conductor of shielded cables. 

An a l ternat ive expression fo r  ZT i s  given by Vance [l3] as :  

Ro Gs - - 
zT sinh fiS 

where -re i s  the shield diffusion time constant given by: 
3 

The Transfer Admittance, Y, 

2 T = pouT 
S 

The t ransfer  admittance 
character is t ics  of the shield 
given by: 

yT 

of the shield i s  dependent on both the 
and the surroundings of the cable. I t  i s  

- 1 dI - - - -  
Vo dz I V = O  

where Vo i s  as  defined i n  Figure 33.  
and : 

dI is  the current into the internal conductor from the 
surrounding of the cable. 

YT gives the short-circuit  current induced in the inner conductor 
of a one meter long cable when i t  i s  shorted t o  the shield a t  one end, 
and one volt  i s  applied a t  the other end between the inner conductor and 
and the shield. 



89 

10-2 10-1 I IO IO2  
TI8 

F i g .  34. Normal i z e d  t r a n s f e r  impedance f o r  
thin-wal led s o l i d  c y l i n d r i c a l  shields [13]. 
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Properties of YT 

For solid shields, YT i s  negligible. For braided wire shields, o r  
those with apertures, YT contains a mutual capacitance term t h a t  
accounts for the capacitance coup1 ing between the inner conductor and 
the surroundings of  the cable which serves as a return p a t h  for the 
shield current. 

Response of Shielded Cables of Arbitrary Length 

The response of cables t h a t  are n o t  much shorter t h a n  the shortest 
wavelength of interest in the incident field i s  obtained by the 
transmission line method. Hence, Fig. 33 can be used here as a building 
block. The response o f  this transmission line problem can be most 
easily obtained by the method of superposition. Thus the t o t a l  response 
of the cable i s  the sum of  the response due t o  the distributed voltage 
and current sources along the cable, each considered separately. This 
i s  described below. 

Response Due t o  Distributed Voltage Sources [13] 

The solution o f  the transmission line equations for the inner 
conductor voltage and current can be written in the following form: 

whereby 
y =  fi 

I v ( z )  = [K1+P(z)]e-yz + [$+Q(z)]eyz 

V J Z )  = zo [ K1 +P ( z ) ] e-y - [ K2+Q ( z ) ] ey 

j the propagation factor for the transmission 
(formed of the inner conductor and the shield) 

= i s  the characteristic (surge) impedance line: 
zO 

P(z)  = 1 Lz eyvEz(v) dv 
2zo 1 

- 

Q(z) = 4 J 2 2  e-YvEz(v) dv 
Z 

ne 
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Ez(z) = Io(z)  ZT, where Io(z)  i s  the current flowing on the shield 
induced by HEMP and ZT i s  the transfer impedance of the shield. 

The constants K1 and K2 are determined from the terminating 
impedances Z1 a t  z = zl, and Z2 a t  z = z2 (where z1 c z < z2) and are: 

where p, and p2 are  the reflection coefficients given by: 

- z1 -zo - z2-zo 
- z1+zo z2+zo 

- -  

Response Due to  D i  s t r i  buted Current Sources [13] 

Similarly, the internal current and voltage, when the distributed 
current source J(z,w) = - Y T V o ( z Y ~ )  is acting alone, and E Z ( z Y w )  = 0,  
are: 

I i (Z )  = - 1 [CKle+Pe(z)le -yz - [KZe+Qe(z)]eYZ] (116) 
zO 

where 
Z 

Pe(z) = > /z J(v)eyv dv 
1 
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Total  Response o f  The Cable ' 

(117) a r e  added t o g e t h e r  t o  g e t  the t o t a l  response o f  the cable: '  
The currents and vo l t ages  of Equations ( l o g ) ,  (110) ,  (116) ,  and 

'Total = IV+Ii 
and 

'Total = 

Responses f o r  Shor t  Cables 

For a c a b l e  w i t h  a l eng th  R, where R i s  much s h o r t e r  than the 
s h o r t e s t  wavelength of  interest, i n  the incident f i e ld  t h a t  i s  

terminated i n  impedances Z1 and Z 2 ,  the induced response a t  the two ends 
i s  given by [13]: 

(120) 
z2 + V0YT R - 

z1 +z2 
1 1 =  I z R- 

v1 = - I1 z1 

o T Z1+Z2 

(121 1 

(122) 
1 z1 1 2 = 1  z R - - 'oYT Z2+Z1 o T Z1+Z2 
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I n t e r n a l  Responses of Shor t  Cables w i t h  S o l i d  Sh ie lds  

For a s h o r t  cable,  t h e  induced vo l tage,  V (  w ) , ,  across the  i nne r  
conductor f o r  an exponent ia l  l y  decaying s h i e l d  c u r r e n t  (Io=Ime-t”I) can 

be found given t h e  t r a n s f e r  impedance, ZT. From the  prev ious sec t i on  

one can w r i t e  V(w) as fo l lows:  

I n  d e r i v i n g  Equat ion (124), i t  i s  assumed t h a t  t h e  i nne r  conductor 
and the  s h i e l d  a re  shor ted together  a t  one end, and open-c i rcu i ted  a t  
t he  o ther .  I f  the  i n n e r  conductor and t h e  s h i e l d  a re  open c i r c u i t e d  a t  
both ends, ha l f  of  t h e  vo l tage g iven by Equation (124) w i l l  appear a t  

e i t h e r  end between t h e  two. I n  t h i s  case, however, these two vo l tages 
w i l l  be o f  oppos i te  p o l a r i t y .  

The t ime domain i n n e r  conductor vo l tage waveform i s  given by 

Vance [21] as: 

f o r  v x S  
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The normalized waveforms of  V ( t ) ,  for different ra t ios  of - T , 
are i l lus t ra ted  in Figure 35. Table 5 presents the peak magni- 's 
tude and r i s e  time (tlo-90 ) of v ( t )  when the inner conductor i s  open 

circuited a t  bo th  ends [21]. Typical values of T~ and Ro for common 
shielding material are shown in Figures 5.7 and 5.8 of Reference [13]. 

Table 5 

SHIELDING MATERIAL RESPONSE 

Condi t i  on Peak Open Circuit Voltage Rise Time 

T=TS 

ImRo 
2 

'c ImRo !I, 
5 * 9  TS 2 

ImRo .77 2 

, 2 3 6 ~ ~  

.O38.rs 

. 1 5 ~ ~  

Response of The Inner Conductor of A Buried Cable 

The resul ts  of Section 3.2.1.4 o f  t h i s  report can be used in 
conjunction with the resul ts  presented in th i s  section t o  calculate 
voltage between the inner conductor and shield o f  buried cables. The 
exciting HEMP waveform i s  considered t o  be a single exponential. The 
resul ts  apply to  cable lengths which are short compared t o  the shortest  
wavelength penetrating the shield,  b u t  long compared t o  the skin depth, 
6 ,  i n  the s o i l .  I t  i s  also assumed the inner conductor i s  open 
circuited a t  bo th  ends (with respect t o  the shield) and the shield 
current i s  uniform. For the case of solid shields,  Vance [21] gives the 
following expression for the voltage: 
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6 

5 

0 0.1 0.2 0.3 0.4 0.5 
TIME - r/rS 

a) Impulse response 

0 0.1 0.2 0.3 0.: 0.5 0.6 0.7 0.8 0.9 1.0 
TIME - t/r, 

b) Step f u n c t i o n  response 

1.2 

1 .o 

0.0 

0.6 

0.4 

0.2 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
TIME - [/TI 

c )  Exponent ia l  response 

Fig.  35. Normalized v tage waveforms produced by an 
exponent ia l  pu lse  Ime -!IT o f  c u r r e n t  i n  t h e  s h i e l d  
(normal ized t o  Vo/Zo = ImRoR) [21]. 
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where: 

and 

IO = lo6% Eo D($,+) 

2 
T = uaT S 

The t ime domain waveform i s  hence: 

v ( t )  = K e 
0 n=l y3/2 

where K = IoRoR E 
e dY 

The v a r i a t i o n  o f  v ( t )  w i t h  respec t  t o  d i f f e r e n t  - ‘s i s  shown i n  
r Figure 36. 

3.2.1.3 Time Domain Ana lys is  

The ana lys i s  descr ibed i n  t h e  prev ious sec t ions  does n o t  take  i n t o  

account t h e  presence o f  non- l inear  e f f e c t s  such as corona and 
f lashovers .  This  sec t i on  presents  a t ime domain method o f  account ing 

f o r  non-1 i n e a r i  t i e s .  

S ing le  W i  r e  Above Ground 

Consider t h e  i d e a l i z e d  problem geometry shown i n  F ig .  37a.. An 
above-ground t ransmiss ion l i n e  o f  l e n g t h  L i s  l oca ted  a t  a he’ight h over  

a l ossy  ground. A t  t h e  z=O end o f  t h e  l i n e ,  t he re  i s  a l o a d  impedance 
from the  l i n e  t o  t h e  ground, and, a t  t h i s  p o i n t ,  t he re  i s  a suppor t ing  

tower. The o the r  towers suppor t ing  t h e  l i n e  a re  assumed t o  occur a t  

d is tances  dt, and a r e  normal ly  n o t  connected e l e c t r i c a l l y  t o  t h e  tower, 

However, when t h e  l i n e  t o  tower vo l tage exceeds a c r i t i c a l  f l ashover  
value, i t  i s  assumed t h a t  t h e r e  i s  a conduct ing a r c  formed t o  t h e  tower, 
and p a r t  o f  t he  EMP-induced energy i s  shunted t o  ground. 
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W 

0 2 3 ' TIME t / r ,  

Fig. 36. Normalized induced voltage on the inner conductor 
of buried cables for different decay time constants of a single 
exponential incident field [21]. 
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z 

z = L  

a) Simplified physical model 

I I I I 
+ 

+ 

b) Electrical model 

Fig. 37. 
with towers. 

Transmission or distribution line 
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As in the previous sections, the open c i r cu i t  voltage a t  the z=L 
end of the l ine  i s  taken as a measure of the electr ical  behavior of the 
line. However, unlike the previous cases, this quantity (along w i t h  the 
corresponding i n p u t  impedance), does not serve to  uniquely determine the 
excitation fo r  an arbi t rary load on the l ine  a t  this point, due to  the 
fact  t h a t  the l ine involves non-linearities. Hence, i n  the case of 
tower flashover, bo th  the l ine and the actual load must be analyzed 
together. However, i n  this section, the same open c i r cu i t  voltage 
response as determined i n  the previous section is computed so as to  
permit a comparison of resu l t s ,  and, hopefully, allow us to  make some 
general statements regarding the importance of non-1 ineari t i e s  on the 
system behavior. 

For the l ine  i n  F ig .  36a, a simple electr ical  model can be 
developed as  shown i n  F ig .  36b. The l i ne  i s  assumed t o  be described by 
per-unit length inductance, resistance, capacitance, and conductance 
denoted by L ' ,  R', C ' ,  and G ' .  The effects  of the towers are in the 
form of a time dependent impedance which i s  a virtual open c i r cu i t  for  
l ine  to tower voltages l e s s  than the tower flashover value, and a low 
impedance value, say on the order of the tower footing resistance,  when 
the l ine  voltage exceeds the c r i t i ca l  voltage. Other, more detailed 
models for  the tower flashover can be postulated, b u t  i t  i s  suff ic ient  
i n  the present example t o  consider only the simple model. 

The time dependent voltage and current along the l ine are solutions 
to: 

a 2 v ( z , t )  + R ' ( z , t )  i ( z , t )  + at [ L ' ( z , t )  i ( z , t ) ]  = v i ( z , t )  az (131) 

Note that  general ly  the 1 ine per-unit-length parameters , L '  , R' , 
C ' ,  and G '  may be functions of both  position along the l ine ,  the time 
variable, as  well as  some other parameter, such as  the local voltage or  
current on the line. T h u s ,  developing a solution technique for 
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Equations (131) and (132) will permit the analysis of  a large class  of 
non-linear and time-dependent transmission l i ne  problems. 

The d i rec t  time domain solution of Equations (131) and (132) have 
been treated by a number of investigators. For the special case when 
the per-unit-length coefficients of the l ine  are  constants, the method 
of character is t ics  [23] may be used t o  rapidly determine the voltage and 
current. However, when the l ine  parameters vary i n  a non-linear 
fashion, such an  approach is  d i f f i cu l t  t o  use. An a l ternate  method i s  
to  simply develop a f inite-difference representation for  the two 
equations and ' 'step" the solution along i n  time. 

Using a f i rs t  order differencing scheme, Equations (131) and (132) 
can be approximated as: 

i ( z i ,  t i )= 

+ 
and 

v ( z . , t . )  = 
J J  

+ 

where Az represents the spacing between the individual observation 
points along the l ine ,  and A t  i s  the spacing between time points. The 
space-time diagram shown i n  F i g .  38 i l l u s t r a t e s  the relation between the 
current and voltage on the l ine .  The equation for  the currents 
( E q .  133) a t  points zi  and ti are  staggered bo th  in time and space with 
respect t o  that  for  the voltage ( E q .  (134)) which i s  written a t  po in t s  
z. and t 

j *  J 
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Fig.  38. Space-time diagram f o r  f i n i t e - d i f f e r e n c e  
s o l u t i o n  o f  Equations (132) and (133). 
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Note t h a t  each equation has a source or excitation term. The 
current E q .  (133) has a distributed voltage source term and E q .  (134) 
has distributed current terms. In treating the excitation of a line by 
an incident EMP, one possible way t o  account for the coupling i s  t o  have 
a distributed voltage source on the line whose value i s  equal t o  the 
t o t a l  incident tangential electric field (incident plus 
ground-reflected) on the line, as well as the lumped voltage sources a t  
the conducting vertical elements of the line. T h u s ,  in E q .  (134), the 
current source term i s  zero for the present problem. 

/ 

The overall solution for the line voltage and current i s  obtained 
by stepping along in time, f i r s t  solving E q .  (133) a t  a time ti  for all  
zi ,by representing the equation as a sparse matrix equation and 
inverting i t  directly. Then, this solution i s  advanced by a time A t / 2  
t o  t .  where the voltage equation i s  solved in a similar manner. For 
each equation, the values of the function (voltage o r  current) are 
related t o  the other  quantity (current o r  voltage) through the boundary 
impedance conditions a t  bo th  ends of the line. 

J 

This time marching process i s  repeated iteratively u n t i l  the 
solution i s  completed. I t  i s  tempting to  make the time steps A t  large, 
so t h a t  the overall solution i s  n o t  time consuming and the late time 
behavior of the l ine  response can be evaluated rapidly. I t  i s  well 
known, however, t h a t  for a convergent, stable solution of these 
equations, the time steps are constrained t o  be such t h a t  A t  < Az/v, 
where v i s  the propagation velocity. This Courant condition effectively 
dictates the rate a t  which the transmission line solution develops in 
time; and,  i f  a late time solution i s  desired, a consiyerable amount of 
computation time might be required. 

Time Domain Multiwire Analysis 

As in the case of  a single wire line, i t  i s  possible t o  carry out  
an EMP coupling analysis of a multiconductor line directly in the time 
domain. Using a lumped parameter approach, a multiconductor line as 
illustrated in Fig. 39a can be represented through a complex 
interconnection of i nterwire capacitances , conductor inductances and 



103 

,inc 

a )  Mu1 ticonductor 1 ine over ground 

: 
T T  T T 

1 1 1  
+ -  

b) Per-unit-length lumped c i rcu i t  model of 
four-wire multiconductor l ine.  ( S h u n t  
conductances neglected) 

F i g .  39. Multiconductor line. (a )  and LPN equivalent 
c i rcu i t  ( b ) .  
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resistances , and distributed vol tage sources representing the excitation 
of the line by the incident field. '  This i s  shown in Fig. 39b. 

The transient behavior of  this line can be evaluated by using a 
time marching approach similar t o  t h a t  used for the single wire line. 
Such calculations have been performed in the past, and the results agree 
well with those obtained by the frequency domain analysis methods. 
However, some difficulties arise in attempting t o  obtain a solution for 
l a t e  times, since the iterative "time marching" procedure can be very 
time consuming in terms of computer resources, and can become unstable. 

I t  should be pointed ou t  t h a t  this calculational method i s  similar 
t o  t h a t  used in the EMTP code which enjoys widespread use in the power 
community for computing the behavior of  transients on power systems. 
This code, however, does n o t  presently have the capability of treating 
distributed excitation sources along the lengths of transmission lines, 
a prerequisite for carrying o u t  an EMP c.oupling analysis. 

Thus, the use of  EMTP i n  i t s  present state i s  not  recommended for 
EMP coupling studies. Either existing frequency domain coupling codes 
must be used or a time domain analysis procedure involving distributed 
sources similar t o  t h a t  previously described must be developed. 
However, the EMTP code may be useful in permitting an understanding of  
the propagation of EMP-induced transients on realist ic line 
configurations as illustrated in Section 3.2.2.3. 

Time Domain Network Analysis 

As i t  i s  possible t o  envision carrying o u t  a transient analysis of 
a single transmission line, i t  i s  also possible t o  think o f  analyzing an 
entire network in the time domain. Unfortunately, such an analysis on a 
network of reasonable size and complexity i s  difficult ,  due t o  the large 
number o f  unknowns required for the solution. 

Consider a complex transmission line network consisting of a number 
o f  interconnected branches, each being modeled by a lumped parameter 
network as shown in Fig. 39. For a very large network, computer 
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resources could be severely taxed. Instead of performing a lumped 
parameter analysis on the 1 i nes , a time-dependent travel 1 i n g  wave 
analysis could be envisioned as described by Agrawal [24] i n  order t o  
reduce the number of unknowns in representing the response of a single 
line segment in the network. However, as discussed in t h a t  reference, 
multiple reflections a t  a l l  nodes in the network must be tracked i n  
time, and the number of such reflected waves i n  the network grows 
exponentially as time progresses, rapidly exceeding the capabil ity of 
existing computers. 

In summary, i t  i s  clear t h a t  many problems exist with the analysis 
o f  transmission line networks, b o t h  in the time and the frequency 
domain. The frequency domai n analysis model s which have been discussed 
have the potential for treating the largest size o f  a distributed 
network, b u t  cannot handle nonlinear behavior of components in the 
network. Time domain methods are costly t o  run, b u t  can treat the 
nonlinearities. 

In assessing an actual power system, i t  i s  desirable t o  avoid the 
complications introduced by considering EMP coupling t o  networks. This 
is  achieved by using the critical line length concept t o  reduce t o  the 
size of the network required for analysis t o  (hopefully) a single -line 
or t o  a t  least a simple, smaller network. 

3.2.2 Examples of Transmission Line Solutions for Power 
System Applications 

In t h i s  subsection several examples o f  numerical solutions t o  the 
equations developed in the previous subsections are presented for 
selected transmission 1 ine geometries and HEMP electromagnetic fields. 

The results of the numerical solutions for many other single line 
above ground geometries and HEMP excitations are contained in 
Appendices B y  C,  and D and are summarized in this subsection. 

The f i r s t  example presented shows a comparison o f  solutions 
obtained with the transmission line approach and with antenna 
(scattering) theory. 
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3.2.2.1 Val idation of Transmission Line Approach 

References 13 and 21 present a comparison between the responses of 
a long conductor due to  a step function of incident f i e ld  as calculated 
by 1 )  Vance and Scharfman using the transmission-line method [25] and, 
2 )  more exact method used by Flammer and Singhaus [26]. Figure 40a 
compares the resu l t s  of the two methods for  vertical  polarization, 
azimuthal angle of incidence, 4 = 0 and elevation angle of incidence, $. 

Figure 40b compares the resu l t s  of the two methods for  horizontal 
polarization. 

Figure 41 shows a comparison of the early time resu l t s  obtained 
w i t h  the transmission 1 ine method and the more exact antenna theory used 
by Lee [lo]. The two figures show tha t ,  for  early time, the 
transmission 1 ine approach is  remarkably accurate fo r  nongrazing 
incident elevation angles. For small incident elevation angles and 
highly lossy ground the two resu l t s  do not compare as  well. 

The transmission-line approach seems t o  give good resul ts  a t  early 
time where the concept of the transmission l ine  surge o r  character is t ic  
impedance does not  s t r i c t l y  apply for  the following reasons according to  
Scharfman and Vance [XI:  

1 .  

2. 

The f i e l d  strength of the wave scattered from the wire 
and ,reflected back t o  the wire by the ground i s  small so 
that  the current i t  induces i n  the wire i s  small compared 
to  that  induced by the incident f ie ld .  

In the frequency spectrum of a pulsed incident e l ec t r i c  
f i e ld  with a r i s e  time of about 5ns, the scattering 
impedance ( i .e . ,  the r a t i o  of the tangential component of 
the incident e l ec t r i c  f i e l d  to  the current induced i n  the 
wire) is nearly equal t o  twice the character is t ic  
impedance, Z ,  of the wire above ground. Hence, the 
induced. current is almost the same whether viewed i n  
ear ly  times as a transmission l ine  (low frequency model) 
or as a scattering cylinder i n  space. For f a s t e r  r i s e  
times of the incident f i e l d ,  the transmission l ine  
approach would lead t o  lower responses due t o  the fac t  
t h a t  the scattering impedance is  less  than 22. 
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Figure. 40a. 
approximation and the exac t  s o l u t i o n  f o r  the current 
i n  a wire ove r  a p e r f e c t l y  conducting ground plane -- 
s tep- func t ion  inc iden t  f i e l d ,  v e r t i c a l l y  polar ized  [13]. 

Comparison o f  the t ransmission-1 ine 
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Fig. 40b. 
approximation and the exact solution f o r  the current 
i n  a conductor over a perfectly conducting ground 
plane -- step-function incident f i e l d ,  horizontally 
polarized [21]. 

Comparison of the transmission-1 ine 
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Fig. 41. 
a long conductor 2mm i n  r a d i u s  and 9m over  a l o s s y  ground w i t h  
d i f f e r e n t  c o n d u c t i v i t i e s  (Er=lO) p o l a r i z a t i o n  as ca l cu la t ed  by 
antenna theory  ( s o l i d  l i n e )  and the TEM approach (dashed l i n e ) ;  
v e r t i c a l  p o l a r i z a t i o n  of EMP assumed. 

Comparison of e a r l y  time HEMP-induced current on 
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I t  can be concluded from the above t h a t  the transmission line approach 
i s  sufficiently accurate for engineering purposes t o  calculate the 
response of conductors t o  HEMP. The accuracy of the response for  late 
time i s  much better t h a n  t h a t  for early time HEMP. 

3.2.2.2 Response of A Single Line Above Ground t o  Vertically 
Polarized Fields 

The effects of variations i n  parameters such as line orientation, 
angle of incidence, soil resistivity, waveshape of  the applied HEMP 
electromagnetic field, and line length  for a single horizontal line 
above ground are shown in Section 8.2 o f  Appendix 8. A vertically 
polarized wave was used in these examples since this polarization 
general ly produces a larger response (voltage or current) [5]. 

Section 8 . 3  shows how HEMP fields can be separated into their 
horizontal and vertically polarized components , the response calculated 
for the two components separately, and the t o t a l  response determined by 
combining the responses for the two components. This approach works i f  
the system i s  linear. 

Section 8.4 gives the response of transmission lines a t  eight 
different geographic points for  a HEMP burst a t  a specific location. 
The actual HEMP fields t h a t  would be produced a t  these points per 
currently available information i s  used in calculating the responses a t  
these points. The response a t  one of  the points i s  calculated for  an 
assumed intermediate time HEMP waveform. 

In Section 8.5 a time domain solution is shown t h a t  takes into 
account the effects of transmission tower flashovers. 

3.2.2.3 Response of Multiple Lines Above Ground t o  
Vertically Polarized Fields 

Numerical solutions for selected multiconductor geometries and HEMP 
excitations are presented in Appendix C.  
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Frequency domain solutions are  presented i n  Section C.2. These 
solutions show the e f fec t  of shield wires and l ine terminations on the 
response of mu1 ticonductor 1 ines. 

Scattering theory solutions for  mu1 ticonductor transmission 1 ines 
are  presented in Section C.3. These solutions are  shown only for the 
ear ly  time period (tC100ns) because of the d i f f icu l ty  i n  obtaining 
solutions fo r  longer time periods. 

In Section C.4 a method for  us ing  a time domain multiconductor 
solution, w h i c h  does not include distributed voltage sources t o  estimate 
the effect  of shield wires and multiconductor propagation on the HEMP 
response of multiconductor transmission 1 ines, i s  given. 

In Section C.5 an approximate method for  determining the e f fec t  of 
shield wires and multiconductor propagation on the HEMP response is 
presented. 

3.2.2.4 ResDonse o f  Buried Conductors 

Numerical examples fo r  responses of buried conductors are presented 
in Appendix D. Responses for  various combinations of HEMP waveforms, 
burial depths, and soi l  conductivities are shown. 

3.2.2.5 Conclusions and Summary on The Coupling of 
HEMP t o  Conductors 

The following can be concluded from the preceding Section 3.2. 

Above Ground Non-Shielded Conductor 

1 )  The transmission-line method can be used t o  predict 
accurately the behavior of  above ground conductors. 
There seems to  be some discrepancies between this method 
and the more rigorous methods for  highly lossy grounds 
(.001 mhos/m conductivities and lower) and for  small 
angles of incidence (W36"). 
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2) Effect of waveshape of  the incident e l ec t r i c  f i e l d :  

Lossy Earth 

0 Neglecting corona, the response of conductors are 
direct ly  proportional t o  the magnitude of the 
incident e l ec t r i c  f i e ld .  

0 The t a i l  of the incident e l ec t r i c  f i e ld  i s  c r i t i c a l  
in the determination of the peak and the waveshape 
of the response of the conductors. B o t h  the peak 
magnitude and t a i l  of the response increase with an 
increase in the t a i l  of the incident f i e ld .  

0 The front of the incident e l ec t r i c  f i e ld  i s  only 
-c r i t i ca l  in determining the in i t i a l  ra te  o f  r i s e  of  
the response of conductors. The peak magnitude of 
the response i s  a weak function of the front of the 
incident e l ec t r i c  f ie ld .  Hence, a zero f ront  
(single exponential ) waveshape i s  a good approxi- 
mation of the incident e l ec t r i c  f ie ld .  

Perfect Earth 

0 The effect  of a longer t a i l  i n  the incident f i e ld  i s  
only manifested as a longer t a i l  of the response 
leaving the peak magnitude of the response 
unchanged. 

0 The ef fec t  of the f ront  of the incident f i e ld  i s  
minimal. 

3)  Effect, of the height above ground for  power transmission 
1 ines 

0 The response o f  above ground conductors increases 
with increasing height. 

0 The incremental increase of the response of 
conductors with height i s  more pronounced i n  the 
case of more conductive grounds ( . l  mhos/m o r  
be t te r ) .  

0 The use of perfect ground ( a  = a) i s  a good approxi- 
mation for  calculating the response of conductor 7 m 
or more above lossy grounds of .1 mhos/m o r  bet ter  
conductivities. 
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Effect of ground conductivity 

0 The peak and the time-to-peak of the response of 
above ground conductors increases w i t h  decreasing 
ground conductivity. 

0 The ground ef fec t  becomes more important t h a n  the 
height effect  as  the ground becomes less  conducting 
(typically for ground conductivities of .01 mhos/m 
or  1 ess ) . 

0 The ef fec t  of ground i s  more pronounced for  vertical  
polarization compared to  horizontal polarization. 

Effect of angles of incidence 

0 The response of above ground conductors increases 
with decreasing elevation and azimuth angles of 
incidence . 

Effect of polarization of the incident HEMP 

0 Vertical polarization of the incident HEMP wave 
yields the largest  response. 

0 Assuming l inear i ty ,  the response to  arbi t rary 
polarization can be obtained by superimposing the 
responses of the ‘ver t ical ly  and horizontally 
polarized components. 

Effect of length 

The time peak 
conductors rema 
(semi -infini  t e )  
s a t i s f i e s  the fo 

L >  

and time-to-peak of the response of 
ns unchanged from those of the long 
conductor cases i f  the length, L, 
1 owing relationship: 

c t  
1 - cos Y cos $I 

where c i s  the speed of l i gh t ,  t p  i s  the time-to-peak for 
the long conductor case, and Y and $I are the angles of  
incidence. 

F1 ashovers between conductors and ground (or grounded 
structures,  as in the case of transmission and distribu- 
tion l ine  flashovers t o  towers) ac t  t o  isolate  the 
conductor into segments. The resul ts  of each of these 
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segments i s  then est imated independent ly  by assuming a 
s h o r t  c i r c u i t  a t  t h e  f l ashover  po in ts .  The r i go rous  
de terminat ion  o f  t h e  response o f  t h e  conductor requ i res  
d e t a i l e d  modeling o f  t h e  a r c  c h a r a c t e r i s t i c s  and t h e  
impedance t o  ground (e.g., t h e  tower surge impedance). 

Underground Non-Shielded Conductors 

The t ransmiss ion  l i n e  ana lys i s  method can be a p p l i e d  t o  
determine t h e  response o f  such conductors t o  HEMP. 

E f f e c t  o f  waveshape: 

The loss i n  t h e  ground tends t o  broaden t h e  t r a n s m i t t e d  
f i e l d s  i n t o  it, hence, t h e  ac tua l  f i e l d s  a t  t h e  b u r i e d  
conductor a re  ve ry  weakly dependent on t h e  d e t a i l s  o f  t h e  
very e a r l y  t ime  o f -  t h e  i n c i d e n t  f i e l d .  As i n  t h e  case of 
above ground, t h e  response o f  underground conductor i s  a 
s t rong  f u n c t i o n  o f  t h e  l a t e  t ime c h a r a c t e r i s t i c s  o f  t h e  
i n c i d e n t  f i e l d .  

E f f e c t  o f  ground c o n d u c t i v i t y :  

The induced response i s  n e a r l y  p r o p o r t i o n a l  t o  t h e  
inverse  square r o o t  o f  t h e  c o n d u c t i v i t y  o f  t h e  ear th .  

E f f e c t  o f  t h e  b u r i a l  depths: 

The response of underground conductor decreases, as 
expected, w i t h  i nc reas ing  b u r i a l  depths. The e f f e c t  of 
ground c o n d u c t i v i t y  f o r  h i g h l y  conduct ing grounds i s  
however more pronounced than t h e  depth e f f e c t  (responses 
o f  conductor w i t h  b u r i e d  depths o f  up t o  5 m a re  n e a r l y  
i d e n t i c a l  f o r  u = .001 mhos/m). As t h e  ground becomes 
less conducting, t h e  e f f e c t  o f  b u r i e d  depth  dominates. 

E f f e c t  o f  angles o f  inc idence:  

The response o f  underground conductors increases w i t h  
i nc reas ing  e l e v a t i o n  and azimuth angles o f  inc idence f o r  
h o r i z o n t a l  p o l a r i z a t i o n .  For v e r t i c a l  p o l a r i z a t i o n ,  t h e  
response increases w i t h  decreasing azimuth angle. 

I n  any ac tua l  assessment o f  power systems, t h e  use o f  t h e  worst-case 

e l e c t r i c  f i e l d  (magnitude and waveform) may l ead  t o  over  p e s s i m i s t i c  

r e s u l t s .  The response of a conductor i s  a s t rong  f u n c t i o n  o f  t h e  
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assumed electric field and i t s  
specifying the electric field 
results. Different points i n  

characteristic. Care should be taken i n  
environment i n  order t o  have realistic 
the power system have greatly differing 

responses for the same HEMP event. This fact should not  be overlooked 
i n  assessments. 

3 . 3  Antenna Coup1 i ng Model s 

Antennas and antenna-like structures are found throughout  the power 
system. By virtue of their designed function, "deli berate'' antennas are 
found i n  the communications subsystems which serve t o  transmit voice or  
d i g i t a l  da t a  for the operation o f  the system. I n .  a d d i t i o n ,  
"inadvertent" antennas exist which interact w i t h  the incident EMP i n  the 
same manner as does a deliberate antenna, and hence may be analyzed i n  
the same manner as an antenna. Examples of such inadvertent antennas 
are the short vertical conductors connecting power equipment t o  a 
transmission or distribution line and short horizontal  conductors i n  a 
switch assembly. In bo th  of  these cases, either a transmission line 
model or an antenna model could be used for estimating the EMP response. 

3.3 .1  Description of Antenna Types 

There are many different types of,antennas, and some are more 
susceptible t o  EMP excitation than are others. An antenna may be viewed 
as a simple matching transformer which  transforms the impedance of the 
final stage of a transmitter or receiver t o  the impedance of free space, 
so as t o  maximize the efficiency of energy transmission. 

Because electromagnetic radiation i s  possible over a wide range of 
frequencies, as illustrated i n  Table 6, there are many different designs 
for antennas. Those antennas designed t o  operate i n  the MF and HF 
frequency ranges are usually most affected by EMP, since their operating 
frequencies occur i n  a band where the EMP signal has a strong spectral 
content. However, i n  an assessment of a system, a l l  energy gathering 
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antennas should be examined fo r  possible adverse e f fec ts .  Examples of 
antennas commonly used fo r '  the various frequency bands are contained in 
Appendix E.  

3.3.2 Analvsis of EMP Excitation of Antennas 

In attempting to determine the e f fec t  of EMP on an antenna and i ts  
related comnunication gear, an approach similar t o  tha t  used fo r  
understanding the transmission l i ne  response t o  EMP i s  used. A simple 
Thevenin equivalent c i r cu i t  as shown in F i g .  42 i s  developed to  
represent the open c i r cu i t  voltage and the antenna i n p u t  impedance as 
seen a t  the terminals of the antenna. These electr ical  quantit ies are 
then used t o  excite the load c i rcu i t ry  to  determine the overall system 
response. 

Electrically Small Antennas 

For monopole type antennas which a re  e lec t r ica l ly  small compared t o  
the wavelengths contained i n  the EMP signal,  i t  i s  possible to  develop a 
re la t ively simple expression for the EMP excitation [27]. Figure 43 
shows the geometry for  this antenna, which could represent a typical 
blade antenna on a vehicle. As discussed i n  [ l ]  the open c i r cu i t  
Thevenin voltage for  this class  of antennas can be represented through 
an equivalent e lectr ical  height as: 

and the i n p u t  impedance i s  expressed as:  

1 
j w c a  

where Ca i s  the effect ive capacitance of the antenna, and may be easi ly  
calculated o r  measured. The effect ive height h i s  expressed a s :  
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T a b l e  6 

FREQUENCY BANDS 

Band Frequency Met r ic  Frequency 
Number Range Subdivision Nomenclature 

4 3- 30 kHz Myriametric waves VLF Very-low frequency 

5 30- 300 kHz K i lomet r ic  .waves LF Low frequency 

6 300- 3,000 kHz Hectometric waves MF Medium frequency 

7 3,000- 30,000 kHz Decametric waves HF High frequency 

8 30- 300 MHz Met r ic  waves VHF Very-high frequency 

9 300- 3,000 MHz Decimetric waves UHF U1 t ra -h igh  frequency 

10 3,000- 30,000 MHz Cent imetr ic waves SHF Super-high frequency 

11 30,000- 300,000 MHz M i l l i m e t r i c  waves EHF Extremely-hi gh frequency 

12 300,000-3,000,000 MHz Dec imi l l  ime t r i c  waves --- --- 

A n t e n n a  
T e r m i n a l s  

F i g .  42. T h e v e n i n  e q u i v a l e n t  c i rcu i t  for  
a n  a n t e n n a .  
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Fig. 43. 
antenna. 

Illustration o f  a typical monopole 
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2 2  where m = (1 - b /a ) ,  and K(m) and E(m) a r e  t h e  complete e l l i p t i c a l  

i n t e g r a l s .  
/ 

A t  t imes, such simple l o o k i n g  blade antennas can be deceptive, due 
t o  complicated i n t e r n a l  impedance matching c i r c u i t r y .  For example, 

F ig .  44a shows a r e a l  UHF communications antenna w i t h  the  i n t e r n a l  

s t r u c t u r e  i nd i ca ted .  F igu re  44b presents the  equ iva len t  e l e c t r i c a l  
c i r c u i t  as seen a t  t h e  antenna terminals .  Note t h a t  t he  admittance 
element Ya and t h e  c u r r e n t  source I i n d  a re  d i r e c t l y  r e l a t e d  t o  t h e  open 

c i r c u i t  vo l tage  and ex te rna l  impedance through a Thevenin t o  Norton 
t ransformat ion.  The r e s u l t i n g  i n p u t  impedance and e f f e c t i v e  he igh t  o f  
t h i s  antenna a re  i l l u s t r a t e d  i n  F ig .  45. Note t h a t  i n  t h e  0 t o  100 MHz 

frequency range where t h e  EMP s p e c t r a l  content  i s  t he  g rea tes t ,  t he  

equ iva len t  he igh t  of t h i s  antenna i s  small ,  i n d i c a t i n g ,  t h a t  t h i s  small 
antenna i s  n o t  h i g h l y  exc i ted .  

Due t o  the  d i v e r s i t y  o f  t h i s  c l a s s  o f  antennas, i t  i s  d i f f i c u l t  t o  

g i v e  one simple equat ion which i s  v a l i d  fo r  a l l  e l e c t r i c a l l y  small 

antennas. However, t h e  concept discussed above o f  developing an i n p u t  

capaci tance and an equ iva len t  h e i g h t  i s  g e n e r a l l y  v a l i d  f o r  a l l  such 
antennas. D e t a i l s  o f  t h e  ana lys i s ,  however, need t o  be worked o u t  on a 

case-by-case bas i s  f o r  t he  i n d i v i d u a l  antennas found i n  the  power 

system. 

Re son an t  Ant enn as 

For antennas whose s i z e  i s  on t h e  o r d e r  o f  t h e  wavelengths 

contained i n  the EMP p o r t i o n  o f  t he  spectrum, a d i f f e r e n t  modeling 
approach f o r  t h e  EMP response has been developed. This a p p l i e s  t o  

antennas having c h a r a c t e r i s t i c  l i n e a r  dimensions on the  o rde r  o f  3 

meters o r  so, such as t h e  HF antennas descr ibed p rev ious l y .  
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F ig.  44. Schematic diagram and equ iva len t  c i r c u i t  o f  
t h e  UHF Communication Antenna. 
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UHF Communication Antenna (225 - 400 MHz). 
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Figure 46 shows two simple models used for estimating the 
EMP-induced open circuit voltage for a wide variety of practical 
antennas. Using analysis concepts developed from the Singularity 
Expansion Method (SEM) [28] [29] simple expressions for the frequency 
domain short circuit current and input admittance a t  a point x on the. 
dipole can be written as [30]. 

and 

Isc(s,x) = 
a sa Sa)  

In  these expressions, the following terms are defined: 

s = j w  = complex frequency 
a = 51 4 +03 = summation index 

= jw.rrL/c = natural frequencies 
Ma(x) = sin(a.rrx/L) = natural modes 
sa 

47rc = normalization constant (independent of a )  
@a ZoLR 

s2 = 2ln(sh/a) = antenna factor 

a(a) = sin(a.rrx/L) 

The term qLS) i s  referred t o  as a coupling coefficient for the 
i s  the corresponding coupling coefficient for coupling problem, and 

the driven antenna problem, providing the input impedance. 
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Once these Norton equivalent c i r cu i t  elements have been defined, 
the Thevenin equivalent voltage may be defined as: 

and the input impedance as: 

To i l l u s t r a t e  a typical response of an antenna t o  HEMP, consider 
the case of a center-fed dipole antenna of the type shown i n  F i g .  46a 
having a total  length of 10 meters, and a radius of 1 cm. This antenna 
i s  assumed to  be excited by the Bell Waveform described i n  Section 2 ,  
w i t h  an angle of incidence of 45 degrees. The application o f  the above 
expressions to  the calculation of the i n p u t  admittance and the short 
c i r cu i t  current spectrum provide the resu l t s  shown i n  Fig. 47. Note 
t h a t  the i n p u t  admittance varies w i t h  frequency in a manner similar t o  
that  of a transmission l ine .  The time domain response for the short 
c i r cu i t  current i s  obtained by taking the inverse Fourier transform of 
the data i n  F i g .  47b, and this i s  shown i n  F i g .  48. Note t h a t  the peak 
current i s  on the order of 500 amps w i t h  a r i s e  time of about 0.03 
microseconds. The equivalent Thevenin quantit ies can be calculated 
u s i n g  Equations (140) and (141) above. 

In the case of the monopole antenna located above a lossy ear th ,  
the excitation f i e ld  E;!: (x )  used to  compute the coupling coefficient 
consists of the incident f i e ld  plus a ground-reflected f i e ld .  T h i s  
reflected f ie ld  can be computed u s i n g  the plane-wave reflection 
coefficients i n  order to  evaluate the antenna response i n  this case. 

Microwave Antennas 

The final antenna category t o  be discussed i n  relation t o  the EMP 
coupling process i s  the microwave antenna.  A commonly used antenna 
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Fi g. 46. Simp1 i f ied model s f o r  resonant antennas. 
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Fig .  47. 
spectrum (b) of a center-fed dipole antenna o r  radius 
a = .01 m and length L = 10 m.  

Input admittance (a )  and short c i r cu i t  current 
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t 

Fig .  48. 
cen te r  o f  d i p o l e  antenna. 

HEMP-induced s h o r t  c i r c u i t  c u r r e n t  a t  
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feeding mechanism i s  th rough  the use of a waveguide which transmits 
energy from the antenna to  the receiver or transmitter. Fortunately, 
from an EMP protection standpoint, this type o f  system i s  
self-protecting, since the waveguide naturally attenuates a l l  energy a t  
frequencies below a cutoff frequency given by: 

f c  = c/2a 

where c is  the speed of l i gh t  and a i s  the largest  cross sectional 
dimension of  the waveguide. For a waveguide h a v i n g  a 2" width, the 
corresponding cutoff frequency i s  around 3 GHz, well above the EMP 

spectrum. Since the attenuation of energy below cutoff occurs 
exponentially as a function of  distance down the guide, EMP excitation 
of waveguide-fed antennas seldom pose a problem to  the system, 

3.4 Aperture Coup1 ing Models 

A significant amount of pas t  work has been conducted into the 
determination of the penetration of EMP energy into apertures. 
General ly  , apertures are e lectr ical  ly  smal 1 compared w i t h  the EMP pul se , 
implying tha t  low frequency models of the aperture penetration are 
applicable. Reference [ l ]  summarizes many of the aperture modeling 
techniques which are  useful for performing an assessment o f  a system 
illuminated by EMP. 

Consider a simple aperture in the skin of a shielded enclosure as 
shown in F i g .  49a. The incident f i e l d  induces surface currents and 
charges on the exterior of the system and i n  the vicini ty  o f  an 
aperture, these dis t r ibut ions are  perturbed from t h a t  normally occuring 
on the surface. This perturbation of the surface currents and charges 
causes magnetic and e l ec t r i c  f ie lds  to  penetrate th rough  the aperture 
and enter into the shielded region, a s  i l lus t ra ted  i n  F i g .  49b. 

As originally described by Bethe and discussed in [31], the 
effect ive penetration of the f ie lds  through the aperture can be 
described through effective dipole moments located a t  the aperture 
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Fig. 49. Aperture located in a conducting plane. 
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l o c a t i o n ,  w i t h  the aper tu re  s h o r t  c i r c u i t e d  as shown i n  F ig.  50. These 

equ iva len t  e l e c t r i c  and magnetic d i p o l e s  can i n  t u r n  be r e l a t e d  t o  the  
s h o r t  c i r c u i t  c u r r e n t  and charge which e x i s t s  over  t h e  aper tu re  on the  

o u t s i d e  r e g i o n  when t h e  aper tu re  i s  f i l l e d  i n  and i s  i l l u m i n a t e d  by the 

EMP. 

I n  t h i s  manner, t h e  e l e c t r i c  and magnetic f i e l d s  a t  p o i n t  r i n s i d e  
the  s h i e l d  can be expressed as: 

td(?,S) = - - & V x [Fa(s) x VG(?,s)] + sp f a ( s )  x VG(?,s) (143) 

and 

#(?,s)  = - s d a ( s )  x VG(?,s) - V x [ga(s)  x VG(?,s)] (144) 

i n  the  frequency domain where t h e  parameter s i s  t h e  genera l ized 
complex frequency va r iab le ,  and G(7,s) = e-yr/(47rr). These expressions 

are:  

and 

+d H ( r , t )  + = &iT 6a( t ) tzxTr  + V x [ ’ $ (t) x Tr] (146) F a  

i n  the  t ime domain. 

I n  the above expressions, t he  symbols Fa and ma represent  the equ i -  

va len t  e l e c t r i c  and magnetic d i p o l e  moments r e s p e c t i v e l y ,  and a r e  given 

by t h e  expressions: 

and 
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Outs ide 

Shorted f' 
a p e r t u r e  

I n s i d e  

equ iva len t  d i p o l e  
moments 

F ig.  50. 
equ iva len t  e l e c t r i c  and magnetic d i p o l e  moments. 

Representat ion o f  ape r tu re  p e n e t r a t i o n  by 
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where ESc is the normal electric field and Fsc i s  the tangential mag- 
netic field over the aperture with the aperture short circuited. 

In these last relations, the parameters Ge and am are referred t o  
as the electrical and magnetic polarizibilities of the aperture, and are 
functions of only the aperture size and shape. They are not  functions 
of the incident field. Note t h a t  the polarizibilities are ac tua l ly  
tensor quantities, b u t  with the proper choice of a coordinate system, 
these quantities may be simplified t o  have only one component for the 
a, and two components for zm. - - 

For apertures having very simple shapes, these polarizibilities may 
be calculated ana ly t ica l ly .  For more compl icated shapes, numerical 
procedures must be used in order t o  determine the values. In Ref. [ l ]  
various polarizabilities are presented. Table 7 presents the 
analytically derived polarizabilities for el 1 iptical apertures. 
Figures 51 th rough  54 present the electrical and magnetic 
polarizibilities for more complex aperture shapes. 

In addition t o  simple apertures as discussed above, i t  i s  possible 
t o  have apertures in the form of s l i t s  around doors or  other hatch 
closures as shown in Fig. 55. The penetration o f  EMP fields th rough  
these apertures may also be described in terms of equivalent dipole 
moments, and the pertinent aperture polarizibil i t ies  are expressed 
in [ l ]  as indicated in Table 8. 

A t  times, the apertures i n  the hatches and doors of  F i g .  55 are 
filled w i t h  a conducting material in the form of a seal or gasket, for 
the express purpose of eliminating the EMP penetration. Mathematical 
models for the effect of such gaskets have been developed, and Table 9 
summarizes resulting aperture polarizibil i t ies.  Note t h a t  these 
quantities are now frequency dependent. - 
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Tab le  9 

Fig.  55a 

POLARIZIBI L IT1  ES OF GASKET-SEALED HATCH APERTURES 

2 2 2 2 
TI - TI 

2 
16 26, + sCc 4 * l / L c  + sGc 4p ' l / L c  + sG, 

- r SE d4 

I Aperture 

Fig. 55e 'L G (O) 1 2 2  
SER w 

m 9YY Y Y  
G+sc + s(Lx+La)G; am,xx(O) 1 + s 

d4 Fig.  55b 

TI 2 S E  d4 

--E 9- sLh 
Fig.  55c 

TI 2 d2 
4~ . f /Lc  + sGc 
- 

4 

w 
P 

Fig. 55d 
2 2  

m SER w 

Notes: (i) A = gasket thickness; u = gasket conduct iv i t y .  

(ii) The s t a t i c  p o l a r i z a b i l i t i e s  and a (0)  i n  the  t a b l e  e n t r i e s  are those of the  
m 9YY 

corresponding hatch aperture wi thout  gasket found i n  Table 8. 

(iii) Constants: G = ZuA((l+w)/g; C = 261(R+w)/n; ax= 2Rn[4(R+w)/g]; L = pnR(1+2w/R)/8R; 

L = pnw(1+2R/w)/8n; Gx = dlR/g; G; = Gx/(l+w/3R); La = (nu!L/24Q)w2/(12; 

G = uAw/g; G, = ~1uAd/2g; L, = pd/[4Rn(16d/g)-8]; Lh = p r g  /(64h); 
C, = 2ai[[Rn(l6d/g)-2]. 

Y 2 
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Fig. 51. 
of an elliptical aperture. 

Normalized electric (imaged) polarizability 
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a10 ' 
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012 - - 
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Normalized electric (imaged) polarizabilities Fig. 52. 
for four aperture shapes. 
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Fig. 53. Normalized magnetic (imaged) polarizabilities for 
elliptical, rectangular, and rounded rectangular apertures. 
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Fig. 54. Normalized magnetic (imaged) polarizabilities 
for three aperture shapes. 



137 

d 

II 7 

Q 

X 
(e) [fiby ..................... 

..... .......... .......... ........... ............. ........... ............ ............. ........... P i i  ::::: ............ ............. .............. ............ .......... .............. ............. ............. .............. . . . . . . . . . . . . . .  .. . . . . . . .  ....................... : v 

Fig. 55. Hatch apertures. 
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Often, the determination of the electric and magnetic fields inside 
of a shielded region does not provide the ultimate system response used 
in a system assessment. These fields usually couple the EMP energy to 
internal conductors, and this is propagated to other points within the 
system. In order to estimate the effects of an aperture excitation on a 
nearby conductor as shown in Fig. 56a, a simple transmission line model 
shown in Fig. 56c may be used. 
represented by a transmission line model having distributed inductance 
and capacitance. The effect of the aperture is to induce an additional 
lumped inductance and capacitance in the line at the aperture location, 
as well as a lumped voltage and current source. The relationship of 
these to the aperture polarizibilities is given in Ref. [l]. 

Overall, the wire is assumed to be 

Often, it is found that the correction of the line inductance and 
capacitance is insignificant, so that only the lumped excitation sources 
need to be considered in estimating the line response. Once these 
sources are determined, the transmission line coupling methods described 
in the above may be utilized to infer the induced line current and 
voltage. 

Diffusion Interaction Models 

The final and usually least important EMP penetrat 
that of field diffusion into a shielded facility 
Electromagnetic field diffusion comes about because 
conductivity of the shield surrounding the system is nc 

on mechanism is 
or subsystem. 
the electrical 
t infinite. A t  

low frequencies for which the wall thickness is less than the electrical 
penetration depth (skin depth), the diffusion mechanism is known to be 
an effective means for penetration by the magnetic field, while 
penetration by the electrical field is negligibly small. At higher 
frequencies where the wall thickness is larger than the skin depth, most 
of the incident magnetic field is shielded due to reflections at the 
surface, and attenuation losses in the wall. Hence, this phenomenon 
deals mainly with low frequency (late-time) magnetic fields. 
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a )  Perspective view 

20 

b)  Cross Sectional view 

c )  Equivalent c i r cu i t  

F ig .  56. Aperture coupling t o  nearby conductor. 
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An example o f  t h i s  e f fec t  i s  shown i n  F ig .  57 where a volume i s  

enclosed by a t h i n  s h e l l  o f  th ickness  A having c o n s t i t u t i v e  parameters CJ 

and p. An i n c i d e n t  EMP f a l l s  on t h e  body, and some o f  t h i s  pu lse  i s  
ab le  t o  penetrate i n t o  t h e  i n t e r i o r .  

As i n  t h e  case o f  t h e  aper tu re  pene t ra t i on  models, i t  i s  poss ib le  
t o  develop Some simple expressions f o r  t h e  penetrated f i e l d s  f o r  t h e  

canonical  bodies shown i n  F ig .  58. Reference [ l ]  de f ines  a t r a n s f e r  

f u n c t i o n  f o r  t h e  magnetic f i e l d s  T, as: 

(149) H'"(s)= magnetic f i e l d  i n s i d e  c a v i t y  

Hex( s )  magnetic f i e l d  i n c i d e n t  on t h e  c a v i t y  
Tm(s> = 

For an assumed un i fo rm i n c i d e n t  magnetic f i e l d ,  t h e  f requency 

dependent t r a n s f e r  f unc t i ons  f o r  t h e  s h i e l d  geometries shown i n  F ig .  58a 

a re  g iven as: 

1 
Tp(P) = cosh p + kp s inh  p 

f o r  t h e  p a r a l l e l  p l a t e  geometry o f  F ig .  58a: 

(151 1 1 
cosh p + 

TJP) = 
kp s i n h  p 

f o r  t h e  c y l i n d r i c a l  s h e l l  having l o n g i t u d i n a l  e x c i t a t i o n  as i n  F ig .  58b: 
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Fig .  57. 
attenuation. 

Geometry of shield for magnetic f ie ld  
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. . . . .  :; , ,:o;[ 
@ex . .  . .  .. . . . . . . .  . . . , . : 20 ;Q " . . . . . . .  . . . . . , . 

F ig .  58. 
a) para1 l e 1  p l a t e s  , b) cy1 i n d e r  e x c i t e d  by l o n g i t u d i n a l  
f i e l d ,  c )  c y l i n d e r  e x c i t e d  by t ransverse  f i e l d ,  d)  sphere. 

Several magnetic f i e l d  s h i e l d i n g  geometries: 
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for  the cylinder w i t h  transverse excitation as i n  F i g .  58c, and: 

(153) 
1 

Ts(P)  = cosh p + 1 ( k p  + ) sinh p KP 

for  the spherical shell  shown i n  F i g .  58d. In these expressions, s i s  
the complex angular frequency and: 

For a non-ferrous shield,  such as aluminum, Fig. 59 shows the 
frequency dependent t ransfer  function i n  magnitude and phase for  the 
canonical bodies. Given a particular body geometry, the K factor i n  
Equations (151) t o  (153) may be calculated and used t o  define 6 i n  
Fig. 59 depending on the body type. As may be noted from the figure,  
the low frequency attenuation o f  the f i e ld  approaches zero. 

For e lec t r ica l ly  t h i n  shields,  where the skin depth & < < A ,  i t  i s  
possible to  simplify the shield t ransfer  functions: 

( t ) ( s )  = Tk')(s) = + spoda/2 1 
TC 

1 
1 + sp0da/3  
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€=K (two p a r a ~ ~ o ~  pk1tO8) 
€ 8  K/2  (cylindrical ~ k o l l )  
E =  K / 3  (ophotlcol oholl) 

-6 

Id 
-d 

F ig .  59. Magnitude and phase of f requency domain 
magnetic f i e l d  t r a n s f e r  f u n c t i o n  f o r  a non-magnetic 
s h i e l d .  ( (Td  = p a 2 ) ,  k = a/A) 
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I t  i s  important t o  be able t o  compute the time history of  the 
internal magnetic f i e ld ,  given the transient behavior of the incident 
f ie ld .  One approach i s  t o  use purely numerical methods for  inferring 
the frequency domain spectrum of the internal f ie ld .  An alternate 
approach i s  t o  develop an approximate expression, based on the 
assumption t h a t  the incident magnetic f ie ld  i s  a delta function in time 
as : 

where Ho i s  the time integral of the incident magnetic f ie ld .  T h a t  this 
i s  a useful approximation i s  due t o  the fact  t h a t  the diffusion process 
tends t o  blur o u t  the fine de ta i l s  of the incident f ie ld  since i t s  time 
constant i s  much slower than t h a t  of the incident f i e ld .  

W i t h  t h i s  approximation t o  the incident f i e ld ,  the inverse Laplace 
transform of the internal H f i e ld  can be approximated as: 

for  early times, and by: 

for l a t e  times. Figure 60 presents the normalized internal magnetic 
f ie ld  as a function of  normalized time for several different values of 
the parameter 6 .  
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I .o 
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a2 

C 1 1 I I I I 1 I I 
0 0.2 0.4 0.6 Q0 

t ITd 

Fig. 60. Time domain variation o f  the normalized 
penetrated EMP magnetic field within a shielded 
enclosure. (.cd = poA2) 
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3.5 Conclusions 

The calculational models described in this section may all be used 
in the process of assessing the behavior of power system components 
excited by EMP, as will be outlined in the next section. Clearly, all 
of the interaction models involve some degree of simplification, either 
with regard to the geometry or to the detail that the physics is 
incorporated in the solution. In all cases, more accurate calculational 
models are possible, but it is important to keep in mind the concept o f  
balanced accuracy in the overall problem. What is desired is the 
simplest solution for the EMP interaction problem which is consistent 
with the accuracy o f  the incident EMP environment and the degree to 
which the EMP susceptibility of components in known. 
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4. ASSESSMENT METHODOLOGY 

4.1 Introduction 

This section summarizes a structured methodology that can be used 
to assess the effects of HEMP on a civilian electric power or network. 
The methodology assesses the effects from the time of the formation of a 
source region by a detonation of a high altitude nuclear weapon to two 
seconds after this formation. After two seconds the power system comes 
under the influence of the MHD-EMP effects, which are discussed in 
another report [32]. The time sequence of events following a 
high-altitude weapon burst is shown in Fig. 61. The HEMP environment 
has been divided into three relative time periods: early time, 
intermediate time, and late time or MHD-EMP periods. This figure places 
the HEMP environment of such a burst in time relationship to the power 
system reaction to this environment. The assessment for the effects of 
MHD-EMP are covered in the above referenced report. 

The power system network (or utility network) is that group of 
equipment which, taken together, generates, transmits, and delivers 
energy to its assigned customer load areas, and the communication and 
control necessary for this process. Figure 62 illustrates a 
representative uti 1 i ty network [33] and shows two major systems within 
the network: a power-delivery system and a communication/control 
system. These two systems support the mission o f  the power network to 
control and delivery energy ("power") to certain geographical ly-located 
customers through facilities at specific locations determined by terrain 
and resources. 

In many cases today, different utilities share common generating 
faci 1 i ties. They may a1 so be interconnected at various voltage levels 
at a number of contiguous borders of their individual territories. In 
some cases, transmission facilities may be functionally shared by a 
number of utilities although owned by one. Such a circumstance occurs 
when energy is "wheeled" from one utility over to another area through 
the facilities of a third utility. 
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1 --I--- IPOOLCOORDINATION I ,- --------- 
' GENERATING I PLANT 

1 -A----- 
GENERATION/ 

SUBSTATION I 
 TRANSMISSION^ 

BULK 
SYSTEM 

(TRANSMISSION/ 

(COMMUNICATION I 'y? 1 ~~~lpME=""j"" 
(SERIES CAPKITORS 

CHANNELS) 

DISPATCH 
CENTER 

BULK 
SYSTEM 

(SUBTRANSMISSION 1 

01 STRlBUTl ON 
SUBSTATION 

OlSTRlBUTlON 

SECTIONAL I ZING SWITCHES 

CUSTIJMER 
LOAD 

F i g  . 62. Representative electric' u t i  1 i t y  network. 
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Likewise, common communication facilities may be operated to 
provide communication and common system control between various 
close-knit utilities. By this communication the requirement can be met 
that each individual network operates in concert with the others to 
which it is interconnected; i.e., to operate on the same frequency or in 
"synchronism. I' 

For the purposes of this methodology, this power-delivery or 
communication/control system is considered to be made u p  of a number of 
subsystems (Fig. 63). The subsystems are the large groups of equipment 
which are considered to be illuminated with the same HEMP field 
strength. These subsystems are the generating plants, substations, 
power 1 ines between substations, centers for control , etc., and 
communication centers and communication links that are considered under 
the operation and control of a specific utility. 

The equipment within a subsystem can be grouped according to the 
function they perform. Each functional group of equipment may be 
assessed separately in many instances on the basis that within the EMP 
illumination time none of the functional groups can interact. 
Ultimately, however, their individual viability or proper functioning 
can be affected by the functioning of the others, and must be taken into 
account. The major functional groups are: 

0 Power-delivery group, such as in generation plants and in 
substations, made u p  o f  generators (in the case of 
generation plants), power transformers, circuit breakers, 
bus conductors, etc. 

0 Protection, instrumentation or control groups, such as 
overcurrent and overvoltage protective relays on 
transformers, capacitor banks, and power lines, SCADA 
systems, etc. 

0 Communication group, such as transmitters and receivers, 
power 1 i ne carrier sys tems , mi crowave sys tems , tel ephone 
lines, etc., in control or communication centers. 



POWER DELIVERY 
SYSTEM 

F i g .  63. Hierarchy o f  elements of electric utility network. 

COMMUNICATION /CONTROL 
SYSTEM 

SUB SYSTE M S I SUBSYSTEMS 

GEN ERAT IO N SUBSTATIONS POWER LINES OPERATIONS/ 
PLANTS - GENERATION -TRANSMISSION CONTROL 

-TRANSMISSION -SUB CENTERS 
-DISTRIBUTION TRANSM I SSlON 

COMMUNICATION RADIO 
FACILITIES NETS 
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A t ransmission, o r  power l i n e  i s  a spec ia l - type  o f  subsystem i n  
t h a t  i t s  major  f u n c t i o n a l  group i s  t h e  power-del ivery  group, made up 
s imply  o f  conductors. However, t h e  phase conductors a l s o  can serve as 
a c i r c u i t  i n  a communications and p r o t e c t i o n  f u n c t i o n a l  group by  t h e i r  
p r o v i d i n g  t h e  means of t r a n s m i t t i n g  t h e  s i g n a l  f o r  power- l ine c a r r i e r .  

A f unc t i ona l  group i s  made up o f  c i r c u i t s  and devices. For t h e  
purpose o f  t h i s  methodology, a c i r c u i t  i s  a conductor o r  system o f  
conductors through which an e l e c t r i c  c u r r e n t  i s  in tended t o  f l o w  [34], 

together  w i t h  i t s  assoc iated s h i e l d i n g  and s p l i c i n g ,  e tc .  I n  t h i s  
context ,  t h e  communication l i n k  through a i r  may be c a l l e d  t h e  " c i r c u i t "  
o f  a communication f u n c t i o n a l  group. A device i s  an assembly o f  

components t o  serve a s p e c i f i c  purpose [34], such as, i n  the  

p ro tec t i on - func t i ona l  group, re lays ,  c u r r e n t  and/or p o t e n t i a l  
transformers, b a t t e r y  suppl ies ,  annunciators,  switches, opera t ing  c o i  Is 
and mechanisms on breakers, and te rmina l  b locks.  The dev ice o r  c i r c u i t  
i s  t h e  smal les t  e n t i t y  considered by t h i s  methodology. 

F igure 64 i l l u s t r a t e s  t h e  elemental d i v i s i o n s  o f  t h e  u t i l i t y  
network used i n  t h i s  methodology. The s t a t e s  o f  c i r c u i t s  and devices i n  
a f u n c t i o n a l  group determine t h e  s t a t e  o f  t h a t  f u n c t i o n a l  group. The 

s ta tes  o f  t h e  func t iona l  groups w i t h i n  t h e  subsystem determine t h e  s t a t e  
o f  t h e  subsystem. The s t a t e s  o f  t h e  subsystems w i t h i n  t h e  power o r  

communication/control system determine i t s  s t a t e .  F igure  65 i l l u s t r a t e s  
an overview o f  t h e  stages o r  l e v e l s  o f  assessments t h a t  a re  discussed 
l a t e r  i n  t h i s  sect ion.  

One o f  the  reasons f o r  approaching t h e  s t r u c t u r e  o f  t h e  methodology i n  
t h i s  manner i s  t o  p rov ide  t h e  v e h i c l e  f o r  assessments o f  major 
i n d i v i d u a l  subsystems and/or c i r c u i t s  o r  devices w i t h i n  t h e  f u n c t i o n a l  
group o r  f u n c t i o n a l  groups w i t h i n  a subsystem by d i f f e r e n t ,  appropr ia te,  
exper ts .  The r e s u l t s  o f  these i n d i v i d u a l  assessments become p a r t  o f  t h e  

performance data base (Sect ion 4.3) o f  t h e  element be ing assessed. As a 

r e s u l t  o f  t h e  assessments a t  lower  l e v e l s ,  c e r t a i n  quest ions a re  

answered f o r  assessments o f  t h e  s ta tes  of t h e  nex t  l e v e l  o f  t h e  

d i v i s i o n s  o f  the  u t i l i t y  network. 
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F ig .  64. Elemental d i v i s i o n  o f  power system. 
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Fig. 65. Flowchart and overview o f  assessment 
methodology to level o f  subsystem. 
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In an initial period of time to be considered following the HEMP 

environment (Fig. 61) there can begin to be stress effects in the 
circuits and devices in the functional groups, such as potential 
f 1 ashovers, upsets, etc. 

Each functional group can be initially assessed separately from the 
others based on the premise that failures and upsets of devices and 
circuits take place in a very short period of time within a group. 
(Damaged or upset devices or circuits are stored in a data base of the 
functional group.) Within the confines of this definition, fault trees 
of failures and upsets of devices and circuits, f o r  risk assessment of 
failure, and of upset of the functional group may be developed, with the 
objective of identifying the potential for the total functional-group 
failing; based on damage or upsets of individual devices or circuits. 
If the potential is high for failure of one functional group, then this 
conclusion may negate the necessity for further analysis or assessment 
of certain other functional groups within the subsystem. This approach 
assumes the other functional groups to be "perfect" during the analysis 
of the one being examined as to its "imperfectness" up to the point 
where interactions between functional groups come into play. (One 
failed functional group resulting in an inoperable subsystem may 
eliminate the need for further analysis at a higher level of 
assessment. ) 

For this point in the assessment, interaction sequence diagrams, or 
"fault trees," may also be utilized to analyze the interplay of failures 
or upsets between circuits and devices within the functional group. 

At this level each decision-tree provides a means to answer 
specific sets of questions; such questions to be answered as: has the 
relay-current measuring circuit received the overcurrent signal from the 
current transformer? Has a relay responded properly? Can the 
circuit-breaker receive the signal to trip? Is its operating mechanism 
capable of tripping? 
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A t  t he  nex t  l e v e l  t he  approach leads t o  severa l  a d d i t i o n a l  " f a u l t  
t r e e "  thought-processes , embodying the  concer t  o f  t he  dec i s ion  " t e s t "  
p o i n t s  o f  the  i n d i v i d u a l  func t iona l  groups b u t  now cons ider ing  a l a t e r  

p e r i o d  o f  t ime. Each o f  these dec i s ion  t rees  prov ides a means t o  answer 

a s p e c i f i c  g loba l  quest ion,  such as w i t h  the  scenar io  of a f lashover  i n  
t h e  power-del ivery group when, i n  t h e  course o f  t ime-events, i s  t h e  
p r o t e c t i o n  ( r e l a y )  func t iona l  group now c a l l i n g  f o r  a c i r c u i t  breaker 

t r i p ?  Can the  c i r c u i t  breaker,  i n  the  power-del ivery  group, t r i p  and 

c l e a r  the  f a u l t ?  Are o the r  ac t i ons  t a k i n g  p lace  i n  t ime t h a t  change the  
answer t o  the  quest ion being addressed? I s  t h e  i n fo rma t ion  a v a i l a b l e  as 

t o  what f a u l t e d  power l i n e s  can o r  cannot be t r i p p e d  by t h e i r  respec t i ve  
breakers, o r  by backup breaker systems? 

On a s t i l l  h igher  l e v e l ,  can and does an opera t iona l  c o n t r o l  cen ter  

know t h e  f u n c t i o n a l  s t a t u s  of a subs ta t ion? Does t h i s  a f f e c t  t he  
opera t ion  o f  the  power network t o  d e l i v e r  energy? 

I n  the  normal opera t ion  of power systems the  need t o  answer the  

above quest ions may be negated by the  f a i l u r e  o r  upset of one o r  a few 
devices. As a r e s u l t  of t he  EMP environment, t he  opera t iona l  s t a t e  o f  

a l l  devices o r  c i r c u i t s  i nvo l ved  i n  ob ta in ing  an answer must be assessed 
i n  some manner i n  a s t r u c t u r e d  procedure, i n c l u d i n g  s t a t e  dec is ions  i n  a 

t ime frame. I n  some cases, these dec is ions must be based on engineer ing 

judgment. The sequence of events, beginn ing a t  t he  t ime o f  t he  

i n t e r a c t i o n  o f  t he  f u n c t i o n a l  groups, becomes the  " i n i t i a l  condi t ions,"  

and s t a t e  changes t h a t  a re  u t i l i z e d  i n  the  t ime s imu la t i on  o f  t he  power 

system response; t h a t  i s ,  i n  the  load f low,  s h o r t  c i r c u i t  and t r a n s i e n t  
s t a b i l i t y  s tud ies.  The processes t o  be s imulated i n  these s tud ies  are  
sub jec t  t o  the  s ta tus  of these func t iona l  groups and subsystems. For 
example, p a r t  o f  t h e  code i n  the  t r a n s i e n t  s t a b i l i t y  program a t  a 
c e r t a i n  p o i n t  i n  t ime may s imulate a r e l a y - t r i p  operat ion,  c a l l i n g  f o r  a 
c i r c u i t  breaker opening. If the  r e l a y  p r o t e c t i o n  func t iona l  group, o r  
t he  c i r c u i t  breaker as p a r t  of t he  power-del ivery  func t i ona l  group, can 

n o t  perform the  requ i red  func t ion  (opening the  breaker) ,  then t h e  

s imu la t i on  i n  the  t r a n s i e n t  s t a b i l i t y  program must r e f l e c t  t h i s  

c o n d i t i o n  o r  ' 's tate."  
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The concept of levels of action within the power system and the 
reduction of analysis to functional groups within each subsystem allows 
tests and assessments to proceed in time to the different status. For 
example, such. a concept allows for the HEMP assessment of multiple- 
bursts of weapons at various states of the power system existing at the 
time following a previous burst. Following the initial weapon 
detonation the changes in states of functional groups are assessed over 
a period of time up to that at which interactions are taking place 
between subsystems in the power system to produce state changes in the 
power system as an entity. These states or changes in state then become 
the "initial conditions" for the overlaying of the effects of the 
succeeding definitions. That is, the states are, in a sense, "frozen" 
in time while the effects of the succeeding detonations are assessed. 

It is to be noted that certain states may be finalized prior to the 
succeeding detonation, whereas other states may be in the process of 
changing when the succeeding detonations occurs. For example, circuit 
breakers may be opening (or closing) and system voltages and currents 
maybe changing in magnitudes and angles as determined by stability 
studies. 

An overview of the first stage of the methodology, the assessment 
of the states of a given subsystem, is shown in Fig. 65. The top three 
blocks define the HEMP environment (fields) to the local HEMP in which 
the subsystem and its functional groups lie. This local environment, 
utilizing models and codes for coupling to individual circuits and 
devices, is used to determine the stress (voltage, current, or energy) 
produced in these circuits and devices within the functional group by 
the HEMP local wave. The stress on a particular circuit or device is 
compared through its stress/strength models to the strength of the 
device (or circuit). Available data bases of such strengths are used to 
perform an assessment of failure or upset of this device. Where stress 
models or data bases of strengths are not available, calculations and 
engineering evaluations are made, or experiments performed, to supply 
this information. Similar assessments are performed for other devices 
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and circuits making up the functional group. Through interaction- 
sequence, fault-tree, or connection diagrams of such failures within the 
functional group, an assessment is made to determine their effects on 
changes of states of the functional group. At this time, the effects of 
possible interactions between functional groups must also be included in 
the assessment of individual functional groups. For example, stresses 
produced in the power-delivery functional group of a substation by 
connected transmission lines may be transferred by instrument 
transformers into the protection functional group of the substation. 

At the next stage of the analysis, the assessed change in states of 
the functional groups o f  a subsystem are utilized to provide an 
assessment of the change in state of the subsystem. The change of 
states of all subsystems are then assessed individually as to the 
effects on the initial change of state within the complete power system 
network (Fig. 66). Because o f  a given utility power-delivery and 
communication interconnections between the power system networks o f  

individual utilities it may be necessary at this initial time, to 
include an additional level of assessment which takes into account the 
interactions, at certain levels in the hierarchy of assessments 
described above, of changes in state of the individual power network. A 
prime example of this may be the loss of a communication functional 
group in an entity that communicates operation control intelligence to a 
communication functional group in another utility. It may be necessary 
to mirror the loss of the one functional group in a change-of-state 
indicator in the supporting data base of the other functional group. 

Another property of the power system that is different from other 
systems that have been assessed, and which must be considered in its 
assessment, is its property to attempt to maintain dynamic equilibrium. 
That is, the initial synchronism of rotating machines within the power 
system, to each other and to the loads, is such that energy generated 
within the systems are totally dispersed among system losses and loads 
such that essential constant speed of rotating machines and consistent 
system frequency is established and maintained. Disturbances in the 
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system, such as f a u l t s  and sudden l o s s  o f  loads, upset  t h i s  equ i l i b r i um.  

Fau l ts  and loss of loads r e s u l t  i n  s h i f t s  i n  t h e  f lows o f  r e a l  power as 
w e l l  as r e a c t i v e  power throughout t h e  power networks. These changes f o r  
r e a l  power lead t o  at tempts t o  rega in  e q u i l i b r i u m  by some machines being 
accelerated w h i l e  o thers  may decelerate.  Sh i f t s  i n  r e a c t i v e  power lead 
t o  changes i n  vo l tage l e v e l s  w i t h i n  t h e  network, and c o n t r o l  c i r c u i t s  

a t tempt ing  t o  r e e s t a b l i s h  vo l tage l e v e l s  w i l l  begin t o  respond. 

As t h e  r o t a t i n g  machines change speed, frequency changes take  p lace  

i n  d i f f e r e n t  p a r t s  o f  t h e  system. As f a s t  as t h e  p r o t e c t i v e  r e l a y  

systems and c i r c u i t  breakers can respond, the  f a u l t s  a re  i s o l a t e d  from 
t h e  system, and o the r  changes i n  r e a l  power and VAR f l o w  and o the r  
acce le ra t i on  o r  dece le ra t i on  occur. 

Other cons idera t ions  t h a t  may become impor tant  a re  d r a s t i c  changes 
i n  vo l tages i n  c e r t a i n  p a r t s  of t h e  network due t o  loss o f  l oad  o r  t o  
o the r  c i r c u i t - b r e a k e r  operat ions.  Overvoltages o f  s i g n i f i c a n t  magnitude 

may occur some cyc les  a f t e r  those c i r c u i t - b r e a k e r  operat ions,  l ead ing  t o  

f u r t h e r  f a i l u r e s  o f  c i r c u i t s  and devices i n  t h e  power network. The 
subsequent power system r e a c t i o n  t o  these s tep  changes i n  t h e  s ta tes  o f  

t h e  subsystems can be determined by performing system t r a n s i e n t  

s t a b i  1 i ty  analyses. There are  c e r t a i n  a v a i l a b l e  p r o p r i e t a r y  codes t h a t  

perform system s t a b i l i t y  ana lys i s  a l so  t a k i n g  i n t o  account changes t h a t  
a re  occu r r i ng  w i t h  t ime as a r e s u l t  of f a u l t s  i n  p r o t e c t i o n  and c o n t r o l  

f unc t i ona l  groups, and o f  t h e  opera t ion  of c i r c u i t  breakers.  These 

codes a l s o  have t h e  f a c i l i t y  of s imu la t i ng  a l a r g e  number o f  f a u l t s ,  
e i t h e r  s imul taneously  app l i ed  o r  spaced i n  t ime, and t h e  r e s u l t i n g  
machine acce le ra t ions  w i t h  accompanying operat ions,  spaced i n  t ime, o f  
p a r t i c u l a r  r e l a y  schemes and c i r c u i t  breakers. 

Other codes may be used t o  do ana lys i s  of subsequent changes i n  
s t a t e  o f  i n d i v i d u a l  devices w i t h i n  func t iona l  groups, such as fuses i n  
t h e  power-del ivery  f u n c t i o n a l  group, due t o ,  say, t r a n s i e n t  f a u l t s .  

A1 t e r n a t i v e l y ,  o the r  analyses can look  i n d i v i d u a l l y  a t  a c o n d i t i o n  

l ead ing  t o  an overvo l tage cond i t i on ,  p rov id ing  data f o r  an assessment o f  

subsequent c i r c u i t  o r  dev ice f a i l u r e s .  
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It is anticipated that intervention of the engineer at various 
stages of the assessment levels may be required, especially at an early 
point in the refinement of the methodology and because of the present 
scarcity of information for the data bases. 

For example, it will probably be more efficient to stop the program 
within initial network analysis codes in the stability program (or 
elsewhere) after solving for currents due to multiple faults. 
Engineering evaluations can be made as to what relay schemes, that are 
still operable following illumination, will call for a trip current in 
the circuit breaker operating coils. This judgment of what is still 
operable is influenced by the result of querying the data bases giving 
the status for the appropriate functional groups. 

With the relay and circuit-breaker operations defined, the 
stability program is restarted with these operations appropriately 
simulated in time in the system data file for the stability program. 
Results of the stability program are monitored in time, for further 
possible changes in states of protection, or power-delivery, functional 
groups and, in turn, status of subsystems. These changes are again 
reflected into the appropriate data bases. 

At this stage, depending on the available code, the assessment may 
become an iterative process, with continuous monitoring by the engineer. 
Or the stability code may be run out continuously in time with the 
program automatically performing pre-defined circuit breaker operations 
as pre-defined relay schemes call for these operations. 

Within the two-second period before the MHD-EMP assessment 
methodology becomes of consideration, it may be necessary to determine 
the states of the system at given times and restart the process where 
automatic actions may be taking place toward system recovery. For 
example, if certain parts of  the power network have separated, or 
interconnections between various utilities have opened, each individual 
part or utility may require study and additional stability assessment on 
an individual basis. 
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The general approach of this methodology, then, is to choose a size 
of weapon detonation at a given place in space and at a given time, 
(Fig. 65) recognizing that the impact of the source region buildup 
following the detonation 
system being assessed. 

The power network 
geographically of such 

wi11.vary across the confines of the power 

is divided into physical blocks, located 
size that can be analyzed separately in 

determining the stress effects of HEMP illumination (Fig. 64). 

From the detonation location and time the EMP environment is 
defined at spatial locations throughout the power system with the 
appropriate environmental characteristics of the early- and 
intermediate-time periods. Then, uti1 izing the coup1 ing characteristics 
of circuit and devices within functional groups within a subsystem of 
the power system network at a specific place and time, the voltage, 
current or energy stresses are determined within the functional groups. 
Here the assumption is made that the entire power system (i.e., all its 
subsystems, and functional groups, circuits and devices within the 
subsystem) are "swept" or are affected by the HEMP, in magnitude and 
instants of time varying with location tc the source region. However, 
interaction between subsystems, and where appropriate at lower 
assessment levels, are neglected in the first phase of the assessment; 
since illumination time is short compared to the inherent time constants 
of the power network. That is, in early-time quasi-decoupling between 
subsystems at different locations under the initial illumination is , 

assumed . 
The stresses (electrical or thermal) are then compared with the 

strengths of the selected circuits and devices under consideration to 
establish a probability of failure, i.e., damage, flashover, or upset, 
o f  a certain circuit or device within a functional group. 

Following this point in the assessment, interaction sequence 
diagrams or fault trees may be utilized to analyze the interplay of 
failures or upsets between circuits and devices within the functional 
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group. At this level and time, interactions between different func- 
tional groups within the subsystem may require consideration. 

At the next level, the probability of performance of each 
functional group within the subsystem is used to assess the changes in 
operational state of the subsystem. In a later time, interactions take 
place between subsystems, affecting the performance of the power system 
and finally between interconnected power networks , if appropriate. 

The power network reactions, in time to the changes in states, are 
determined by performing transient stability analyses incorporating the 
assessed changes in state of its subsystems (Fig. 66). From these 
studies any subsequent changes in the power network are further 
incorporated into additional transient stability analyses. 

The analysis can give insight into the transient stability limits 
of the system, that is, the restrictions on levels of load that certain 
circuits can carry following the above disturbances, leading to other 
considerations in the assessment. 

The results of this assessment are: what parts of the power system 
(functional groups and subsystems) will remain in operation, what loads 
can be supplied, and what changes in state are still taking place in the 
power system at the end of the period preceding the MHD-EMP period. 

The increased complexity of the early-time HEMP environment, and 
the unknowns associated with this and the intermediate time environment 
emphasize that the methodology and assessment must recognize that there 
will be, at least initially, inadequacies in the analysis. Data for 
many levels of this assessment are difficult to obtain and other 
available data are of questionable quality. Validity of the assessment 
process is influenced more by the quality of the data than the process 
itself. 

Results based on the limited data augmented with additional 
small-scale experimentations must be viewed with some caution. As more 
data becomes available and further analyses are done, with validation, 
more confidence will be gained in the data and techniques used in the 
assessment procedures. 
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4.2 Methodology S t ruc tu re  

By d e f i n i t i o n ,  methodology i s  a system of p r i n c i p l e s ,  p rac t i ces  and 
procedures app l i ed  t o  a s e t  of knowledge t o  achieve a s p e c i f i e d  
ob jec t i ve .  The process i s  s t ruc tu red ;  i t  can be considered as a se r ies  
o f  i n t e r r e l a t e d  tasks.  Each task  may take the  form of: (1)  i n fo rma t ion  
gather ing,  t h e  establ ishment  o f  requ i red  data bases, ( 2 )  i n fo rma t ion  

t ransformat ion,  t h e  model ing and s imu la t i on  o f  systems by a n a l y t i c a l  
techniques, o r  ( 3 )  assessment, the  comparison of two o r  more t h t a  bases 

o r  models i n  an at tempt  t o  q u a n t i f y  cause and e f f e c t  re la t i onsh ips .  The 
HEMP assessment methodology has been developed w i t h i n  t h e  contex t  o f  

t h i s  d e f i n i t i o n .  

For t h e  purpose of t h i s  repo r t ,  the  complete s e t  of tasks which 
c o n s t i t u t e  t h e  methodology process has been p a r t i t i o n e d  under severa l  

major groups which address spec i f i c  aspects of t h e  power system network. 
These major groups a re  de f ined as: 

D e f i n i t i o n  o f  HEMP event (Sec t ion  4.2.1). 

De l i nea t ion  o f  e l e c t r i c  power network 's  power-del ivery  
and communications systems t o  be assessed (Sect ion 
4.2.2). 

Desc r ip t i on  o f  subsystems, and devices and c i r c u i t s  o f  
f u n c t i o n a l  groups w i t h i n  subsystems (Sect ion 4.2.3) 

HEMP coup l ing  codes and response models f o r  c i r c u i t s  and 
devices o f  f u n c t i o n a l  groups w i t h i n  subsystems (Sec t ion  
4.3.4). 

I n t e r a c t i o n  o f  c i r c u i t s  and devices w i t h i n  f u n c t i o n a l  
group (Sect ion 4.2.5). 

S t ress /s t rength  assessment o f  damage o r  upsets o f  
c i r c u i t s  and devices w i t h i n  t h e  func t i ona l  
group (Sec t ion  4.2.6). 

Ef fect  of f a i l u r e s  upon func t i on ing  s t a t e  o f  t h e  
func t i ona l  group (Sec t ion  4.2.7). 

I n t e r a c t i o n  between f u n c t i o n a l  groups as they a f f e c t  the  
s ta tus  o f  t h e  subsystem (Sect ion 4.2.8). 
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0 Effect of status of the subsystem upon the states of the 
power network system (Section 4.2.9). 

0 Response states of the power network over time 
(Section 4.2.10). 

4.2.1 Definitions of the HEMP Event 

The methodology must of necessity begin with a definition of the 
event and of the electric power system of interest. As described in 
Section 2, HEMP Environmental Description, the nuclear high-altitude 
burst environment is specified as follows: 

0 Location in space of the event (burst origin and 
altitude), which establishes location of the source 
region. 

0 Temporal and spatial characteristics of the total HEMP 
environment produced by the event. 

0 Temporal and spatial definition of the local environment 
field "sweeping" the elemental area under consideration 
of the power system. 

4.2.2 The Power Network 

The power network as defined in this methodology by: 

0 A physical description connected with grid-coordinate 
1 ocati ons defining systems configuration. This 
definition includes geographical locations o f  subsystems, 
such as substations and communication facilities, as 
"nodes" of transmi s s  i on 1 i nes and of radi o/mi crowave 
communication links. It also includes information giving 
the direction or orientation o f  the transmission lines. 

0 Subsystems, circuits and devices at a particular 
location under initial illumination and the functional 
relationships between them. 

0 Initial subsystem operating conditions at the particular 
location and of the overall power system before the 
event. 
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These c h a r a c t e r i s t i c s  o f  t he  power network systems may take  t h e  

The area o f  t he  systems must, form o f  data bases o r  coded desc r ip t i ons .  
there fore ,  be de f ined 
on c e r t a i n  l i m i t i n g  

invar iance o f  the  EMP 
determined on the  bas 
3.2.1.3). Because o f  

i n  terms o f  s p a t i a l  coord inates t o  the  event based 
c r i t e r i a .  These c r i t e r i a  migh t  be s p a t i a l  

f i e l d  over  the  conf ines o f  t he  area, o r  a s i z e  as 
s o f  the  concept o f  c r i t i c a l  l i n e  l eng th  (Sect ion 
the  l a r g e  geographical  d i spe rs ion  o f  the  systems, 

t h e  d e f i n i t i o n  o f  t he  elemental area may take  the  form o f  l o n g i t u d i n a l  

and l a t i t u d i n a l  g r i d  l i n e s  such as i n  Fig. 67. This  f i g u r e ,  however, 
may show g r i d  l i n e s  o f  t o o  l a r g e  a d e f i n i t i o n  t o  be use fu l  t o  the  
l i m i t i n g  c r i t e r i o n ;  there fore ,  smal le r  incremental  areas meet ing t h e  

l i m i t i n g  c r i t e r i a  may be used. 

The methodology then de f ines  what devices and c i r c u i t s ,  f u n c t i o n a l  
groups o f  devices and c i r c u i t s ,  and subsystems are  w i t h i n  t h e  elemental 
area w i t h  regard t o  a smal le r  g r i d  system. Through t h i s  g r i d  system, 
i n fo rma t ion  can be prov ided about o r i e n t a t i o n  and connections between 

these elements, e tc .  

4.2.2.1 Data Base: Power Network 

I n  t h i s  task,  a data base i s  es tab l i shed f o r  t h e  systems o f  t he  
The data base must i nc lude  the  network exposed t o  the  e l e c t r i c  f i e l d .  

f o l l o w i n g  in fo rmat ion :  

0 "State"  o f  the  e l e c t r i c  power-del ivery  system i n  terms o f  
60-Hz e l e c t r i c  dynamic parameters, i n c l u d i n g  imp l i ed  
"s ta tes "  o f  subsystems and f u n c t i o n a l  groups. 

0 "S ta te"  o f  t he  communication/control system. 

0 S p a t i a l  l o c a t i o n  o f  t he  major subsystems i n c l u d i n g  
i n te rconnec t ion  data. 

0 Funct ional  groups o f  c i r c u i t s  and devices w i t h i n  each 
su bsys tem. 
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4.2.2.2 Model: S p a t i a l  Coordinate o r  Map System o f  
Reference f o r  Power Network Power-Delivery System 

I n  t h i s  task,  a frame o f  re ference i s  se lec ted  t o  p lace i n  
p o s i t i o n  t h e  major subsystems o f  t h e  power network power-del ivery  

system under assessment, and t h e  s p a t i a l  r e l a t i o n s h i p  o f  t h e  source 
reg ion  t o  each o f  the  subsystems. This  can, s imply,  take  t h e  form 

o f  map coord inates s i m i l a r  t o  Fig.  67. 

4.2.2.3 Model: Spa t ia l  Coordinate o r  Map System of 
Reference f o r  Power Network Communication System 

Th is  task  i s  very  s i m i l a r  t o  4.2.2.2 b u t  i s  descr ibed by 

subsystems w i t h  network communication func t ions .  

4.2.3. Subsvstems and Funct ional  GrouDs 

Data bases, keyed t o  t h e  coord ina te  system, a re  then used t o  

d e f i n e  t h e  subsystems, c i r c u i t s ,  and devices l y i n g  i n  each 
elemental g r i d  area. Data bases then l i n k  t h e  type  o f  c i r c u i t s  and 

devices,  etc.,  i n  t h e  elemental area t o  t h e i r  respec t i ve  coup l ing  
codes and t o  o the r  c h a r a c t e r i s t i c s .  Sect ion 4.3 descr ibes t h e  
h ie ra rchy  o f  data bases t o  suppor t  t h e  methodology. 

Major subsystems w i t h i n  a power network can inc lude  [33]: 

0 

0 

Generation p lan ts ,  o r  separate generator  subsystems 
w i t h i n  a p l a n t  
Generation subs ta t ions  
Transmission/subtransmission substat ions 
Transmi ssion/subtransmi ss ion  power 1 i nes 
D i s t r i b u t i o n  subs ta t ions  
Pr imary and secondary d i s t r i b u t i o n  systems 
Operat ion centers ,  a d m i n i s t r a t i v e  o f f i c e s ,  f i e l d  o f f i c e s ,  
e tc .  
Communication f a c i l i t i e s .  

F igure 62 has i l l u s t r a t e d  a rep resen ta t i ve  u t i l i t y  system. 
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Generation consists of the generating facilities of the power 
system. In addition to the power generation and main transformer(s), 
this subsystem includes the associated protection, control, instrumen- 
tation, and auxiliary equipment of the respective facility. 

Substations include the transmission (ac and dc) and distribution 
substations, as well as the switchyards of the generating facilities. 
In addition to the equipment associated directly with the power delivery 
function, the equipment necessary for the protection and control of the 
power system and for the communication with control centers located at 
the substation are included. Series capacitors in the center of a line 
with their associated control are considered in this methodology to be 
substation subsystems. 

Transmission 1 ines consist o f  those power delivery 1 ines which 
connect the substations, which may be classified as transmission or 
subtransmission. DC transmission lines, less their terminals, which are 
substation subsystems, are also included in this type of subsystem. 
Transmission-line subsystems may be 'replaced with equivalent "driver" 
networks as part of other subsystems. 

Distribution power circuits subsystem includes the distribution 
line, distribution transformers, and protective equipment out in the 
line, as removed from the distribution substation. The distribution 
subsystem may also include the load, or the size or characteristic of 
the load may predicate a separate subsystem. A distribution line is 
defined as that which is connected to the primary of a distribution 
transformer to supply uti 1 ization voltage to the uti 1 i ties' customers. 

Operation and control centers consist of the utilities' control and 
dispatch centers. These operation centers can control, among other 
things, the generation output and the switching functions of the 
substations. 

Communication and other equipment in the communication/control 
system, affecting power transfer faci 1 i ties and 1 inks, provide 
communications between different physical locations. Examples of 
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communication links include radio, telephone, and power-line carrier 
communication equipment. Local communication at a physical site are 

uded in the analysis of that site as a subsystem. i nc 

fol 
As indicated, common to each major subsystem are some or all of the 

owing functional groups of circuits and devices: 

0 Power-delivery function 
0 Protective function 
0 Control function 
0 Instrumentation function 
0 Communication function 

Each functional group in a given subsystem is assumed decoupled 
from the other groups in the initial time of illumination by the HEMP 
field. The relatively longer response times of the functional groups 
provide a justification for this assumption. 

Analysis of malfunction or upset of the power-delivery function can 
be segmented into tasks based on the coupling and stress models for 
devices and circuits supporting the function. The following are 
examples of tasks that may or may not be common to various subsystems. 

Power Line, bus, or cable analysis 
Power and auxiliary transformer analysis 
Shunt reactor analysis 
Instrument transformers analysis 
Circuit-breaker analysis 
Power fuse/current-limiter analysis 
Surge protection analysis 
Series capacitor analysis 
Turbine-generator analysis 
Excitation system devices and circuits analysis 
Line-trap analysis 
Motor analysis 
Series capacitor protection relay analysis 
Distribution secondary and connected 1 oads 
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Analysis of upset of the protective, control and instrumentation 
functions can be segmented into, among others, the following analysis 
tasks based on the devices and circuits supporting this function: 

Relaying devices 
Battery supply circuits 
Instrument transformers 
Circuit-breaker operating mechanisms 
Interconnection wiring and cable 
Shielding means 
Grounding means 
Instruments 
Panel Switches 
Annunciators 

Analysis of the upset of the communication function 
analysis of, among others: 

Power suppl ies 
Transmitters 
Receivers 
Coupling devices (such as HV coupling capacitors for 

Antenna 
Interconnection wiring and cable 

power-line carrier) 

4.2.3.1 Data Base: Characteristics of Circuits and Devices 
within Functional Groups 

This task addresses gathering the following data on 
circuits and devices of critical functional groups within each 
to be assessed for their effect on the state of the subsystem. 

i ncl udes 

selected 
subsystem 

0 Individual circuit parameters and equipment and device 
characteristics (including electrical parameters and 
dielectric and thermal strengths; where appropriate) 
within each functional group, such as the following 
exampl es : 

- tower configurations ( if overhead), 1 ength , 
orientation in reference grid, resistance, 
capacitance and reactance of conductors [35]. 
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- r e l a y i n g  o r  c o n t r o l  c i r c u i t  leng ths  and 
o r i e n t a t i o n  i n  re fe rence g r i d .  

- loca t i on ,  r a t i n g s  and type f o r  power 
t ransformer and shunt r e a c t o r  banks conta ined 
w i t h i n  a power-del ivery  f u n c t i o n a l  group. 

- se r ies  capac i to r  c h a r a c t e r i s t i c s  and c o n t r o l .  

- generator  e l e c t r i c a l  and d i e l e c t r i c  parameters 
f o r  generat ion p l a n t .  

- a u x i l i a r y  motor e l e c t r i c a l  and d i e l e c t r i c  
parameters. 

- r e l a y  types, se t t i ngs ,  opera t ing  
c harac t e r i  s t i cs 

- Antenna parameters ( i f  communication func t i ona l  
group w i t h i n  power system). 

0 I n t e r a c t i o n  data o f  c i r c u i t s  and devices w i t h i n  each 
f u n c t i o n a l  group (such as, connect ion diagrams) [36]. 

Since i t  i s  impossib le  t o  assess small  components i n  a dev ice f rom 
the  dev ice assessment i t s e l f ,  t h e  dev ice w i t h  a l l  i t s  components w i l l  be 
t r e a t e d  as a "b lack box" w i t h  te rmina ls  o r  inpu t -ou tpu t  "ports."  I t  

should be noted t h a t  normal ly  ou tpu t  te rmina ls  f rom a dev ice may, i n  t h e  
EMP t h r e a t ,  become i n p u t  te rmina ls  t o  t h e  dev ice f o r  t h e  EMP s t ress .  

4.2.3.2 U t i  1 i ty Communi c a t  i on/Con t r o  1 Sys tems 

U t i l i t y  communication/control systems can inc lude  a wide v a r i e t y  o f  
methods f o r  i n fo rma t ion  t r a n s f e r .  These may be voice,  analog o r  d i g i t a l  
s igna ls  i n  form corresponding t o  the  te lemetry ,  c o n t r o l  and/or 

p r o t e c t i v e  system func t i ons  requ i red .  For HEMP assessment, 
communications can be considered as two general categor ies.  

0 Radio communication systems i n c l u d i n g  po in t - to -po in t  
microwave and base s tat ion/mobi  l e  r a d i o  equipment. 
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m Wire-based communication systems which use "links" of the 
form of ( 1 )  power line carrier, (2) shielded wire, 
(3) utility owned twisted pair and coaxial circuits, and 
(4) leased telephone 1 ine with associated transceiver 
terminal equipment. 

In the case of wire communications, the HEMP environment is 
identical to that previously discussed for the power system grid. 

4.2.3.3 Data Base: Radio Communications Operation 

In preparation for assessment of utility radio communications in an 
HEMP environment, the systems are categorized by (1)  the frequency of 
the carrier, (2) the normal signal to noise ratio and, (3) type of 
function and/or information content. Data in the functional groups in 
terminals supporting the communications are gathered. 

The additional tasks entail quantifying operational, strength, and 
coupling characteristics of the remaining devices and circuits in the 
communicational functional group, and the connections between them. 

4.2.3.4 Data Base: System Line Communication 

This task has a number of subtasks, one of which is detailing the 
spatial location and orientation, characteristics of the communication 
line or link. In the case of power line carrier systems, this part of 
the data base is included in that for the power line as part of the 
power defining functional group. 

4.2.4 HEMP Coupling Codes and Response Models 

A coupling code or model is a means by which relatively simple 
cause-effect relationships can be derived between stresses and the 
effects of these stresses. Two models may be required for individual 
circuits and devices: one giving the effect of stress on failure of the 
device and the other translating the effect of stress on the device into 
output quantities utilized for further assessment. A simple example of 
the latter is the model for a current transformer, translating the surge 
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in its high-voltage primary to the output signal at its secondary 
terminals. Due to the complexity and diversity of the EMP interaction 
problem, it may be required to perform some analyses to have several 
different models available. Examples of other models are: 

Transmission-1 ine coup1 ing models. 
Models for predicting EMP penetration through apertures in 

Models for predicting EMP interaction with antennas. 
Transfer-function models for voltage or current transfer 
Vol tage-stress response models 

shielded enclosures. 

A power-line o f  considerable length entering a substation may be 
replaced with an equivalent "driver" model of a voltage source behind 
the characteristic impedance of the conductor system. The concept of 
"critical line length" (Refer to Section 3.2.1.3) is a basis for this 
model. The use of a "critical line length" model effectively moves the 
boundaries of the substation subsystem out the distance of the critical 
line length. 

Depending on the grazing angle of the HEMP field "critical line 
lengths" of conductors may be relatively short compared to the. size of 
the substation. In this case partitioning of the power-delivery 
functional group may be based on this length. 

HEMP energy can be coupled into a shielded system through antennas, 
direct penetration through shields , through windows and on conductors 
penetrating the outside structure o f  the system. The coupling modes 
are examined to determine which is the most critical for the circuit or 
device under consideration. The determination of the most critical HEMP 
coupling can be done in some cases by visual inspection of the 
system/facil ity. 

The approach taken in the stress/strength assessment, for example, 
for a control center block is to characterize the shielding 
effectiveness for the HEMP wave of the building for the locations of 

-\ 
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interest inside the building and to characterize the attenuation of HEMP 
induced voltage and current transients on conductors (power 1 ines , 
signal cables, antenna lines, etc.) entering the structure. 

Included in the models for HEMP penetration are the effects of 
shieldings, field diffusion and conduction into the space occupied by 
the device under assessment. Sequence interaction diagrams could be 
used at this stage in the assessment to evaluate the effects of field 
stress. However, in order to reach an initial decision about the 
susceptibility of individual circuits and devices in the power-delivery 
system to damage or upset from direct HEMP, the assessment can neglect 
effects on shielding or field strength of all enclosures, except the 
intermediate enclosure or next level to the internal components of the 
device. However, each situation must be judged individually. 

In this task group, the localized field may be "coupled" to a 
device "driver" model using a ''coup1 ing" model. From this model are 
derived output quantities t o  be used as stress "drivers" in assessing 
interaction upon other devices in the same functional group (See Section 
5). Each stress "driver" model is defined at a point of concern 
(connection or coupling point) to the "equivalent" strength model of the 
device being assessed. Devices selected for assessment are those 
critical to the operation of the functional group. 

Similar techniques are utilized for stress effects of other 
circuits and devices connected to the input and output terminals of the 
critical devices being assessed. 

It is to be noted that device equivalent circuits as well as the 
"driver" equivalents may be different for each form of stress to be 
considered. Figure 68 illustrates interactions of models at the device 
level for effects of fields on the device and for the device as a 
"driver. I' 
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4.2.4.1 Assessment: Se lec t i on  o f  C r i t i c a l  Devices t o  
Operat ion o f  Funct ional  Group 

E s t a b l i s h  c r i t e r i a  f o r  s e l e c t i o n  o f  devices c r i t i c a l  t o  ope ra t i on  
o f  f u n c t i o n a l  group. I d e n t i f y  p o t e n t i a l l y  c r i t i c a l  devices. As F ig.  69 

i n d i c a t e s  t h i s  may be an i t e r a t i v e  process through tasks  descr ibed 
1 a t e r .  

4.2.4.2 Data Base: Sh ie ld ing  C h a r a c t e r i s t i c s  
o f  Enclosures 

When s h i e l d i n g  e f f e c t s  can n o t  be neglected, nor  de r i ved  from 
c a l c u l a t i o n  o r  engineer ing methods, t e s t  data i s  obta ined on se lec ted  

types o f  enclosures and environments. 

4.2.4.3 Model: Sh ie ld ing  C h a r a c t e r i s t i c s  

Re la t ionsh ips  a re  der ived  t o  modi fy  the  coup1 i n g  o f  l o c a l i z e d  
f i e l d s  a t  devices o r  on c i r c u i t s .  E f f e c t  o f  EMP pene t ra t i on  through 
aper tu res  and by conduct ion i s  approximated i n  t h i s  model. 

4.2.4.4 Data Base: F a i l u r e  Response C h a r a c t e r i s t i c s  
f o r  Damage Ana lys is  o f  I n d i v i d u a l  Device or C i r c u i t  

Where models can no t  be developed from c a l c u l a t i o n  o r  engineer ing 
methods, t e s t  data i s  obta ined on se lec ted  devices o r  types o f  devices 
t o  r e l a t e  s t r e s s  i n t o  coupled vo l tages o r  cur ren ts .  

4.2.4.5 Model: Damage Response f o r  Device o r  C i r c u i t  

Based on. c a l c u l a t i o n s  o r  t e s t ,  cause-e f fec t  coup l ing  r e l a t i o n s h i p s  
are  der ived  f o r  damage modes f o r  t h e  devices f rom f i e l d s  and from 

conduct ive coupl ing.  

4.2.4.6 Data Base: F a i l u r e  Response C h a r a c t e r i s t i c s  f o r  
Upset Ana lys is  of I n d i v i d u a l  Device 

The approach t o  t h i s  task  i s  s i m i l a r  t o  4.2.4.4. 
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4.2.4.7 Model: Upset Response f o r  Device 

Cause-ef fect  "coupl ing"  r e l a t i o n s h i p s  a r e  de r i ved  between s t r e s s  
and upset modes o f  t h e  dev ice f rom f i e l d s  and from conduct ive coupl ing.  

4.2.4.8 Data Base: The Device o r  Current  as a "Dr i ve r "  

Th is  i s  s i m i l a r  i n  approach t o  4.2.4.4. 

4.2.4.9 Model : "Dr iver "  Model o f  Device 

The dev ice i s  reduced t o  an equ iva len t  " d r i v e r "  c i r c u i t  as def ined 
by i t s  use a t  connect ion o r  coup l ing  p o i n t s  i n  t h e  f u n c t i o n a l  group. 

4.2.4.10 Models: Communication L i n e  Response 

Based on t h e  i n fo rma t ion  gathered i n  t h e  prev ious task  group and 
t h e  s p e c i f i e d  e l e c t r i c  f i e l d  environment, an equ iva len t  " d r i v e r "  network 

i s  s imulated f o r  t h e  communication l i n e ,  i n  t h e  form o f  e i t h e r  a 
Thevenin o r  Norton equ iva len t  f o r  es t ima t ing  s t ress .  

With coup l ing  models f o r  t h e  devices and c i r c u i t s  and t h e  s p e c i f i e d  

e l e c t r i c  f i e l d  environment, s i m i l a r l y ,  " d r i v e r "  ou tpu ts  a r e  a l s o  der ived  

f o r  s t ress  ana lys is .  

4.2.5 I n t e r a c t i o n  o f  C i r c u i t s  and Devices w i t h i n  
Funct ional  Group 

Fa i l u res  o f  many devices o r  c i r c u i t s  i n  power networks a r e  more 

l i k e l y  t o  occur due t o  s t resses produced by o the r  devices o r  c i r c u i t s  on 
the  dev ice being assessed f o r  ' f a i l u r e .  The connect ion- loca t ion  
diagrams o f  f u n c t i o n a l  groups w i t h i n  a subsystem (F ig .  70) g i v e  an 
i n d i c a t i o n  o f  where one form o f  i n t e r a c t i o n s  between f u n c t i o n a l  groups 

may be poss ib le  [35], and t h e  poss ib le  s t ress  mode o f  a s p e c i f i c  dev ice 

o r  c i r c u i t  i n  a f u n c t i o n a l  group. I n  a sense, t h e  coup l ing  o r  d i r e c t  

i n t e r a c t i o n  o f  s t r e s s  f rom one f u n c t i o n a l  group i n t o  another i s  another 

" d r i v e r "  a c t i n g  on appropr ia te  te rm ina ls  of devices o r  c i r c u i t s  be ing 
assessed. Fig.  71, f o r  example, i l l u s t r a t e s  t h a t  t h e  r e l a y  o f  i t s  
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f u n c t i o n a l  group can be i n f l uenced  by t h e  power-del i v e r y  f u n c t i o n a l  
group through the  vo l tage and c u r r e n t  t ransformers t h a t  p rov ide  t h e  
c u r r e n t  and vo l tage s igna ls  from the  power-del ivery  f u n c t i o n a l  group t o  
the  r e l a y  f u n c t i o n a l  group, s p e c i f i c a l l y  t o  t h e  r e l a y s  o r  c i r c u i t s  i n  

t h i s  group. Wi r ing  and cab le  runs may be common t o  a number of 
f u n c t i o n a l  groups, and t h e r e f o r e  prov ide  poss ib le  coupled paths between 
these groups. Relay devices may be "housed" i n  the  same conf ines  as 

prov ide  poss ib le  coupled paths between these groups. Relay devices may 
be "housed" i n  the  same conf ines  as o t h e r  c i r c u i t s ,  such as f o r  

communication and c o n t r o l .  Prox imi ty  e f f e c t s  may lead  t o  "coupl ing"  t o  

the  re lays .  

I n  t h i s  group o f  tasks phys ica l  in te rconnect ions  o f  c i r c u i t s  and 

devices w i t h i n  one f u n c t i o n a l  group and p o t e n t i a l  coup l ing  i n t e r a c t i o n s  
are  der ived  from a s tudy o f  t he  connect ion and l a y o u t  ( l o c a t i o n )  

diagrams from data obta ined i n  Sec t ion  4.2.3, as i l l u s t r a t e d  i n  
Fig.  70 and 71, w i t h  a t t e n t i o n  g iven t o  each dev ice c r i t i c a l  t o  the  
performance o f  t he  f u n c t i o n a l  group, Fig.  71. 

Based on the  " d r i v e r "  c i r c u i t  equ iva len ts  o f  Sect ion 4.2.4 and the  
i n te rconnec t ion  diagrams, i n t e r a c t i o n  diagrams can be cons t ruc ted  f o r  
each c r i t i c a l  dev ice o r  c i r c u i t  (F ig .  72). 

As mentioned prev ious ly ,  t h e  " d r i v e r  c i r c u i t "  equ iva len ts  and t h e  
c o n f i g u r a t i o n  o f  t he  i n te rconnec t ion  diagram w i l l  va ry  w i t h  the  type  o f  

s t r e s s  app l i ed  and s u s c e p t i b i l i t y  be ing assessed. 

4.2.5.1 Data Base: In terconnect ion/Locat ion Diagrams 

These data are de r i ved  from data i n  Sect ion 4.2.3 (F ig .  70). 

4.2.5.2 Model: Device-Speci f ic  In te rconnect ion  Diagram 

S i m i l a r  t o  Fig.  71, t h i s  i s  der ived  from the  prev ious data base. 
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4.2.5.3 Model: Device-Speci f ic  I n t e r a c t i o n  Diagrams 

This  task  i s  t h e  summation o f  t h e  prev ious se ts  o f  tasks, lead ing  
t o  diagrams s i m i l a r  t o  Fig.  72 f o r  each model o f  s t r e s s - f a i l u r e  

assessment t o  be made. 

4.2.6 St ress/Strength Assessment o f  Damage o r  Upsets o f  
C i r c u i t s  and Devices w i t h i n  The Funct ional  Group 

The two issues t o  be addressed under t h i s  s e t  o f  tasks are  t h e  
s t ress  t h a t  appears i n  a c i r c u i t  o r  dev ice w i t h i n  a f u n c t i o n a l  group, 
and the  s t reng th  o f  t h e  c i r c u i t  o r  dev ice t o  t h i s  s t ress;  t h a t  i s ,  t h e  

s u s c e p t i b i l i t y  o f  t h e  dev ice o r  c i r c u i t  t o  e i t h e r  f a i l u r e  due t o  damage 

o r  t o  upset  (F ig .  73). 

4.2.6.1 St ress 

I n  t h e  contex t  o f  t h e  power system network assessment, t h e  term 
"s t ress "  can mean e i t h e r  t h e  vo l tage appear ing on a dev ice o r  c i r c u i t ,  

o r  t h e  c u r r e n t  f l o w i n g  i n t o  t h e  te rmina ls  o f  t h e  dev ice o r  c i r c u i t  ( o r  
c i r c u l a t i n g  i n t e r n a l l y ) .  

The vo l tage o r  c u r r e n t  may be due e i t h e r  t o  t h e  f i e l d  i l l u m i n a t i o n  
d i r e c t l y  on t h e  dev ice o r  c i r c u i t ,  o r  t o  connect ions o r  coupl ings w i t h  
o the r  devices o r  c i r c u i t s  t o  the  dev ice o f  cons idera t ion  (F ig .  70 and 
72). 

Whi le equat ions and computer codes a re  a v a i l a b l e  o r  can be 
developed t o  c a l c u l a t e  t h e  vo l tages and cu r ren ts  produced by t h e  HEMP 

event  a t  a l l  l o c a t i o n s  i n  a power system and t h e  s t reng th  cou ld  be 
determined f o r  these loca t i ons ,  i t  i s  n o t  p r a c t i c a l  t o  do so unless 
u n l  i m i  t e d  resources a re  ava i  1 ab1 e. For s tud ies  w i t h  1 i m i  t e d  resources , 
engineer ing judgment must be used t o  determine t h e  c r i t i c a l  p o i n t s  o r  
devices i n  c r i t i c a l  f u n c t i o n a l  groups a t  which the  s t ress /s t reng th  

comparisons a re  t o  be made (F ig .  69). 

When t h e  r i s e  t ime o f  HEMP s t ress  i s  l e s s  than the  usual i n t e r -  

connect ing cable o r  w i r e  l eng th  d i v i d e d  by t h e  speed o f  l i g h t ,  bo th  
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EMP-induced stress and system stress inside a confine could exhibit 
standing waves. Therefore, determining the dominance of system- 
generated stress at one point within the confines taken, will not insure 
its dominance everywhere in the same confines [37]. 

With an HEMP rise time of 10 nanoseconds, if the length limitation 
criteria, L, is defined as: 

10x1 o - ~  microsec > ZL/I 000 ft/per microsec 

then if L is less than 5 feet: 

1. Standing wave effects are not significant. 
2. System-generated stresses can be utilized for a base 

comparison for HEMP susceptibility. 
3. HEMP-induced stress can be represented as a Thevenin 

equivalent voltage source with appropriate series impedances 
or a Norton-equivalent current source. 

If the maximum frequency to be considered in the assessment is 10 
megaHertz, having a wave length of 100 feet, then the limiting distance, 
L, can be somewhat larger, perhaps 10 feet. 

Many circuits and device configurations within the functional group 
have dimensions that fall within the 1 imiting length criterion. 
Therefore, these can be treated within the three guidelines stated 
above. 

In the case of devices in the power-delivery functional group, 
dielectric or insulation withstand test results are available in the 
form of basic insulation levels (See Appendix F) .  Surge voltages of 
several different waveshapes are applied by test sets to the terminals 
of the power equipment to determine withstand levels of the insulation 
at these terminals. For example, Basic Impulse Insulation Levels (BIL 
or BIIL) and switching surge withstand levels (BSL) are available for 
each voltage class of power transformer. These data can become part of 
the withstand strength data base for power-del iverable devices. 
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4.2.6.2 Strength 

Because of the variety of devices and circuits to be found in the 
functional groups of a power network, a number of different measures are 
used for "susceptibility" to failure. These can be identified with 
respect, to dielectric failure, to thermal failure, and to functional 
mis-operation, or "upset." 

Flashovers are one form of "failure" due to overvoltages in power 
networks. For transmission and distribution lines suspended from towers 
or poles, the lowest strength (flashover) values would normally be 
obtained at the insulators on the towers or poles. Line-to-line 
flashovers would be unlikely since the HEMP excitation is common mode 
and the line-to-line stress would normally be quite low. Since the 
stress on a line should normally be rather uniform, the stress/strength 
comparisons should be made at the insulators on the towers or poles, 
especially at points of discontinuity where the stress might be 
increased. 

Surge arresters of different ratings and size are commonly used on 
both the power-delivery lines and (in much smaller sizes) in electronic 
equipment used in the control centers and for the instrumentation, 
control, and protective functions. Thus, in some circumstances physical 
damage of a device or circuit due to overvoltage is not a consideration 
because of surge protection at a terminal by the use of capacitors and 
surge arresters. Under this circumstance, thermal stress may be of more 
concern as it may affect the devices being used for the surge-voltage 
protection. This may also be the situation, for example, in the consi- 
deration of certain control-functional devices or communication-function 
devices. 

Ambient stress levels can be high in substations and in control 
rooms in power systems because of energy levels associated with 
power-delivery switching functions. For example, it is well known that 
operation of high-vol tage disconnect switches in substations generate 
high-frequency current surges in buses and lines whose fields can be 
coupled into control wiring if measures are not taken to suppress them. 
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S i m i l a r l y ,  h igh-frequency cu r ren ts  f l o w i n g  i n  ground conductors du r ing  
sw i t ch ing  of l a r g e  shunt capac i to r  banks can a l s o  c rea te  vo l tages o f  
severa l  thousand v o l t s  i n  c o n t r o l  w i r i n g  and low vo l tage power c i r c u i t s .  

Th is  then es tab l i shes  a "system-generated" o r  base environment 
th resho ld  t o  which can be compared t h e  s t resses produced by HEMP. I Such 
th resho ld  data a re  a v a i l a b l e  i n  t h e  l i t e r a t u r e  f rom t e s t s  made i n  t h e  

f i e l d .  But  i t  i s  t o  be noted t h a t  system-generated s t resses from 
sw i t ch ing  operat ions,  i n  general ,  e x c i t e  d i f f e r e n t  p o i n t s  o f  the  network 
i n  d i f f e r e n t  manner, whereas HEMP e x c i t e s  a l l  p o i n t s  e s s e n t i a l l y  

s imultaneously.  

I n  o the r  instances, f a i l u r e  e i t h e r  f rom overvo l tage o r  thermal 

cons idera t ions  i s  n o t  a concern, b u t  r a t h e r  t h e  mal func t ion  o r  

f u n c t i o n a l  "upset" of t h e  dev ice o r  c i r c u i t .  Th is  can be t h e  s i t u a t i o n  
f o r  c o n t r o l  o r  communication ,devices o r  c i r c u i t s .  

Two ca tegor ies  of "upset"  have been de f ined [38]: 

0 Upset i n v o l v i n g  p r e c i p i t o u s  ac t ions ,  such as t r i p p i n g  o f  
a generator  p l a n t ,  "caused by erroneous s ta tes  induced by 
t h e  s t ress  of e lect romagnet ic  pu lse  (EMP) i n  l o g i c  o r  
o the r  e l e c t r o n i c  o r  electromechanical  elements o f  a 
system o r  subsystem. Th is  category can be charac ter ized  
by t h e  instantaneous o r  n e a r l y  instantaneous consequences 
o f  temporary EMP disturbances. A f t e r  t h e  EMP has passed, 
t h e  d i s tu rbed  e l e c t r o n i c  o r  electromechanical  elements 
a re  assumed t o  resume complete ly  normal operat ion;  b u t  
some s i g n i f i c a n t  undesi rab le a c t i o n  has occurred because 
o f  t h e  d is tu rbance caused du r ing  t h e  EMP event." 

0 Upset l ead ing  t o  s torage o f  erroneous in fo rma t ion  i n  an 
e l e c t r o n i c  o r  o the r  memory t h a t  w i l l  r e s u l t  i n  an 
undes i rab le  a c t i o n  a t  a f u t u r e  t ime. 

I t  i s  presumed, a p r i o r i ,  t h a t  i n  t h e  power system t h e  l a t t e r  
category o f  upset i s  of secondary concern s ince  devices t h a t  s t o r e  
i n fo rma t ion  w i l l  be w e l l  sh ie lded when used i n  t h e  power system 

environment. However, t h i s  i s  another area which may need i n v e s t i g a t i o n  

i n  t h e  assessment. 
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Section 5 discusses further concepts of strength and of strength 
data bases and models. 

4.2.6.3 Responses and Stresses within Individual Circuits 
and Devices 

The analysis must assess interactions between devices or circuits 
in producing stress in or on the individual device or circuit in a 
functional group. Each 'device, group of -devices, or circuit connected 
to the assessed device is reduced to an appropriate equivalent "driver" 
circuit based on the field and coupling code to the connected devices 
and circuits (Section 4.2.4.8). 

The "driver" equivalents and the device models having been derived, 
the next step is to apply each "driver" to the appropriate points of 
entry into the strength model equivalent of the device being assessed to 

. calculate the stresses that develop at that application point by the 
specific "driver" (Fig. 72). 

- 

Stress can also be produced on a device by the HEMP field coupled 
to the device. The HEMP environment inside the control center building 
is defined for a given external environment in terms o f  a localized 
field strength at critical device locations, and/or in terms of voltage 
or current surges appearing on unfiltered incoming lines and cables. 

Through tests or available data bases for a device such as (for 
example), a solid-state relay, the strength to damage or upset is 
compared to the localized field strength on the device at the 
frequencies of most significance (Fig. 68). The localized field 
strength is obtained by modifying the geographically-located field on 
the total enclosure o f  the relay by the shielding effects of major and 
minor enclosures and circuits between this field and the internal 
components of the device. In most cases, the effects will be to reduce 
the field strength at any given voltage. 

The localized field strength as modified is then coupled to the 
internal components of the device by stress coupling models for the 
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dev ice as an e n t i t y .  
enclose the  i n t e r n a l  components o f  t he  device.)  

(The e n t i t y  may inc lude  a case normal ly  used t o  

Where the  f i e l d  s t r e n g t h  s t r e s s  i s  comparable t o  t h e  damage o r  
upset s t reng th  o f  t he  device, a p r o b a b i l i t y  o f  f a i l u r e  i s  assumed. The 
r e s u l t  o f  t h i s  device assessment i s  entered i n t o  the  " f a u l t "  t r e e  t h a t  

i s  l a t e r  used t o  determine the  s t a t e  f o r  t h i s  func t iona l  group o f  which 
t h i s  device and others a re  a p a r t .  I n  some cases f a i l u r e  of a device, 
a p r i o r ,  means " f a i l u r e "  of t he  func t iona l  group, and i s  so noted a t  t h e  
l e v e l  o f  assessment o f  t he  f u n c t i o n a l  group. F igure  74 summarizes the  

above process and the  f o l l o w i n g  tasks.  

4.2.6.4 D e f i n i t i o n  o f  Tasks f o r  St ress/Strength Assessment 

I n  t h i s  s e t  of tasks,  a s t ress /s t reng th  assessment f o r  e i t h e r  
damage o r  upset i s  performed on se lec ted  dev ice o r  c i r c u i t s  w i t h i n  

f u n c t i o n a l  groups o f  concern. When appropr ia te  t o  the  assessment o f  t he  

f u n c t i o n a l  group, t he  ou tpu t  o f  assessment o f  a device o r  c i r c u i t  can be 
expressed as the  p r o b a b i l i t y  o f  f a i l u r e  (damage o r  upset)  o f  t he  dev ice 

o r  c i r c u i t .  I n  many cases these data must be determined by t e s t  from a 

gener ic '  group, by c a l c u l a t i o n ,  o r  by judgment. With t h e  s t reng th  

c h a r a c t e r i s t i c s  o f  t he  devices and c i r c u i t s  estab l ished,  t he  ou tpu t  o f  
t h e  assessment o f  f u n c t i o n a b i l i t y  o f  t he  s p e c i f i c  f u n c t i o n a l  group can 

be i n  terms o f  p r o b a b i l i t i e s  through use o f  f a u l t  t r e e  techniques as 

descr ibed i n  the  nex t  sect ion.  

Data are  p resen t l y  scarce i n  t h i s  area. Since u n c e r t a i n t i e s  a re  
at tached t o  t h i s  process, smal l  sca le  t e s t s  and la rge-sca le  s imu la t ions  
may be requ i red  f o r  t h i s  ana lys i s  and t o  v a l i d a t e  the  assessment 
procedure. I t  may be necessary t o  i t e r a t e  t h e  process o f  ana lys i s  and 
t e s t  as more data become a v a i l a b l e  u n t i l  s a t i s f a c t o r y  assessment i s  

o b t a i  ned. 

4.2.6.4.1 Assessment: Se lec t  C r i t i c a l  Funct ional  Groups 

This  s e l e c t i o n  i s  p red ica ted  on t h e  importance o f  t he  f u n c t i o n a l  

group performance t o  t h a t  o f  t he  subsystem. General ly,  ya rd  l i g h t i n g  
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systems, f o r  example, may n o t  be c r i t i c a l ;  whereas, r e l a y i n g  f u n c t i o n a l  
groups may be c r i t i c a l  t o  t h e  f u n c t i o n i n g  o f  subs ta t i on  subsystems. 

The opera t iona l  s t a t e  o f  t h e  f u n c t i o n a l  group a t  t h e  t ime 
immediately preceding t h e  HEMP event a f f e c t s  t h i s  s e l e c t i o n  and i s  
obta ined from t h e  i n i t i a l  system s t a t e  data base. For example, f o r  a 
power d e l i v e r y  f u n c t i o n a l  group, t h i s  s t a t e  may inc lude  t h e  s ta tus  
(c losed o r  open) o f  a l l  swi tches o r  c i r c u i t  breakers, t h e  p o s i t i o n  o f  

t ransformer taps and vo l tage regu la to rs ,  t h e  load f lows through t h e  
var ious  power d e l i v e r y  elements, e t c .  I f  t h e  c i r c u i t  breakers o r  
switches a re  open, f o r  example, "out  o f  serv ice"  then, obv ious ly ,  t h i s  
power-del ivery f u n c t i o n a l  group i s  i n i t i a l l y  n o t  c r i t i c a l  t o  t h e  
f u n c t i o n i n g  o f  t h e  subs ta t i on  subsystem. However, i t  i s  impor tant  t o  
know whether t h e  s t a t e  o f  t h i s  f u n c t i o n a l  group i s  such t h a t  i t  can be 
used i n  l a t e r  t ime f o r  power network r e s t o r a t i o n .  The s t a t e  data base 
f o r  t h i s  f u n c t i o n a l  group would r e f l e c t  t h e  two cond i t ions ,  i.e., n o t  i n  
se rv i ce  b u t  capable o f  be ing p u t  i n t o  serv ice.  

4.2.6.4.2 Data Bases: C h a r a c t e r i s t i c s  of Devices 
and C i r c u i t s  

Strengths should be de f ined w i t h  respec t  t o  te rmina ls  o f  devices. 
Data bases o f  w i ths tand s t rengths  may be g iven i n  terms o f  c e r t a i n  

c h a r a c t e r i s t i c s  ( i .e.,  pu lse  width,  wave shapes, magnitudes) as der ived  
from t e s t  r e s u l t s  a v a i l a b l e  o r  t o  be obta ined by t e s t .  For example, 

surge w i ths tand c a p a b i l i t y  t e s t s  (SWC) o f  a g iven magnitude and 
waveshape a re  app l i ed  t o  c e r t a i n  r e l a y  systems. These data a re  
a v a i l a b l e  and cou ld  be p a r t  of the  w i ths tand data base f o r  these re lays .  

The phys ica l  c h a r a c t e r i s t i c s  o f  t h e  devices o r  c i r c u i t s  a re  
obta ined from t h e  phys ica l  d e s c r i p t i o n  data base, w h i l e  t h e  parameters 
t o  use i n  equ iva len t  c i r c u i t s  a re  obta ined from t h e  equ iva len t  c i r c u i t  
parameter data base. The l o c a t i o n s  o f  these devices o r  c i r c u i t s  a re  

de f ined w i t h i n  t h e  f u n c t i o n a l  group by connect ion diagrams. 



194 

Data bases o f  s t rengths  f o r  some devices o r  c i r c u i t s  may n o t  be 
a v a i l a b l e  a t  t he  t ime o f  t he  assessment, and must be est imated based on 
c h a r a c t e r i s t i c s  o f  s i m i l a r  equipment. Data bases o f  "upset"  s t rengths  
may be even l e s s  ava i l ab le ,  and engineer ing judgment a l s o  may be 

necessary t o  es t imate  these c h a r a c t e r i s t i c s .  

4.2.6.4.3' Assessment: Se lec t  C r i t i c a l  Device o r  
C i r c u i t  w i t h i n  Funct ional  Group 

I d e n t i f y  f rom t h e  data bases o f  a l l  devices o r  c i r c u i t s  and t h e  

connect ion diagram what i s  t he  weakest dev ice o r  c i r c u i t  f u n c t i o n a l  
group from a damage and from an upset s tandpoint .  

One bas is  f o r  t h e  s e l e c t i o n  of t h e  c r i t i c a l  devices i s  t o  per form a 

se r ies  o f  p r e l i m i n a r y  s t ress /s t reng th  c a l c u l a t i o n s  a t  rep resen ta t i ve  
p o i n t s  t o  i d e n t i f y  t he  most l i k e l y  f a i l u r e  mode. From t h e  t r e n d  o f  t h e  
s t ress /s t reng th  comparisons, t he  most c r i t i c a l  devices can be 
determined. 

Some o f  t h e  p o i n t s  f o r  which p r e l i m i n a r y  c a l c u l a t i o n s  should be 

made can be se lec ted  i n  advance through a cons ide ra t i on  o f  t h e  
parameters a f f e c t i n g  the  s t ress /s t reng th  r e l a t i o n s h i p .  

The s t reng th  r e l a t i o n s h i p s  f o r  t h e  c o n t r o l  room .dev ices and 
c i r c u i t s  may be def ined i n  terms o f  t he  maximum a l l owab le  e l e c t r i c  f i e l d  
s t reng th  and t h e  t r a n s i e n t  vo l tage and c u r r e n t  l e v e l s  on incoming l i n e s  
f o r  t he  var ious  c lasses of equipment. 

4.2.6.4.4 Assessment: C a l c u l a t i o n  o f  St ress 

I n  t h i s  task  t h e  s t ress  i s  determined f o r  t he  te rm ina l  o r  p o i n t s  o f  
e n t r y  o f  t h e  s t reng th  models o r  equ iva len ts  a t  which comparisons between 

the  s t reng th  and s t r e s s  are  going t o  be made. Depending on t h e  dev ice 

o r  c i r c u i t  invo lved,  t he  s t r e s s  may be de f i ned  i n  terms o f  vo l tage  o r  

c u r r e n t  waveshape o r  energy. 

_. 

The s t resses  ( e i t h e r  of vo l tage  o r  o f  thermal concern) a re  

approximated by t h e  use of t he  ' 'd r iver ' '  equ iva len ts  a c t i n g  on t h e  dev ice 
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stress/strength models. The stresses are compared to data bases of 
withstand strength levels or upset levels for the model of the 
particular device or circuit to determine the potential for physical 
failure of the device under consideration, or its functional upset (i.e. 
functional mal function). 

Given the time dependent magnitude of the "driver" voltages, the 
increase in rise and/or threshold of circuit or device upset is 
assessed. For high enough stress levels, potential damage due primarily 
to thermal failure is assessed using thermal strength models for the 
devices . 

By the use of a decision "fault tree" or by risk analysis, assume 
the potential problem has been reduced to, say, a comparison of 
overvoltage levels to a consideration of potential "upset." The HEMP 
"noise" level as represented first by its magnitude would be compared to 
the upset level of the device or to the normal ambient noise level 
experienced by the device. If the HEMP "noise" does not fall within a 
selected margin of the ambient, or of the upset withstand level of the 
device then the analysis proceeds to other assessments. If the HEMP 
"noise" level is within this margin or higher, then the duration or 
frequency of- the noise must be evaluated against allowable values to 
estimate potential of upset of the device under consideration. 

The results of these failure assessment for a device is entered 
into the overall fault tree assessment of the state of the functional 
group of which the device is a part. 

The following is an example o f  an assessment of a specific device 
in the relay or control functional group. 

Analysis of Instrument Transformer as an Equivalent "Driver" 

Knowledge of the steady state and transient performance of 
instrument transformers is of critical importance for instrumentation 
and protective relay system assessment. The simultaneous ac and dc 
excitation due to fault current offset will result in transformer 
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operation closer to or in the saturation state. The partial or full 
saturation can cause the secondary voltage or current waveform to 
deviate from the primary waveform. For transient fault conditions, a dc 
offset in the fault current of the same polarity can substantially 
reduce the time to saturation. 

Data Base: Instrument Transformers 

The data base should contain the following information (1) bus 
location of the instrument transformer, (2) operating characteristics 
including saturation curves and time to saturation characteristics, 
( 3 )  configuration of secondary connection, (4) connected ratio, and 
(5) burden. This information is used in conjunction with the branch 
fault current 'data base to quantify operational performance in terms of 
the modified nature of the secondary waveforms. 

Assessment: Current Transformer (CT) Operation 

Based on the magnitude and time history of the fault current 
exciting the current transformer, in conjunction with ac excitation, the 
percent error of CT response will be calculated and secondary waveforms 
investigated as they may affect proper relay or instrument operation. 
An analysis may be made of the possible magnitude of CT remanant flux 
.for later assessments in MHD-EMP. 

The following are examples of specific device assessments in the 
power-delivery functional 

Analvsis of Power Fuse 

group. 

The combination of 
contribution as a result 
power fuse misoperation 

normal power frequency current and the fault 
of faults due to the HEMP event may result in 
during the two-second HEMP assessment time. 

This potential risk assumes increasing importance since the fuse is a 
single operation device. A "blown" power fuse requires manual 
replacement which can increase the time required for electrical service 
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r e s t o r a t i o n .  A fuse may a l s o  be damaged by an i n i t i a l  f a u l t  b u t '  n o t  
"blown" u n t i l  an a d d i t i o n a l  c u r r e n t  surge. 

Data Base: Power Fuses 

This  data base cons is t s  o f  fuse opera t ing  curves which d e p i c t  t h e  

r e l a t i o n s h i p  'between t ime and rms t o t a l  cu r ren t .  (See F ig.  24 o f  
MHD-EMP r e p o r t  [32] f o r  a t y p i c a l  s e t  o f  curves.) 

Assessment: Fuse Operat ion 

The power fuse data bases w i l l  be compared t o  t h e  expected values 
o f  60 Hz power frequency rms c u r r e n t  combined w i t h  t h e  f a u l t - c u r r e n t  

value, t o  asce r ta in  t h e  p r o b a b i l i t y  of fuse operat ion.  

Analys is  o f  Power Transformers 

It i s  known t h a t  h igh  magnitudes o f  surge vo l tage app l i ed  t o  t h e  

te rmina ls  o f  a t ransformers can r e s u l t  i n :  

0 Poss ib le  i n s u l a t i o n  d e t e r i o r a t i o n  o r  damage due t o  
f a i l u r e  o f  major i n s u l a t i o n  t o  ground o r  t u r n - t o - t u r n  
i n s u l a t i o n .  

0 Trans fer  o f  vo l tage components i n d u c t i v e l y  and 
c a p a c i t i v e l y  t o  o the r  te rmina ls  [39]. 

I t  i s  common p r a c t i c e  t o  p r o t e c t  t h e  major i n s u l a t i o n  t o  ground by 

u t i l i z i n g  surge a r r e s t e r s  connected t o  ground a t  t h e  te rmina ls  o f  t h e  
t ransformer.  Rare ly  a r e  surge a r r e s t e r s  connected phase-to-phase except 
f o r  t ransformers i n  some DC i n s t a l l a t i o n s .  Although t h e  surge a r r e s t e r s  

tend t o  reduce t h e  vo l tage components i f  t h e  surge i s  above t h e  
p r o t e c t i v e  l e v e l  o f  t h e  surge a r res te r ,  vo l tage components below t h i s  
l e v e l  a re  t r a n s f e r r e d  through the  t ransformer t o  o the r  c i r c u i t s .  Th is  
leads t o  t h e  cons idera t ion  o f  data bases and models d i r e c t e d  toward two 

regimes f o r  assessment: s t reng th  and t r a n s f e r  c h a r a c t e r i s t i c s .  It i s  

assumed t h a t ,  except a t  wind ing te rmina ls  and based on t h e  i nhe ren t  

s h i e l d i n g  o f  t h e  s t e e l  t ransformer tank,  coup l ing  o f  HEMP f i e l d s  i n t o  

i n t e r n a l  p a r t s  a re  i n s i g n i f i c a n t  i n  t h e  assessment procedures. 
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Data Base: Power Transformer Strength 

Strength of windings of transformers are defined by standard 
withstand levels, termed chopped wave, basic impulse insulation level, 
basic switching impulse insulation level and rarely, front-of-wave (see 
power definitions, Appendix F).  The first and last levels mainly test 
turn-to-turn insulation. Depending on the insulation class, values for 
these withstand levels are tabulated against the insulation class for 
factory test. A multiplier is applied to these tabulated levels to 
reflect strength of the transformer after being in service. Tests of 
older equipment in field service for some time are generally given 
withstand tests at 75% of the factory tests. This provides a 
qualitative margin for failure in field installations. These withstand 
levels are utilized for strength assessments. 

. 

Data Base: Transformer Transfer Characteristics 

These data imply sufficient details o f  the inductances and 
capacitances of the transformer windings are obtained so that simple 
transfer models can be derived, sufficient for the frequencies of 
interest in the surge impinging on the terminals of the transformer. 

Model: Transformer Strength 

Because the high frequency equivalent of a transformer consisting 
of inductances and capacitances, the shape and magnitude of an impulse 
surge on the terminals o f  a transformer are changed. A model for this 
effect is needed that relates open-circuit voltage on a 'line to that 
voltage resulting across the terminals for the proper assessment of 
transformer strength. 

Model : Transformer Vol tage/Current Transfer 

Based on the data base associated with this task, a 
"transfer-function" model is developed. This model may be frequency 
specific. 
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Assessment: Transformer I n s u l a t i o n  Damage 

To assess t h e  p o s s i b i l i t y  of i n s u l a t i o n  damage, impinging surge 
vol tages, a f t e r  m o d i f i c a t i o n  by t h e  t ransformer surge model, a re  
compared t o  t h e  most appropr ia te  o f  t h e  a v a i l a b l e  w i ths tand vo l tage 

l e v e l s  f o r  es t ima t ing  f a i l u r e .  

4.2.7 E f f e c t  o f  Fa i l u res  Upon Funct ion ing o f  The Funct ional  Group 

F a u l t  t rees  a re  developed from t h e  func t iona l  r e l a t i o n s h i p s  and 

connect ion diagrams as a bas is  f o r  assessment of t he  probable s ta tes  o f  
each f u n c t i o n a l  group [36]. For example, a f a u l t  t r e e  can s i m p l i f y  
de termina t ion  o f  t h e  c i r c u i t  breaker opera t iona l  s t a t e  as p a r t  o f  the  

f u n c t i o n a l  group assessment. " F a u l t  t r e e  ana lys i s  i s  a systemat ic  

method o f  t r a c i n g  t h e  e f f e c t s  o f  f a i l u r e s  a t  lower  l e v e l s  o f  system upon 

i t s  h ighe r  l e v e l s "  [38]. The method can be used t o  es t imate  p r o b a b i l i t y  

o f  s u r v i v a l  f o r  complex systems and t o  compare var ious  hardening 

approaches. 

" A  f a u l t  t r e e  ana lys i s  w i l l  y i e l d  a p r o b a b i l i t y  d i s t r i b u t i o n  o f  t h e  

p r o b a b i l i t y  o f  system s u r v i v a l  cond i t i ona l  upon t h e  l e v e l  o f  conf idence 

associated w i t h  t h e  assigned p robab i l  i t i e s "  [38]. 

Data bases have been es tab l i shed  under Task Group 4.2.3 t h a t  
con ta ins  t h e  f u n c t i o n a l  r e l a t i o n s h i p s  between t h e  devices and c i r c u i t s  

o f  a power d e l i v e r y  f u n c t i o n a l  group. Examples o f  t h e  f u n c t i o n a l  
r e l a t i o n s h i p s  conta ined i n  t h i s  data base are  t h e  r e l a y  scheme used t o  
c o n t r o l  power c i r c u i t  breakers, and a c o n t r o l  scheme f o r  a generator.  

A t  l e a s t  two " t rees "  o f  f a i l u r e  p r o b a b i l i t y  a re  requ i red ,  one t o  
d e f i n e  t h e  p r o b a b i l i t y  o f  damage i n  t h e  func t iona l  group (p revent ing  t h e  
group from per forming i t s  s p e c i f i c  f u n c t i o n )  and t h e  o the r  t o  de f i ne  t h e  
p r o b a b i l i t y  o f  upset  l ead ing  t o  an i n c o r r e c t  i n d i c a t i o n  o f  i t s  purpose. 
For example, a p ro tec t i on - func t i ona l  group, cou ld  be made up o f  a 

c u r r e n t  t ransformer s i g n a l l i n g  through w i r i n g  .or cable t o  a r e l a y .  Two 

dc power supp l ies  a re  provided; o n l y  one i s  necessary f o r  proper  

f u n c t i o n i n g  o f  group. The r e l a y  and one o r  both power supp l ies  may i n  
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t u r n  be connected t o  the  opera t ing  c o i l  o f  a c i r c u i t  breaker. The 
f a i l u r e  o f  any one o f  these devices o r  c i r c u i t s  can cause f a i l u r e  or 
upset o f  t h e  group and cause t h e  c i r c u i t  breaker t o  t r i p .  Fig.  75 shows 

a s imple " f a u l t  t r e e "  represent ing  t h i s  f u n c t i o n a l  group. 

Some o f  these devices, due t o  t h e i r  h igh  r e l i a b i l i t y ,  o r  low 
p r o b a b i l i t y  o f  f a i l u r e  o r  o f  upset  may be e l im ina ted  from t h e  " f a u l t  
t r ee " .  Due t o  l a c k  o f  data, some engineer ing judgment o f  f a i l u r e  

p r o b a b i l i t i e s  may be necessary i n  t h e  assessment f o r  o the r  devices.  

It i s  expected t h a t  a gener ic  form f o r  one o r  bo th  types of 
ana lys is ,  damage o r  upset,  can be developed t h a t  w i l l  f i t  any s p e c i f i c  
type  o f  f u n c t i o n a l  group. Th is  approach w i l l  s i m p l i f y  code development 
f o r  f a u l t  t rees .  Codes a re  p r e s e n t l y  a v a i l a b l e  t o  c rea te  app rop r ia te  

f a u l t  o r  dec i s ion  t rees .  

The approach t o  be taken i s  t o  develop a minimum o f  gener ic  
f a u l t - t r e e  models f o r  each type o f  f u n c t i o n a l  group. Generic models 

enable rep resen ta t i ve  assessment o f  HEMP e f f e c t s .  A unique f a u l t  t r e e  
model need n o t  be developed f o r  each i n d i v i d u a l  f u n c t i o n a l  group o f  

every subsystem. Consequently, assessment o f  HEMP ef fects  can be 
accomplished f o r  a l l  gener ic  models and any subsystem can be un ique ly  

modeled by a rep resen ta t i ve  combinat ion o f  these models. 

The f o l l o w i n g  i s  an example o f  an assessment o f  two s p e c i f i c  
f u n c t i o n a l  groups. 

4.2.7.1 Ana lys is  o f  Inst rumentat ion,  Contro l  
and Relay Funct ional  Group 

Subsequent t o  the  assessment of c u r r e n t  and vo l tage transformer 
opera t ion  i n  an HEMP environment, t h i s  i n fo rma t ion  must be i n t e g r a t e d  

. i n t o  the  ana lys i s  of ins t rumenta t ion ,  c o n t r o l  and p r o t e c t i v e  r e l a y  

schemes. For inst rumentat ion,  t h e  assessment should c o n s i s t  o f  t h e  

q u a n t i f i c a t i o n  o f  measurement e r r o r  in t roduced by t h e  mod i f i ed  secondary 

waveforms o f  t h e  inst rument  t ransformer as determined under Task 

Group 4.2.6. Contro l  system opera t ion  must be i n v e s t i g a t e d  t o  a s c e r t a i n  
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Fig. 75. 
of device probabilities upon state of functional group. 

Simplified example of fault tree analysis of effect 
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the impact of misleading input information. Protective relay schemes 
must be investigated in the context of relay security and operational 
dependabi 1 i ty . 

Data bases, as established in Task Group 4.2.3, would contain the 
operating characteristics of measurement instrumentation including 
transducers and metering systems. Measured system parameters for 
assessment are voltage, current, frequency, real and reactive power. 
The control system data bases would include the operating 
characteristics for systems such as automatic generation control, local 
frequency and local voltage control schemes. 

4.2.7.2 Assessment: Instrumentation and Control System Operation 

The assessment will quantify the amount o f  measurement error 
contained in the output of instrumentation systems. The total error 
will be the combination of the ratio and phase angle error of the 
instrument transformers in conjunction with the modified uncertainty of 
transducers and metering systems. Control system operational assessment 
is based upon the ability of these systems to perform their intended 
functions given distorted power system parameter input data. (The 
ability of control systems to filter 'Ibad" data would be included in 
t hi s documentation. ) 

The resulting assessments would be reflected in the state data 
base for this control functional group. 

4.2.7.3 Assessment: Protective Relay Scheme Operation 

The assessment will consist of the quantification of relay scheme 
security and relay scheme dependability. A loss of security is defined 
as an undesired relay operation in the absence of those conditions for 
which the relay must perform its intended function. The loss of relay 
scheme dependability is defined as the failure to operate, or, operation 
with excessive delay for abnormal conditions. For example, dependent on 
relay design , the primary effect of current transformer secondary 
distortion may be zero-crossing shift, peak reduction, rms value reduc- 
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tion or harmonic content. Relay schemes of particular interest include 
current-di.fferentia1 protection, overcurrent protection, undervoltage 
schemes and distance relaying applications based on line impedance 
parameters. 

The resulting assessments are reflected into the state data base 
and fault tree for this protective relay functional group. 

4.2.8 Interaction Between Functional Groups as They Affect 
The Status of The Subsystem 

The outputs of the stress/strength assessments, for functional 
groups, as reflected in their states data base and fault trees can be 
used as the basis for determining the reaction of the subsystem to the 
HEMP event. Damage and/or misoperation of some of the functional groups 
may have little or no short term effect on the operation of the 
subsystem. For example, misoperation of the instrumentation functional 
group due to damage of panel meters would have no effect in the interval 
following initiation of the event since human intervention would be 
required to initiate a change based on the faulty information. 
Similarly, loss of communications would have little immediate effect 
except for communications used in protective relaying schemes. 
(However, in a later assessment, loss of communications could make the 
power system more difficult to control and the restoration of power 
after a power outage slower.) 

At this level , engineering decisions, that is, human intervention, 
through a thought process based on the various states of the individual 
functional groups may be required for assessing the status of the 
subsystem made up of these functional groups and ultimately the power 
network (Fig. 76). In future refinements in the methodology, this 
thought process might be supported by "expert systems'' or "artificial 
intell igence systems .'I 

I 

Proper assessment, however, requires that all relevant modes of 
failure can be identified, including.such factors as human error. Also, 
the relationship of various parts of the subsystem must be understood 
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w e l l  enough as t o  "model" them appropr ia te ly .  I n  these assessments, i t  

may be necessary t o  es t imate  a number of t h e  p r o b a b i l i t i e s ,  tempering 
these est imates w i t h  engineer ing knowledge o f  t h e  v i a b i l i t y  o r  t h e  
subsystem dependence upon c e r t a i n  func t iona l  groups, and t h e  devices 
w i t h i n  these groups. 

4.2.8.1 Data Base: - C r i t i c a l  Quest ions Bear ing on 
Subsystem's A b i l i t y  t o  Support Power-Delivery Miss ion  o f  Network 

I n  these tasks quest ions a re  formulated t h a t  a re  c r i t i c a l  t o  t h e  
subsystem operat ion,  s i m i l a r  t o  t h e  quest ions i n  F ig.  76, b u t  o f  
s p e c i f i c  form. 

4.2.8.2 Data Base: S ta tes  o f  A l l  Funct ional  Groups i n  Subsystem 

These tasks e n t a i l  i d e n t i f y i n g  which f u n c t i o n a l  groups a re  i n  

opera t ion  be fore  and a f t e r  t h e  HEMP event; which a re  n o t  i n  se rv i ce  
(per forming f u n c t i o n )  o r  can be p u t  i n t o  se rv i ce  i n  a f u t u r e  ac t ion ;  
which have f a i l e d  w h i l e  i n  se rv i ce  and ex ten t  o f  f a i l u r e  (damage o r  
upset )  and why f a i l u r e  has taken place; and which have f a i l e d  so as t o  

i n h i b i t  f u tu re  ac t ions .  As an example, Fig.  77 i l l u s t r a t e s  p a r t  o f  the  
thought  process i n  i d e n t i f y i n g  f u n c t i o n a l  groups and t h e i r  e f f e c t  on 
answering a c r i t i c a l  ques t ion  "can t h e  generat ion subsystem i n  a 
generator p l a n t  cont inue t o  d e l i v e r  power i n t o  t h e  network." (Because 
o f  t h e  l ong  t ime requ i red  t o  b r i n g  a generator  up t o  speed and on l i n e  
d e l i v e r i n g  power, t h e  ques t ion  of whether an ou t -o f -serv ice  generator  
can be brought on l i n e  i s  academic i n  t h e  HEMP assessment t ime.) 

Model: Decis ion Tree f o r  Answering Quest ion 

A dec i s ion  t r e e  i n  answer t o  each c r i t i c a l  ques t ion  i s  b u i l t ,  
s i m i l a r  t o  Fig.  77, down t o  l e v e l s  o f  assessment i n  s u f f i c i e n t  d e t a i l  t o  
i d e n t i f y  b locks s i g n i f i c a n t  t o  t h e  answer t o  t h e  quest ion and t o  r e l a t e  

t o  t h e  tasks of Sect ion 4.2.7. 
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4.2.9 Effect  o f  States o f  Subsystems Upon Status o f  
The Power System Network 

The pr imary miss ion o f  the the  power network i s  t he  d e l i v e r y  o f  
power, and t h i s  miss ion i s  supported by the  func t i ons  o f  subsystems i n  
both t h e  power-del ivery system and t h e  communication and c o n t r o l  
systems. Therefore, t h e  emphasis o f  t h i s  l e v e l  o f  assessment i s  on t h i s  
power-del ivery mission. 

The purpose of t h i s  s e t  of tasks i s  t o  u t i l i z e  data bases o f  t he  
i n i t i a l  and subsequent s t a t e s  of t he  subsystems, as imposed by t h e i r  
f u n c t i o n a l  groups, t o  formulate the  c o n d i t i o n s  a t  g iven p o i n t s  i n  t ime 

as i n p u t  t o  t h e  codes used t o  study the  response o f  t h e  power network. 
It can be a n t i c i p a t e d  t h a t  t he  s t a t e s  o f  c e r t a i n  subsystems w i l l  be 
i n f l uenced  o r  changed a t  l a t e r  t imes i n  the  assessment by the  r e s u l t s  o f  
changes i n  s t a t e s  of o t h e r  subsystems a t  t he  t ime o f  t he  HEMP 
i l l u m i n a t i o n ,  and as the  power network responds dynamical ly t o  the  
i n i t i a l  changes i n  s ta tes .  

F ig .  78 i l l u s t r a t e s  t h e  major power-del ivery subsystems o f  a small  
power network f o r  t he  purpose of t h i s  discussion. This  f i g u r e  shows 
a l s o  assumed communication l i n k s  i n  t h e  form o f  r a d i o  nets,  microwave 

channels, and leased telephone l i n e s .  Because o f  t he  s h o r t  pu lse-width 
o f  t he  HEMP i t  i s ,  n o t  expected t h a t  o the r  than leased l i n e s ,  w i l l  be 
a f f e c t e d  by HEMP. However, these a r e  "subsystems" t h a t  become o f  

concern du r ing  the  MHD-EMP assessment. ( I n  con t ras t ,  o f  course, 
f u n c t i o n a l  groups a t  t he  te rm ina ls  o f  these l i n e s  can be a f f e c t e d  by t h e  
HEMP i 1 1 umi nat ion.  ) 

A basic  assumption throughout t h i s  methodology i s  t h a t  a l l  o f  a 
g iven subsystem ( w i t h  perhaps the  except ion o f  very  long t ransmiss ion 
l i n e s  which may be handled i n  a spec ia l  manner) i s  i l l u m i n a t e d  by HEMP 

a t  t he  same i n s t a n t .  With t h e  HEMP f i e l d s  moving a t  no l e s s  than the 

speed o f  l i g h t ,  subs ta t i on  subsystems, f o r  example, separated by several  

hundred m i les  i n  t h e  d i r e c t i o n  o f  t h e  movement o f  the f i e l d ,  would 

experience the  HEMP a t  a t ime d i f f e r e n c e  o f  a very few m i l l i seconds .  
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OF 

Fig. 78. Illustration o f  a small power network 
with single interconnection to another power network. 
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For example, with the HEMP wave coming in at the top of Fig. 78, the 
generating plant A and its substation would experience HEMP before 
generating plants B 81 C, (which would receive illumination at the same 
time). 

With the relatively long response times of power changes in a power 
network (cycles of the system frequency) , a reasonable assumption, 
however, is that the total power network is illuminated essentially at 
the same time. This means, then, for the purpose of assessment that 
flashovers and other changes that occur in the power system as a result 
of the HEMP occur essentially at the same time. 

Generally, the power-delivery functional groups of many subsystems 
are interactive through circuit breakers or switches with their 
associated supporting protective relaying functional groups, Fig. 79. 
Because of physical location, circuit breakers are considered in this 
methodology as part of substation subsystem; however, the circuit 
breakers at 1 ine terminals and their supporting relaying functional 
groups, could be considered as part of their respective power-line 
subsystems. Thus, the overlapping function of a circuit breaker 
provides the basis for the interactive states of the substation and 
associated power lines. Fig. 79 illustrates these details. 

The results of the previous groups of tasks are used in the 
assessment to the level of interactions between subsystems. As is 
discussed earlier in this section, it can be anticipated that the states 
of certain subsystems will be influenced or changed, at later times, by 
the results o f  changes i n  status o f  other subsystems at the time o f  HEMP 

i 1 1  umination. 

For example, one state for a power line is whether the line is 
faulted by flashover due to HEMP or not faulted, and if faulted the data 
base for this set includes a measure of where the flashover has 
occurred. Since these data are to be used for short-circuit studies in 
the next group of tests, this latter piece of data can be the impedance 



Fig. 79. Subsystems details illustrating overlapping interconnections 
o f  subsystems through circuit breakers and their associated supporting 
functional groups. 
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from the terminals of the power line to the fault location. Likewise, 
the operability of other devices in the power-delivery network is in 
question. 

Levels of load demanded and generation available following the HEMP 

event are identified with their locations within the power network. The 
status of the transmission lines and substations are determined as to 
what lines have flashed over due to the HEMP event and what states a 
substation is in as to power deliverability or to control. 

Assessment interactions of the subsystems in a power network is an 
iterative process, as illustrated by Fig. 66 through response of 
functional groups from results of the power network studies. The power 
network response studies introduce the element of the time constants 
associated with the power network. Initial assessments of the power 
network are made which become "initial" conditions for the first pass 
through the response studies. The results of these studies impact, for 
example, on relaying functional groups which, through causing operations 
of circuit breakers , cause interaction between subsystems , such as 
generation and load. These interactions result in new conditions in the 
response studies which, in turn, can result in additional changes in . 

state. 

Concurrently, characteristics of other interconnected power 
networks, and results of state changes in these other interconnected 
power networks, may become part of the data for the power network 
response studies. 

The following data base tasks are based on the initial assessment 
tasks of previous sections as reflected into performance data bases. 

4.2.9.1 Data Base: Operation of Generation Subsystems 

Identify the generation plants and associated generators that are 
still operable. 
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Establish allowable levels of real and reactive power generation 
for plant, data to be used in load flow studies. 

Establish composite impedances of operating generation, in 
conjunction with generating plant substation subsystem, data to be used 
in short-circuit and transient stability studies. 

4.2.9.2 Data Base: Interconnection Power Network 

Identify if flashovers have occurred on interconnecting power 
lines. 

Establish location in terms of impedance to flashover fault for 
short circuit study. 

If no flashover (faults), establish what power level can be 
delivered over interconnection. 

Establish transient stability study equivalents for interconnected 
power networks based on other assessments of these interconnected power 
networks. 

4.2.9.3 Data Base: Substation Subsystem Operation 

Identify what major power-delivery functional groups within the 
subsystem are still in operation from a previous assessment of the 
power-delivery functional groups and their associated supporting 
functional groups in previous sections. This entails identifying 
from previous data bases which power delivery functional groups or 
their supporting groups: 

- are operable 
- have become inoperable due t o  EMP event 
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- w i l l  become inoperab le  a t  a l a t e r  t ime due t o  i n t e r a c t i o n  
between func t iona l  groups one o r  more o f  which have 
become inoperab le  due t o  EMP event. 

4.2.9.4 Data Base: Power L i n e  Subsvstem Flashover 

I d e n t i f y  on which power l i n e s  f l ashover  due t o  EMP have occurred. 

Es tab l i sh  l o c a t i o n  i n  terms o f  impedance t o  f a u l t  l o c a t i o n  

( f l ashover )  f rom each te rm ina l  o f  power l i n e .  

4.2.9.5 Data Base: Bulk  Load Eauiva lents  

I d e n t i f y  s ta tus  o f  b u l k  loads f o l l o w i n g  HEMP event. 

E s t a b l i s h  ' fevels o f  l oad  i n  terms o f  r e a l  and r e a c t i v e  power. 

Es tab l i sh  c h a r a c t e r i s t i c s  o f  r o t a t i n g  machines s t i l l  opera t ing  i n  

b u l k  load. 

4.2.9.6 Data Base: Operat ion of D i s t r i b u t i o n  Subsystem 

I d e n t i f y  what f a i l u r e s  have taken p lace  i n  t h e  d i s t r i b u t i o n  
subsystem i n i t i a l l y  due t o  HEMP; i.e., f lashovers,  i n s u l a t i o n  damage o f  

equipment and i n  l a t e r  t ime f o l l o w i n g  s h o r t  c i r c u i t  s tud ies,  fuse 
blowings, overloads, e tc .  

Es tab l i sh  a l lowab le  power l e v e l s  through subsystem. 

Es tab l i sh  composite impedances from d i s t r i b u t i o n  subs ta t ion  t o  

f a u l t  l oca t i ons .  

Es tab l i sh  load l e v e l  remaining f o l l o w i n g  HEMP o f  d i s t r i b u t i o n  

subsystem i n  terms o f  r e a l  and r e a c t i v e  power. 
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4.2.10 System State Analysis in Response to Subsystem 
State Chanaes 

The impact of changes in states in subsystems on the change in 
"state" over time of the power system network must be assessed from the 
following aspects: 

0 Initial system load flow as starting base-case conditions 
for the short-circuit and transient stability analysis. 

I 

0 Changes in system current flows following power-delivery 
device or circuit failures, either as output from the 
first stage in the network analysis portion of the 
transient stability code, or utilizing other network 
analysis codes. 

0 System switching overvoltages which may result in 
subsequent power-delivery or circuit failures due to 
circuit-breaker operations. 

Base case steady-state conditions for the power network prior to 
the HEMP event must be specified. Short-circuit studies give magnitudes 
of fault current for analysis of what relaying schemes and circuit 
breakers should operate, if still functional following the HEMP. 
Stability studies are concerned with the movement of angles of internal 
voltages of synchronous machines away from states of equilibrium 
required to balance energy of existing loads and losses against the 
energy of electrical generation within the power network. Disturbances 
occurring within the system that create an imbalance in these energy 
levels lead to angular swings of machines which are reflected in voltage 
and current angles throughout the system. Opening of circuit breakers, 
dropping significant loads, can result in system overvoltages, leading 
to other equipment damage. 

4.2.10.1 Data Base: Fault Impedances and Source Voltages 

This data base, derived in an earlier set of tasks, supports the 
study of currents within the power system due to faults. 
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4.2.10.2 Model: S h o r t - c i r c u i t  Studies 

The system i s  s e t  up i n  s u f f i c i e n t  d e t a i l  us ing  t h e  prev ious data 
base t h a t  f a u l t  cu r ren ts  i n  var ious  power-del ivery  f u n c t i o n a l  groups can 

be ca lcu la ted .  

4.2.10.3 Assessment: Re1 ay-Scheme and C i  r c u i  t -Breaker 

OPera t i ons 

F a u l t  cu r ren ts  a re  compared t o  t r i p  s e t t i n g s  o f  r e l a y i n g  schemes 
t h a t  a r e  s t i l l  func t iona l .  Where t r i p p i n g  o f  assoc iated c i r c u i t  
breakers a re  c a l l e d  f o r ,  t r i p p i n g  t imes a re  decided f o r  those t h a t  a re  

s t i l l  operable. 

4.2.10.4 Data Base: System Load Flow and S t a b i l i t y  

Th is  data base es tab l i shes  t h e  base case steady s t a t e  c o n d i t i o n  o f  
t h e  system p r i o r  t o  t h e  i n t r o d u c t i o n  o f  HEMP e f f e c t s .  The type o f  data 

requ i red  i s  cons i s ten t  w i t h  t h a t  u s u a l l y  g iven  f o r  convent ional  system 
studies.  

4.2.10.5 Model: Load Flow 

The requ i red  load f l o w  models a r e  i d e n t i c a l  t o  those conta ined i n  

t y p i c a l  e x i s t i n g  l oad  f l o w  d i g i t a l  programs. The ou tpu t  of t h e  
s imu la t i on  w i l l  revea l  t h e  f o l l o w i n g  system assessment summaries. 

4.2.10.6 Assessment: Resul ts  o f  Load Flow 

The f o l l o w i n g  a re  t y p i c a l  outputs  o f  load  f l o w  s tud ies :  

0 Real and r e a c t i v e  power f lows i n t o  o r  o u t  o f  designated 
buses 

0 Voltage l e v e l s  a t  these buses 

0 Real and r e a c t i v e  power f rom generators 

0 L ine  losses 
0 Regulated bus data ( t rans former  taps,  e tc . )  
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4.2.10.7 Model: System Stability 

In addition to the quantification of the new steady-state load 
flow caused by the HEMP environment, the effects on system 
stability as it moves from state to state of power equilibrium must also 
be considered. The load flow defines the initial steady-state 
conditions. The stability program represents the dynamic models of 
generation, load, and reactive power compensation. The system is 
disturbed by the effects of HEMP. The program output quantifies the 
dynamic response of the system, such as generator swing angles as a 
function of time and flows over still-operable lines. In addition, the 
effects of load-shedding schemes and line tripping are considered. 

The effects of overvoltages on long-line de-energization, (i .e. , 
quasi-steady-state 60 Hz voltages) , can be investigated using existing 
analysis techniques in the transient-stability program. 

4.2.10.8 Assessment: System Response 

"Swing" curves for major generation, still operable following 
the HEMP, are obtained over time. The effect of relay and circuit 
breaker operations are examined as to load dropping, subsystem 
"islanding," etc. The effect of bypassing and reinsertion of series 
capacitors on load flows and stability are determined. 

4.2.10.9 Assessment: Change of System State 

The combination of load flow, short-circuit and stability 
studies caused by and in the presence o f  an HEMP environment will 
lead to an understanding of complete system operational response 
and system state up to the MHD-EMP, Fig. 80. Probability of equipment 
(devices and circuits) damages and upsets subsequent to HEMP is 
evaluated for reiteration in the assessment process. 
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4.3 Hierarchy of Data Bases 

Figure 81 illustrates the hierarchy of data bases supporting the 
various levels of assessment within' the power system that have been 
discussed in previous sections. 

The initial and subsequent interaction to the effects o f  HEMP at 
the functional-group level predicates data bases being available for 
models of specific circuits and devices making up each functional group 
and their initial states (Fig. 82), (E2)  with interactive (connection 
diagrams) relationships defined (El). Data bases for circuits and 
devices may include physical models on transfer functions, models of 
potential failure modes including probabilities of dielectric or thermal 
failures (flashover and burn-up) and malfunctions or upset without 
permanent damage (E3). 

For each functional group there is an initial state of the group as 
an entity (Dl), which will be reflected in a separate data base for use 
in assessment. Data in such a base are subject to change in time, with 
the states of the individual circuits and devices (€2) making up the 
functional group. This data base, with similar ones for other 
functional groups, provides a "test point" in time to relate states of 
functional groups (Fig. 83) for the assessment at the subsystem level. 
Thus, data bases for a specific functional group includes information 
about, first, the initial state of one functional group (DZ), changed t o  
succeeding states with time as appropriate, as well as a listing of the 
circuits and devices making up the functional group with the measure o f  

its performance state as a functional group (D3). 

In addition, in order to tie the field environment definition in a 
space to the functional group in the space, are information about the 
spatial location of the functional group (Dl). This information can be 
similar, in part, if not the same, as the information describing the 
spatial location of the subsystem in which the group functions (Cl). 
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It is 
within the 
speci f i c. 

anticipated that data bases for these circuits and devices 
functional groups may be site-specific as well as subsystem 

A spatial location data base for a functional group (Dl) may 
include information about the effects of shielding of enclosures common 
to all or part of the functional group. Information on the effects of 
enclosure shielding are derived from models as discussed in Section 5. 
Shielding affects on the individual devices, because o f  their own cases 
or enclosures, becomes part of the coupling code data base of the model 
for the device itself (E3). Broadening data bases can be anticipated as 
more data is obtained by experiment or calculation on individual 
circuits and devices and enclosure shielding and functional group 
performance. A complete data base for level Eg, for example, would 
include all types of devices and circuits that could or would be used in 
a specific functional group, together with other data bases defining 
their possible state (E2), characteristics, and parameters (E3) and how 
they connect or interact with other devices or circuits in their 
functional group (El ).  Where important, information in this data base 
may be required that links one functional group to another (El) through 
a common device. For example, a current transformer provides a link 
between the power-delivery functional group and the protection and 
control functional group. 

Data bases for specific functional groups (DP, and below) then 
become subsets of information describing a large part of the subsystem. 
Listing of functional groups and overall performance data of .a 
functional group are such a subset (C3) of the data bases defining the 
subsystem. In conjunction with this data base are those describing the 
initial state of the subsystem, and subject to change with time during 
the assessment (C2), and information about the spatial location of the 
subsystem (Cl) providing the link to the field equations on an aggregate 
standpoint. As mentioned previously, the spatial data base (Dl) may be 
the same as, or similar, to (Cl). Data base C2 provides a link in time, 
a "test point," with states of other subsystems for the assessment at 
the power network level. 



2 23 

At the level of the complete power system are additional data bases 
defining its boundaries and contain information about electrical 
interconnections and communication 1 inks within its confines and with 
other power system networks (Bl) , initial and subsequent operational 
states of the power system as "test points" to other power systems 
through information across interconnections and communication 1 inks 
(B2), and the listing and performance data of subsystems making up the 
power system of interest (83) .  Figure 84 illustrates typical 
operational states of the power network. 

4.4 Summary 

The HEMP assessment methodology presented herein begins with a 
defined high-altitude burst scenario, and a defined power network 
configuration and set of initial conditions. This assessment concludes 
at an elapsed time of two seconds after the burst event with an 
assessment of the probable. new state of the systems under evaluation. 
This output states of the systems serve as the new set' of initial 
conditions for the associated MHD-EMP methodology described in Volume 3 

of this report series. The above break between the initial HEMP 
assessment and the subsequent MHD-EMP analysis is necessitated by the 
change in system response models from those applicable for 
high-frequency modeling to those models directed towards very-low 
frequency analysis. 

The methodology is structured on the basis of a hierarchy of 
elements of the power network: systems, subsystems, functional groups, 
devices and circuits. The concept of "critical line length," introduced 
in Section 3 of this report, combined with a knowledge of power system 
time constants, effectively limits the topological extent of various 
subsystems to be assessed during the time of local HEMP illumination. 

This structure provides the vehicle for data for assessment at 
several levels of the partitioning of the power network, or the 
assessment itself, to be generated by different groups of experts. The 
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proven techniques of fault-tree assessment have been incorporated as 
part of the methodology in order to explicity relate cause and effect. 
The development of individual fault trees at the subsystem/functional 
group/circuits and devices levels is a system-specific task required by 
the methodology as part of the assessment process. This development 
naturally leads to a definition of specific questions about functional 
interactions at the various levels. The examples of functional 
interaction offered in this section should not be considered as an 
exhaustive list of the important questions to be addressed in the 
assessment. 

It is important to note that the HEMP assessment methodology has 
been intentionally developed as to remain "transparent" to the quality 
of the data. This approach places the uncertainty of the assessment 
results as a function of the uncertainty of the "stress and strength" 
data and not of the assessment process. 



5. HEMP CODES, MODELS AND EXPERIMENTS 

5.1 Introduction 

This section briefly discusses technical issues concerning: 
1) feasibility of digital code development, 2) power system device and 
apparatus models, and 3 )  an experimental program to support model 
development of HEMP interaction with civilian electric utility systems. 

. The digital code development is presented as a series of code 
modules operating within the assessment methodology. The individual 
codes are used in conjunction with human analysis and evaluation. 

The principles of device and apparatus modeling are discussed in 
terms of "external" models: the device is replaced in the model circuit 
by the relevant lumped parameter elements. In the case of power 
apparatus, the effects of equivalent shunt capacitance at the device 
terminals are explored in order to understand the relationship between 
open-circuit voltage and applied terminal voltage. The subsection also 
discusses the attributes of various "strength" models for equipment. 

The subsections conclude with a discussion of the types of 
experiments required to verify the external models and/or determine the 
nature of device failure under HEMP environments. 

5.2 Digital Code Development 

The assessment methodology, presented in Section 4 of this report, 
anticipates the development and/or use of several digital codes in 
support of the assessment process. It is not intended that the total 
methodology should, or can be accomplished as a single, unified 
simulation code. The methodology incorporates specific code modules as 
analysis tools to explore the interaction of HEMP and the power system. 

The digital codes incorporated within the methodology can be 
divided into three categories: 
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0 HEMP Environment Code 
0 

0 Functional Group, Subsystem and Power System 
HEMP Interaction and Device Response Codes 

Response Codes 

The HEMP Environment Code translates a given high-altitude nuclear 
burst at a known location to the corresponding spatially local HEMP 
environments experienced at subsystem geographic locations within the 
area of direct illumination. The HEMP interaction codes translate the 
local incident field into a corresponding set of transient stresses 
experienced by the functional groups/devices within each subsystem. 
Device response is then obtained by stress/strength comparison of 
relevant data files. Power system response at later times employs a set 
of functional groups, subsystem and system-level response codes. These 
response codes are recursive in time and yield the prospective state of 
the system necessary to begin the MHD-EMP methodology. Attributes of 
the digital code development are discussed in the following subsections. 

5.2.1 HEMP Envi ronment Code 

The local HEMP environment code is necessary at the start of the 
HEMP assessment. The code requires, as an input, information concerning 
the geographic location of the nuclear burst ( X - Y  spatial coordinate and 
height of burst) and the spatial coordinate locations of the subsystems 
at which the local HEMP environment is required in the assessment. The 
code computes each local environment and creates an output file 
containing the following descriptions for the local incident fields at 
the specified locations: 

0 Waveform 
0 Angle of Incidence 
0 Fractions of Polarization 
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The above desc r ip t i ons  a r e  discussed i n  Sect ion 2 o f  t h i s  repo r t .  
I t  i s  a n t i c i p a t e d  t h a t  t h e  code w i l l  be v a l i d  f o r  t h e  con t inen ta l  Un i ted  

States.  For assessments r e q u i r i n g  s e n s i t i v i t y  a n a l y s i s  o f  i n c i d e n t  

f i e l d  parameters o r  a s i n g l e  " t h r e a t "  environment, t h e  ou tpu t  f i l e  can 
be d i r e c t l y  constructed. An elementary f l owchar t  f o r  t h i s  code module 

i s  shown as F ig.  85. 

5.2.2 HEMP I n t e r a c t i o n  and Device Re-sponse Codes 

The n e x t  se r ies  o f  codes requ i red  t o  suppor t  t h e  methodology 

operate on t h e  l o c a l  HEMP i n c i d e n t  f i e l d  environment a t  a subsystem o f  
i n t e r e s t  t o  c a l c u l a t e  t h e  expected s t ress  and/or l o c a l  f i e l d s  
exper ienced by devices w i t h i n  f u n c t i o n a l  groups. These coup l i ng  and 

i n t e r a c t i o n  codes w i l l  be developed from t h e  formulas presented i n  

Sect ion 3 o f  t h i s  repo r t .  The conducted s t r e s s  a t  the  dev ice te rm ina ls  
o f  i n t e r e s t  a re  format ted i n  terms o f  app rop r ia te  vo l tage /cu r ren t  

t r a n s i e n t  d r i v e r s .  

The c a l c u l a t e d  dev ice s t r e s s  i s  then compared t o  t h e  appropr ia te  
dev ice s t reng th  and dev ice s t a t e  f i l e s  t o  es t imate  probable dev ice 

responses. These assessment comparison codes a l l o w  f o r  t h e  t r a n s l a t i o n  
o f  s t ress  and/or s t reng th  data t o  a common base f o r  comparison. The 
ou tpu t  f i l e s  o f  t h i s  s e t  o f  code modules a re  t h e  time-dependent dev ice 
responses. An elementary f l owchar t  o f  these code modules i s  shown as 
Fig.  86. I t  i s  planned t h a t  e x i s t i n g  computer codes used as p a r t  o f  t h e  
Phase I research w i l l  form t h e  bas is  of t h i s  p o r t i o n  o f  t h e  Phase I 1  
code development. 

5.2.3 System Response Codes 

The code modules requ i red  i n  t h i s  

accept, as i n p u t  data f i l e s ,  t h e  dev ice r e  
p o r t i o n  o f  

ponse data a 

t h e  methodology 

d t h e  system s e t  
o f  i n i t i a l  cond i t ions .  The devices responses a re  entered i n t o  a f a u l t  

t r e e  assessment code t o  es t imate  t h e  func t iona l  group response w i t h i n  
any subsystem. Add i t i ona l  code modules examine t h e  i n t e r a c t i o n  between 

subsystems i n  o rde r  t o  es t imate  t o t a l  system response as a f u n c t i o n  o f  
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t ime. 
Fig.  87. 

An elementary f l owchar t  f o r  t h i s  s e t  o f  code'modules i s  shown i n  

The system response codes w i l l  n o t  r e q u i r e  ex tens ive  o r i g i n a l  code 
development. E x i s t i n g  f a u l  t - t r e e  s o l u t i o n  codes developed f o r  nuc lear  

power p l a n t  r i s k  assessment a re  app l i cab le  t o  f u n c t i o n a l  group ana lys is .  
I n  add i t i on ,  system response codes f o r  l oad  flow, s h o r t - c i r c u i t  and 
system s t a b i l i t y  can be adapted from e x i s t i n g  sof tware.  

5.3 Equipment Models 

The complex i ty  o f  ea r l y - t ime  HEMP equipment models i s  a f u n c t i o n  

o f :  1)  t h e  spect ra o f  t h e  surge and 2)  t h e  l e v e l  o f  t h e  assessment. 
For a system l e v e l  assessment, equipment can be represented by an 
equ iva len t  "ex te rna l "  network o f  lumped elements. Such ex terna l  models 
may take t h e  form o f  a s ing le ,  shunt capacitance, an R-L-C equ iva len t  
network o r  t h e  appropr ia te  surge impedance. For example, i n  l i g h t n i n g  

s tud ies,  r o t a t i n g  machines have been success fu l l y  modeled as surge 
impedances. 

Th is  subsect ion discusses t h e  i m p l i c a t i o n s  o f  ex te rna l  model 
representa t ion ,  i n  p a r t i c u l a r  shunt capacitance, as a m o d i f i e r  o f  HEMP 

vo l tage s t ress  a t  t h e  equipment te rmina ls .  The subsect ion cont inues 

w i t h  an example o f  t h e  development o f  i n t e r n a l ,  d i s t r i b u t e d  models 
app l i cab le  t o  power transformers. The subsect ion concludes w i t h  a 
general  d iscuss ion  o f  equipment performance c r i t e r i a  f o r  HEMP s t ress .  

5.3.1 External  Models 

I n  Sect ion 3 o f  t h i s  repo r t ,  t h e  HEMP induced surge a t  a l o c a t i o n  
o f  i n t e r e s t  has been presented i n  terms o f  a c a l c u l a t e d  open-c i r cu i t  
vo l tage o r  s h o r t - c i r c u i t  cu r ren t .  The presence of shunt capaci tance a t  
t h i s  l o c a t i o n  o f  i n t e r e s t  w i l l  reduce t h e  va lue o f  t h e  ac tua l  te rmina l  

vo l tage impressed across t h e  equipment f rom t h e  HEMP open-c i r cu i t  

c a l  cu 1 a t  i on. 



I FUNCTIONAL GROUP 
FAULT TREES 

EVALUATION 
CODES 

GROUP STATE 

SYSTEM 

I 
I 
I 

SYSTEM 
ANALYSIS 

CODE s 
'SUB SYSTEM 

STATE FILES - ' 

I N 
w 
N 

M ETHODOLOGY 
POST-HEMP 

Fig.  87. System Response Code Flowchart. 



An example o f  t h i s  e f f e c t  i s  shown i n  F ig.  88. Th is  f i g u r e  
compares t h e  vo l tage v a r i a t i o n  f o r  HEMP and 1 . 2 ~ 5 0  1.1s standard l i g h t n i n g  
surge a t  t h e  end o f  a 241 meter t ransmiss ion l i n e  as a f u n c t i o n  of shunt 
capacitance. F igure  89 shows t h e  complete HEMP vo l tage waveforms f o r  
s e l e c t  values o f  shunt capacitance. For a g iven va lue o f  capaci tance 
t h e  reduc t i on  o f  vo l tage magnitude i s  more pronounced f o r  HEMP waveform 
due t o  t h e  h igher  spec t ra l  con ten t  when compared t o  standard l i g h t n i n g .  

More complex ex terna l ,  equ iva len t  models f o r  equipments i nc lude  

i n d u c t i v e  and r e s i s t i v e  elements as w e l l  as shunt capacitance. 
Neglect ing any r e s i s t i v e  element, t h e  examples shown i n  F ig .  89 have 
been expanded t o  i nc lude  se r ies  inductance i n  t h e  model. F igure 90 

shows the  v a r i a t i o n  o f  te rmina l  vo l tage f o r  d i f f e r e n t  values o f  
inductance assumed i n  se r ies  w i t h  100 p f  o f  shunt capacitance. The 
vo l tage  waveform i s  seen t o  be a s t rong  f u n c t i o n  o f  t h e  LC combination. 

I n  t h e  absence o f  s p e c i f i c ,  measured data f o r  power d e l i v e r y  
equipment, est imates o f  lumped, equ iva len t  capaci tance can be obta ined 
from I n d u s t r y  Standards such as A N S I / I E E E  Standard C37.011 (1979) [41]. 
These rep resen ta t i ve  values a re  t h e  r e s u l t  o f  a survey o f  manufactures 

by t h e  I E E E  Power C i r c u i t  Subcommittee, Working Group on Trans ien t  
Recovery Voltages. I t  should be noted t h a t  t h e  values conta ined i n  t h e  
above ANSI  Standard a r e  based on power f requency measurements. 
Add i t i ona l  i n v e s t i g a t i o n  i s  requ i red  t o  determine what c o r r e c t i o n  f a c t o r  
may be necessary t o  a d j u s t  t h i s  data t o  t h e  f requencies o f  i n t e r e s t .  An 
example o f  such capaci tance data f o r  power t ransformers i s  shown i n  
Fig.  91 [41]. 

5.3.2 D i s t r i b u t e d  Models 

D i s t r i b u t e d  models f o r  power equipment a t  HEMP f requencies are  
concerned w i t h  t h e  .modeling o f  t h e  i n t e r n a l ,  d i s t r i b u t e d  shunt and 
se r ies  c a p a c i t i v e  elements w i t h i n  t h e  equipment. Th is  subsect ion 

presents  t h e  example o f  t h e  power t ransformer.  
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.I I IO 100 1000 
Open circuit CAPACITANCE in nF 

Fig. 88. The induced vo l t age  a t  the end o f  a 241m long 
conductor  12.3m above ground due t o  a )  HEMP (Y=3Oo ,$=Oo , 
v e r t i c a l  p o l a r i z a t i o n )  , b)  1 . 2 ~ 5 0  us s tandard  1 igh tn ing  
wave. 
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Fig. 89; 
241m conductor  for d i f f e r e n t  terminal capac i t ance  
t o  ground. 

HEMP induced vo l t age  a t  the end of the 
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0 

a )  L=.O1 mH, C=100 pF 

" T  

b )  L = l .  and 0.1 mH, C=100 pF 

Fig.  90. 
conductor f o r  d i f f e r e n t  va lue inductance in s e r i e s  w i t h  
a 100 pF capac i to r .  

HEMP induced vo l tage a t  t h e  end o f  t h e  241111 
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Fig. 91. 
values for various BIL o f  highest voltage winding; (a) 110 kV 
BIL, (b) 150 kV BIL, (c) 200 kV BIL, (d) 250 kV BIL, ( e )  350 kV 
BIL, (f) 450 kV BIL, (9) 550 kV BIL, (h) 650 kV BIL [41]. 

Transformer winding capacitance to ground range of 
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For many power transformers, the capacitive network can be 
represented by the ladder network for a winding divided into n segments, 
as shown in Fig. 92, where: 

is the total interwinding capacitance of the HV winding, ‘HS 
CLs is the total interwinding capacitance of the L V  winding, 

is the total capacitance of the HV winding to ground, 
is the total capacitance of the L V  winding to ground, and 
is the total capacitance of the high voltage winding to the 

c~~ 
c~~ 
cHL LV winding. 

The ladder network can be simplified to the approximate equivalent 
circuit shown in Fig. 93, where: 

- c ~ ~ + c ~ ~  
cLs aL - 

c ~ ~ + c ~ ~  c~~ 
C ~ ~ ~ =  sinh aH 

c ~ ~ + c ~ ~  c ~ s  
C ~ ~ ~ =  sinh aL 

1/2 cash aH -1 ‘HS 
CHLE = cHL [ ‘HG+‘HL ] sinh aH 
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:e. . 

.... 

.... 

.... 

Fig.  92. 
two winding t ransformer (HV and LV). 

Equ iva len t  h igh  frequency c i r c u i t  o f  a 
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Fig. 93. 
circuit for two winding transformers. 

Approximate high frequency equivalent 

Fig. 94. 
for two winding transformer including leads and bushings. 

Approximate high frequency equivalent circuit 
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The use o f  aH i n  Equations (165) and (166) i s  appropr ia te  f o r  
determin ing t h e  e f f e c t  o f  a vo l tage source app l i ed  a t  t h e  HV te rmina ls .  

S i m i l a r  s i m p l i f i e d  h i g h  frequency equ iva len t  c i r c u i t s  can be 
developed f o r  most power t ransformer geometries f o r  which the  equ iva len t  

capaci tance network shown i n  Fig.  92 does n o t  apply.  

The equ iva len t  c i r c u i t  f o r  one phase o f  a two winding t ransformer 
i s  shown i n  F ig .  94 where the  l ead  inductances, LH and LL, o f  t he  h igh  

vo l tage and low vo l tage loads, and t h e  bushing capacitances, CHB and 
CLB, o f  t h e  h i g h  vo l tage  and low vo l tage bushings have been added t o  t h e  

equ iva len t  c i r c u i t  o f  t he  windings shown i n  F ig .  93. 

The inductances and capaci tances shown i n  F ig . ’93  and 94 may be 
c a l c u l a t e d  from t h e  t ransformer t e s t  data and geometry data which migh t  
be a v a i l a b l e  f rom the  manufacturer. 

5.3.3 Model Tests 

There a re  two types o f  t e s t s  t h a t  can be performed t o  he lp  
determine and/or Val i d a t e  t h e  appropr ia te  e l e c t r i c a l  models requ i red  by 
t h e  assessment. These t e s t s  are:  1 )  r e p e t i t i v e  pu lse  t e s t s  and 
2) frequency response t e s t s .  Both k inds o f  t e s t s  a re  designed t o  be 
non-dest ruct ive t o  the  equipment under eva lua t ion .  

Under t h e  r e p e t i t i v e  pu lse  t e s t  a constant,  low vo l tage surge i s  
app l i ed  v i a  a r e p e t i t i v e  pu lse  generator  and t h e  te rmina l  response i s  
measured f o r  d i f f e r e n t  p rospec t ive  waveforms. The v a r i a t i o n  o f  t h e  
f r o n t  and t a i l  o f  t h e  surge y i e l d s  i n fo rma t ion  as t o  the  ex te rna l  model 
o f  t h e  equipment a t  f requencies o f  i n t e r e s t .  

The frequency response t e s t  i s  an i n j e c t e d  CW experiment designed 

t o  i n v e s t i g a t e  t h e  t r a n s f e r  f u n c t i o n  c h a r a c t e r i s t i c s  o f  c i r c u i t s  and 

equipment. A constant  vo l tage ( c u r r e n t )  i n p u t  i s  p rog ress i ve l y  i n j e c t e d  
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through the frequency bandwidth of interest. The output signal is 
compared to the input using a spectrum analyzer to obtain both gain and 
phase relationships. The tests also give an indication of the natural 
resonance frequencies for the circuit or equipment under investigation. 

It is anticipated that the Phase I1 research will include a select 
number of repetitive pulse and frequency response experiments for 
generic types of power equipment as part of the development and 
validation of circuit and equipment models. 

5.3.4 Equipment Failure Models 

A very important aspect of the assessment process is a knowledge of 
how devices might fail due to HEMP interaction with the utility system. 
For the purpose of this report, device failure is defined as a device 
change of state due to damage and/or misoperation which results in an 
immediate or time-delayed undesired response on the power system. This 
device change of state may be permanent or temporary in duration. 

As discussed by Vance and Morgan [42] the threshold of device 
failure is related to the HEMP associated electromagnetic stress that 
produces such unacceptable performance. The specification o f  a 
threshold for any devices requires: 1) the definition of unacceptable 
performance, 2) the physical location where the threshold stress i s  
defined and compared to device strength, and 3) definition of the 
appropriate stress parameters. 

For power system devices and circuits, with the exception of 
self-restoring insulation systems, the actual threshold of failure is 
rarely determined by experimentation. Device design and testing is 
based on the specification of some "withstand" capability; a 
standardization stress applied in a prescribed manner for which no 
unacceptable change of state is observed. An example of standard power 
system definitions concerning electrical insulation strengths are 
documented in Appendix F o f  this report. Existing Surge Withstand 
Capability (SWC) criteria for protective relay systems are documented in 
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ANSI/IEEE C37.90 [43]. By definition, the stress withstand capability 
for any equipment is less than the failure threshold. The margin 
between withstand and failure threshold is usually unknown. 

An important task in the Phase I1 research is anticipated to 
involve the correlation of existing device withstand criteria to the 
dielectric, thermal and/or noise stress produced by HEMP. In the case 
o f  self-restoring insulation systems , the HEMP breakdown voltage stress 
may be investigated by direct experimentation subject to the limitations 
of the generation and .measurement of surges having nanosecond fronts. 
It i s  anticipated that the prospective waveshape and magnitude for such 
experiments will be developed as part of a HEMP parametric study task of 
the Phase I 1  research. A limited, possibly destructive set of 
experiments for select equipment may be necessary to correlate existing 
withstand performance to prospective HEMP stress. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

Phase I research to investigate the effects of HEMP on civilian 
electric utility systems indicates that the HEMP environment may 
interact with all aspects of the system. In preparation for Phase I1 
preliminary risk assessment, a methodology applicable to electric power 
systems has been developed. This methodology anticipates the necessary 
environmental and power system data bases, system response mechanisms 
and power system analysis techniques necessary to conduct quantitative 
assessments. 

In the areas of HEMP environmental definitions, power system 
responses, methodology development , and systems analysis , the foll owing 
conclusions are presented: 

1. 

2. 

3 .  

4. 

In electric utility, system-level analysis, the environ- 
mental description of early-time HEMP incident fields 
should retain the spatial variation o f :  1) waveform, 
2) angle of incidence and 3 )  polarization as functions of 
burst location. The methodology supports sensitivity 
analysis of the above parameters on the major subsystem 
level. 

The existing, unclassified data for intermediate-time 
HEMP incident fields are not sufficient to develop a 
system-level environmental description to the same 
confidence level as early-time HEMP. Section 2 of this 
report presents an initial effort by the authors to 
represent intermediate-time HEMP within the methodology. 
The description contained herein has not been critically 
examined for credibility. 

For power system assessment, HEMP excitation of elec- 
trically-long lines and conductors can be quantified by 
TEM transmission line techniques in lieu of scattering 
theory. This conclusion is based upon the comparisons 
offered in Section 3 of this report. 

The nature and time-duration of initial power system 
response to HEMP excitation is such that major-subsystems 
can be initially assessed as a parallel set of tasks. 
The concept of "critical line length" combined with power 
system time constants supports this conclusion. 



245 

5. A major uncertainty in the assessment of power system 
functional groups, circuits and devices is caused by the 
lack of existing "strength" data bases on power system 
equipment to allow direct comparison to HEMP stress. A 
major effort is required in Phase I1  of the research 
effort to develop such data bases. The methodology 
presented herein has been developed so to be "trans- 
parent" to the quality of the data. 

6. The use of "fault-tree" assessment techniques provides an 
existing, structured methodology to examine the inter- 
action of functional groups, devices and. circuits. 
Fault-tree development requires the interactive partici- 
pation of cognizant power system engineers. 

7. A significant digital code development effort is required 
to efficiently incorporate the coupling techniques and 
environmental parameters, discussed in Section 2 and 3 of 
this report as part of the methodology. 

8. Existing power system analysis codes for: 1) short- 
circuit studies, 2) load flow studies, and 3) stability 
studies can be, with modification, directly incorporated 
into the HEMP assessment methodology. 

Phase I investigation of HEMP interaction with civilian electric power 
systems has revealed several areas of additional research necessary to 
better limit the assessment uncertainty. The recommendations are beyond 
the anticipated scope of work for Phase I1  research. 

The recommendation for additional research are: 

1. Additional investigation as to the effects of corona on 
early-time HEMP interaction with overhead lines. This 
effort should incorporate experimental validation of 
analytical results. 

2. Specification and implementation of a test program to 
illuminate power system facilities, or components, using 
free-field HEMP simulators.. 
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3. Detailed development of an unclassified, unified HEMP 
environmental definition, incorporating intermediate-time 
HEMP, applicable for power system assessment. 

4. Development of integrated EMP environmental descriptions 
applicable to investigations which consider simultaneous 
or time-spaced, joint high-altitude and surface burst 
events. 
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APPENDIX A 

EMP Excitation of  Multi-Wire Transmission Lines 

In attempting t o  perform an assessment of the effects of an 
electromagnetic pulse (EMP) on a distributed power system, i t  i s  
convenient t o  model above-ground power and distribution lines as a 
single-wire line over a lossy half space, as in Reference [All. In most 
cases, however, the resulting analysis i s  only approximate, since the 
real power line usually consists of three or more conductors. 

In this appendix, the formal analysis for a field-excited 
multiconductor line i s  reviewed. For simplicity, the line i s  taken t o  
be lossless. 

Consider a lossless section of multiconductor transmission line 
having sources, as shown in Fig. A l .  The 1eng th .o f  the line i s  denoted 
by R and i t  contains n wires, located over a ground plane which i s  taken 
t o  be the reference conductor. The n wires are required t o  be parallel, 
b u t  not necessarily coplanar. For such a line, i t s  electrical 
properties are determined by a capacitive coefficient matrix, (C;,,,), 
and an inductive coefficient matrix, (LA,, ,) ,  w h i c h  depend only on line 
geometry and dielectric properties around the line. For this line, 
these matrices are nonsingular matrices of order n.  

As discussed in Reference [AZ], the voltages and currents on this 
line without sources must obey a coupled set of partial differential 
equations as: 

where the notation (V,) represents an n-vector for the line voltage 
between the n conductors and the ground plane, and a similar notation 
holds for the current. The parameter s i s  the complex frequency 
variable, and the prime represents a Laplace transformed quantity, 
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GROUND P L A N E  
(ELECTR ICAL REFERENCE) 

Fig. Al. Section o f  multiconductor transmission line. 
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Equation ( A l )  can be manipulated into two separate equations for 
voltage and current vectors. The current equation becomes: 

which i s  a one-dimensional wave equation for the n-vector current. 

For a lossless multiconductor line in a homogeneous region, the 
matrix product ( C l  ) (LA,,,) in Eq. (A2) i s  diagonal and the individual 
elements o f  the curent n-vector are themselves a solution t o  a simple 
wave equation: ~ 

n ,m 

2 
I (2,s) = 0 I (2 ,s )  - - S - a' 

. az 2 n  V 2 n  

where v i s  the velocity of wave propagation on the line. Note t h a t  this 
neglects the effects of the lossy ground plane on the wave propagation 
on the multiconductor 1 ine. 

A more general line, however, does not  have a diagonal result for 
the (C,!, ) (LA,,,) matrix, a l t h o u g h  i t  i s  possible t o  diagonalize i t  
through the use of a nonsingular nxn transformation matrix, denoted 'by 
( T  ), which consists of the current eigenmodes, ( @ n ) i  , as columns. 
The 

,m 

n,m 
are solutions t o  the eigenvalue equation: 

2 where yi i s  the i th  eigenvalue corresponding t o  the 

By introducing a change of variables as: 

eigenmode ($n) i .  
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where ( i n ( z y s ) )  represents the modal currents, the wave equation for the 
modal currents becomes: 

where (v, , ,)~ i s  a diagonal matrix containing the y i2  terms as elements. 

Since the matrix (y  )* in the Eq.  (A5) i s  diagonalized, the 
solution for the modal currents can be expressed directly as exponential 
functions of position, and the t o t a l  solution for the line currents 
becomes: 

n ,m 

where (a:) and ( a i )  are N-vectors which define the amplitudes of each o f  
the propagating modes on the line and which depend on the line 
termination and excitation. The terms m)‘ are diagonal matrices 
having as elements ekyiz, where yi = t F- y i ,  

A similar development for the line voltage (Vn(z , s ) )  can be carried 
o u t  t o  determine voltage modes and a propagation equation similar t o  
Eq.  (A6). By defining a characteristic impedance matrix as: 

. 

the line voltage N-vector can be expressed using the same constants (an) t 

and ( a i )  as in E q .  (A6): 
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t The unknown constants (an) and (a,) are determined by t a k i n g  i n t o  
account the loads a t  each end of the line, as well as  the excitation. 
Consider the line shown i n  F ig .  A 2 ,  w h i c h  has lumped voltage and current 
sources a t  z=zs, as well as load impedances (Zln, , , )  and ( Z 2 n , m )  a t  z=O 
and z=R respectively. On the section of the line 0 -- <z<zs Eqs. (A6) and 
( A 8 )  are valid, since this section of the line i s  source-free. 
Similarly, for z <z<R similar equations are v a l i d ,  b u t  with different 
constants, ( G i ) .  By relating (Vn(z,s)) t o  ( I n ( z , s ) )  a t  z=O, and z=R 
through the load impedance matrices and by relating the discontinuities 
of (Vn(z,s)) and ( I n ( z , s ) )  t o  the voltage and current sources a t  z=zs, a 
set of linear equations can be developed w i t h  the (a,,) constants for 
each section of line as unknowns. 

s- - 

Of special interest are the load currents, i .e.,  (In(O,s)) and 
Using the solutions for the (an) as well as Eq. (A6) for z=O (In(R,s)) .  

and z=R, the load currents may be expressed as: 

i - 1  r 1 

where (rSn,,,) i s  a diagonal unit matrix and the terms ( I A ( z s , s ) )  a n d .  
( I i (zs ,s))  represent the source terms for the positive and negative 
current traveling waves on the multiconductor 1 ine. Those are referred 
t o  as combined current sources, since they have the dimension of current 
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Fig. A2. 
line with loads and lumped sources at z=zs. 

Single length o f  multiconductor transmission 
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b u t  arise from both the applied voltage and current sources a t  z=zs.  
this equation, the terms (I',n,m) and 
reflection coefficient matrices given by: 

In 
) are generalized current 

for  the load a t  z=O, and similarly for (rZn ) a t  z=R with (ZZn,,,) as 
the load impedance. As defined previously, (Zen,,,) i s  the 
characteristic impedance matr ix  of the line. 

Notice t h a t  the matrix equation in Eq .  (A9) has, as i t s  elements, 
matrices. Thus, i t  i s  referred t o  as a super matrix equation. The 
double d o t  operator ( : )  i s  used t o  signify the product between two super 
matrices by f i r s t  treating the super matrices as i f  they were regular 
matrices and then performing matrix multiplications for each of the 
individual multiplications of the super matrix product. 

,m 

The form of the source terms in E q .  (A9) can be shown t o  be: 

W i t h  these source terms, the terminal response of the transmission 
line can be determined for lumped voltage and current sources a t  z=zs. 
For field excitation of the transmission line, i t  i s  necessary t o  
consider distributed excitation, as opposed t o  the discrete excitation 
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discussed above. This can be regarded as a simple extension of 
Eqs. (All) and (A12) by integrating over the source terms (Vn ('I) and 
(In (SI ) ,  Doing this, the combined current sources become: 

which follows directly from superposition. Notice that now the voltage 
and current sources are per-unit-length quantities, and hence denoted by 
a prime. These quantities must be determined given a knowledge of the 
incident electromagnetic field on the line, as well as a knowledge of 
the transmission line cross-sectional geometry. 

The determination of these sources is discussed in detail in 
Ref. (A3). There, the per-unit-length current and voltage sources on 
each wire of the multiconductor line are related to electric and 
magnetic field quantities through the relations: 

and 

where $Ot(zs) and$ot ( 2 , )  are the total electric and magnetic fields 
exciting the 1 ine. These are determined by removing the mu1 ticonductor 
line and evaluating the sum of the incident and ground-reflected fields 
in the vicinity of each of the wires in the line. For a perfectly 
conducting ground plane, these are given as: 
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and 

$Ot = ( i  x i) [ 2 ( i  x n^) . -i H nc ] (A18) 

h 

where n i s  the  u n i t  normal t o  the  ground plane, rinc and Kin' a r e  t h e  
i n c i d e n t  e l e c t r i c  and magnetic f i e l d s  and k i s  t h e  d i r e c t i o n  o f  propaga- 

t i o n  o f  t h e  i n c i d e n t  f i e l d .  For t h e  case o f  an i m p e r f e c t l y  conduct ing 

ground, these l a s t  r e l a t i o n s  must be modif ied t o  i nc lude  t h e  well-known 
p l  ane-wave r e f  1 e c t i o n  c o e f f i c i e n t s  . 

h 

The vec to r  i n  Eqs. (A15) and (A16) a re  t h e  " f i e l d  coup l ing  
vec tors"  as def ined i n  Ref. A3. As shown i n  F ig .  A3, f o r  each w i re ,  n, 
t h e  parameter En i s  a vec to r  normal t o  t h e  ground plane and te rm ina t ing  

a t  t h e  geometric center  of charge when t h e  nth w i re  has an a r b i t r a r y  

charge Q placed on i t  and w i t h  a l l  o t h e r  conductors having zero n e t  
charge. 

Genera l ly  t h e  de terminat ion  o f  these f i e l d  coup1 i n g  parameters 
i n v o l v e  s o l v i n g  a s e t  o f  a u x i l l a r y  q u a s i - s t a t i c  problems, de f i ned  by t h e  
geometry shown i n  F ig .  A3. I n  t h e  case o f  overhead power l i n e s ,  

however, t h e  conductor rad ius  i s  always much l e s s  than t h e  phase 
conductor separa t ion  and he igh t  above t h e  ground, which imp l i es  t h a t  t h e  
f i e l d  coup l i ng  parameters a re  s imply  t h e  w i r e  he igh t  above t h e  ground 

p i  ane. 
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APPENDIX B 

Numerical Examples Showing The Response 
of A Single Line Above Ground t o  HEMP Fields 

B . l  Introduction 

This appendix contains numerical solutions of the equations 
presented in Section 3 for a single line above ground excited by a 
HEMP field. A vertically polarized HEMP .field was used in most of the 
examples since this polarization generally produces a larger response 
than horizontal polarization. 

The examples contained in Section B.2 show the effect of variations 
in parameters such as waveshape of  the HEMP field, angles of incidence, 
conductivity of the soi l ,  height of the line, and length of the line on 
the response of the 1 ine. 

Section B.3 shows how HEMP fields can be separated into their 
horizontal and vertically polarized components, the response calculated 
for the two components separately, and the t o t a l  response determined by 
combining the responses for  the two components. This approach works if  
the system i s  linear. 

Section B.4 gives the response of transmission lines a t  eight 
d i f f e r e n t  geographic po in ts  f o r  a HEMP burst a t  a specific location, 
The actual HEMP fields t h a t  would be produced a t  these points per 
currently available information i s  used in calculating the responses a t  
these points. The response a t  one of the points i s  calculated for an 
assumed intermediate time HEMP waveform. 

In Section B.5 a time domain solution i s  shown t h a t  takes into 
account the effects of transmission tower flashovers. 
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B.2 Effect of Variations i n  Parameters on The Response 
t o  Vertically Polarized HEMP Waves 

In t h i s  section the effects  of variations in parameters such as 
HEMP waveshape, angles of incidence, conductivity of the s o i l ,  and 
height and length o f  the l ine  are examined. 

Effect of Waveshape of the HEMP Electric Field 

The magnitude and waveshape of the induced voltages and currents on 
conductors depend on the assumed waveshape of the incident HEMP e lec t r ic  
f i e ld  and the character is t ic  of the ground (lossy or perfect) .  To 
i l l u s t r a t e  t h i s ,  consider an incident HEMP e l ec t r i c  f ie ld  plane wave 
incident a t  an elevation angle, I), of 40 degrees and orientation or 
azimuth, $, angle of 0" on a long conductor, 10 m above ground. Assume 
t h a t  the incident f ie ld  can be represented by a double exponential 
waveshape of the form: 

Einc = E (,:at - e  - B t )  

whereby, E i s  a constant, kV/m. 

l / a  i s  the f a l l  time constant, in sec. 
1 /B i s  the r i s e  time constant, in sec. 

Lossy Earth 

Figure  B1 shows the v a r i a t i o n  i n  the peak open c i r cu i t  voltage 
a t  the end of the conductor for  seven different  f a l l  time 

constants (different  as) while keeping B constant a t  4.76 x lo8 sec-l .  
Figure B2 shows the variation of the t a i l  of open c i r cu i t  voltage ( V o c )  
(time needed for  waveform t o  reach 50% of the peak) as a function of the 
t a i l  of the incident f i e ld .  Figure B3 shows the variation in Voc fo r  
seven different  r i s e  time constants (different  Bs) while keeping a 
constant a t  4.00 x 10 sec . Figure B4 shows the seven different  f ie ld  

(vocp) 

6 -1 
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Fig. B1. Normalized v a r i a t i o n  i n  t h e  peak open c i r c u i t  
vo l tage as a f u n c t i o n  d i f f e r e n t  f a l l  t ime constants  (1). - 
p maintained a t  4 . 7 6 ~ 1 0 ~  sec- l .  a 
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Fig. 82. V a r i a t i o n  of t h e  t a i l  o f  t h e  open c i r c u i t  
vo l tage Voc as a func t ion  of t h e  t a i l  o f  t h e  i n c i d e n t  
f i e l d .  
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Fig. 83. 
voltage as a function of different rise time constants (1). - 

Normalized variation in the peak open circuit 

a maintained at 4x106 sec-’. 13 
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Fig .  B4b. Normalized response o f  a lossy conductor, 10 m 
above a .01 rnhos/meter conductivity when excited w i t h  the 
waveforms of F i g .  B4a. The incident f i e lds  are  assumed t o  
be vert ical ly  polarized, w i t h  @=40", @=Oo. 
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waveforms and t h e  corresponding complete response f o r  l ong  conductors 

(responses i n  Fig. B4b correspond t o  f i e l d s  i n  Fig. B4a). Ground 
c o n d u c t i v i t y  i s  cons idered t o  be . O l  mhos/m. 

I t i s  apparent f rom t h e  above f i g u r e s  t h a t  t h e  peak magnitude o f  
t h e  induced vo l tages on conductors, over l o s s y  ear th ,  i s  a f fec ted  
s t r o n g l y  by the  f a l l  t ime constant  and weakly by t h e  r i s e  t ime constant .  

The wider  t h e  pulse,  t h e  l a r g e r  t h e  sec t i on  of conductor near i t s  

t e rm ina ls  over  which d i s t r i b u t e d  sources add i n  phase r e s u l t i n g  i n  a 
l a r g e r  vo l tage.  To i l l u s t r a t e  t h i s  numer ica l l y ,  a regress ion  ana lys i s  

on the  peak magnitude o f  V f o r  t h e  given conductor and p o l a r i z a t i o n  

o f  t h e  i n c i d e n t  HEMP aga ins t  t h e  two constants  g iven i n  t h e  f o l l o w i n g  
r e s u l t s :  

OCP 

(B2) 

kV per  kV/m i n c i d e n t  e l e c t r i c  f i e l d  1 .277 Vocp = 66.4 E 

(83) 
Vocp = 43.58 + 585.936 k kV per  kV/m i n c i d e n t  e l e c t r i c  f i e l d  

whereby, l / a  and 1/8 are  t h e  t ime constants  expressed i n  microseconds. 
can a l so  be expressed as a func t ion  of the’ t a i l  o f  t h e  i n c i d e n t  vocp 

wave by t h e  f o l l o w i n g  expression: 

(B4) 
kV per  kV/m i n c i d e n t  e l e c t r i c  f i e l d  .3229 = 78.37 T vocp 

T i s  t he  tai.1 o f  t he  i n c i d e n t  wave i n  microseconds. 

As i s  expected, t h e  wider  t h e  i n c i d e n t  wave, t h e  longer  i t  takes t o  

reach peak magnitude, and t h e  l onger  t h e  t a i l  of t h e  r e s u l t i n g  induced 
vo l tage on t h e  conductor.  Th i s  i s  i l l u s t r a t e d  i n  F ig .  B4b. 
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Perfect Earth 

For a perfect (lossless) ground, the effect of a wider pulse 
affects the ta i l  of the induced voltage only, leaving the peak and time 
t o  peak unchanged. The effect of changing the rise time constant of the 
incident wave on the induced voltage over perfect earth i s  minimal. 

Waveform Used In the Illustrations of This Report 

Unless otherwise indicated, the waveform labeled as the "Bell Labs" 
waveform in Table 2 of Section 2.5 will be used for a l l  numerical 
examples t h r o u g h o u t  this appendix. The use of the results presented in 
this section, however, should enable the reader t o  estimate the 
responses t o  an arbitrary waveform. All results are also normalized t o  
1 kV/m incident electric field strength. 

Cross-Reference Between The a and f3 Parameters and The Front 
and Tail  o f  Waveshapes 

In power analysis i t  i s  more customary t o  represent waveshapes as a 
function o f  two different times: The f ront  and t a i l ,  as in Fig. 85. To 
measure the front, a straight line i s  drawn on the f ront  t h r o u g h  two 
points: the points a t  which the waveform i s  equal t o  30% and 90% of i t s  
crest value. The point of interaction of this line with the time axis 
i s  called "Virtual Origin," and a l l  times are measured from this point. 
The time between the virtual origin and the time defined by the inter- 
section of the s t r a igh t  line and a horizontal line drawn a t  the crest is 
defined as the front, TF. The front can better be defined by simply 
stating : 

r, 

The t a i l ,  or time t o  half-value, i s  the time, TF ,  between the point 
a t  which the wavehape decreases t o  half  the crest magnitude and the 
virtual origin. The front and ta i l  are normally written in two ways 
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Fig.  65. D e f i n i t i o n  of f r o n t  and t a i l  
f o r  a waveform. 
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TF/TT o r  TFxTT. The r a t e - o f - r i s e  o f  t h e  impulse, o r  more p r o p e r l y  t h e  

v i r t u a l  r a t e - o f - r i s e  i s  de f i ned  by t h e  r a t e - o f - r i s e  o f  t h e  l i n e  shown 

through t h e  30%-90% values above. 

F igure  B6 i l l u s t r a t e s  t h e  dependency o f  t h e  t a i l ,  TT, on t h e  
t ime constants  o f  a double exponent ia l  waveform o f  t h e  form 

8 Equation ( B l ) .  I n  t h i s  f i g u r e  f3 i s  mainta ined cons tan t  a t  4 . 7 6 ~ 1 0  

sec” and l / a  v a r i e d  f rom .02 t o  .3 microseconds. 

A more general idea of how t h e  f r o n t  and t a i l  vary  w i t h  a and f3 i s  

shown i n  Fig. B7. Th is  f i g u r e  shows t h e  r a t i o  o f  t a i l  t ime,  TT t o  t h e  
f r o n t  t ime, TF as a f u n c t i o n  o f  r a t i o  o f  t h e  two t ime constants .  

Bewerly, i n  Ref. [ B l ] ,  presents a s e t  o f  curves and a method t o  
cons t ruc t  a double exponent ia l  waveform from TF, TT and t h e  peak 
magnitude, and v i c e  versa. These curves a re  shown i n  F ig .  87. The use 

of F ig .  B7 i s  i l l u s t r a t e d  through t h e  f o l l o w i n g  two examples. 

Examples on The Use o f  F igure  B7 

a) TF, TF and El s p e c i f i e d  

Determine a double exponent ia l  expression o f  t h e  form o f  
Equat ion ( B l )  t o  f i t  a .009/.101 ps waveshape w i t h  u n i t y  peak 

magnitude. 

For a TT/TF = 11.22 F igure  87 g ives a ,3/, = 60 

For @/a = 60 , aTF = .070 and E1/E = 1.087 

Hence a = 7 .78~10  sec-’ , ,3 = 467x10 sec , E = 1.087 6 8 -1 
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Fig. B6. Dependency of  the tail, TT on a(B=4.76x108 sec’l). 
T and l / a  are in microseconds. 
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Fig. B 7 .  Cross reference for defining a waveform either 
by a and 6 parameters, or TF and TT. 
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b )  a,@ and E specified 

6 -1 Let a = 30x10 sec f3/a = 15.86 

f3 = 4 7 6 ~ 1 0 ~  sec-l 

E = 64.25 

From Figure B7, we get: 

E . / E  = .78 El = 50 

Effect of Angles of Incidence 

The. elevation and orientation angles of incidence of the HEMP plane 
wave affect  the response induced on conductors. As i l lus t ra ted  i n  
Figures B8 and B9, the response of the conductor increases with 
decreasing elevation and excitation angles of incidence. The resul ts  
shown i n  this figure,  however, should n o t  be extrapolated for  elevation 
angles much l e s s  than 30, for  reasons discussed below. Figure B10 shows 
a typical variation of the t a i l  of the open c i r cu i t  voltage as a 
function of the elevation angle. 

Case of Grazing Angle of Incidence 

I f  the elevation angle, I), approaches 0 degrees, w i t h  the HEMP 
plane wave oriented along the conductor ( $ = O o ) ,  the response of a 
semi-infinite l ine as obtained w i t h  the general equations presented i n  
Section 3.2 becomes very high i f  the magnitude of the HEMP f i e ld  i s  
assumed t o  be constant along the l ine.  In f a c t ,  fo r  low loss, long 
lines, bo th  voltage and current can approach inf ini ty .  
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Fig. B8. Normalized open circuit voltage at the end. 
o f  a long line 10m above a mhos/meter conductive 
ground. +=O", vertical polarization. 
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F i g .  B9. 
peak open c i rcu i t  vol tage  a t  the end o f  long l ines o f  h e i g h t  
10m above ground. 
Ver t ica l  p o l a r i z a t i o n .  

Effect o f  e l e v a t i o n  and o r i e n t a t i o n  angles  on the 

Ground conduc t iv i ty  = .01 mhos/meter. 
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F i g .  B10. Typical v a r i a t i o n  o f  the t a i l  o f  the open 
c i rcu i t  vo l t age  o f  a long conductor 10m above .01 mhos/m 
earth f o r  different  e l e v a t i o n  a n g l e s ,  9. 
angle  o f  the conductor  i s  set a t  0 degrees. 
po la r i zed  incident f ie ld .  

Or i en ta t ion  
Ver t i ca l  
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However, when the angles become small, the c r i t i ca l  l ine length 
becomes large and the assumption t h a t  the magnitude of the HEMP f i e ld  i s  
constant along the en t i re  length of the l ine  becomes questionable. The 
solution method should be modified t o  use the actual magnitude of the 
f ie ld  along the l ine.  

Effect of Heiaht Above Ground 

The height of a conductor above ground affects  the voltages and 
currents induced on i t  due t o  HEMP. Figure Bl1 shows the affect  of 
height on the voltage induced due t o  ver t ical ly  polarized HEMP plane 
wave, for  a ground conductivity of .01 mhos/m. Figure B12 shows the 
variation in the peak magnitude of the induced voltages due t o  different 
conductor heights and different  ground conductivities. 

From the above two figures i t  can be concluded t h a t :  

0 Only for  perfect ( loss less )  ground,  i s  the induced 
voltage zero a t  ground level.  

0 The ef fec t  of height i s  more pronounced for  more 
conductive ground, i .e .  the incremental increase in 
voltage due t o  an incremental increase in height i s  l ess  
f o r  lower ground conductivities. Said in another way, 
the ground effect  i s  more important than the height 
effect  for less  conductive grounds. 

0 As the height of  the conductor above ground increases, 
the voltages for  'ground conductivities of .1 mhos/m or  
more approach those calculated assuming perfect ground. 

Effect of Ground Conductivity 

The induced response on an aerial  conductor i s  a function of  the 
tangential e l ec t r i c  HEMP f i e ld  ( the resultant of the incident and the 
ground reflected f i e lds ) .  If the ground i s  considered as a perfect 
conductor (u=a mhos/m or p=O m-ohms), the resultant f ie ld  i s  zero. In 
th i s  case, the peak voltage i s  reached when the reflection from ground 
arrives a t  the conductor given a t  t=Zhsin$/c, where h i s  the height, J1 
i s  the elevation angle and c the speed of l igh t .  As the ground becomes 
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Fig. B12. Normalized open circuit voltages at the 
end of a long conductor 10m above grounds with different 
conductivities (.01, .1 and mhos/rn). $=30°, $ = O 0 .  
Vertical polarization. 



282 

less  and less  conductive, the cancellation i s  less  complete and the 
resultant tangential f i e ld  increases, increasing with i t  the peak 
voltage a t  the end of the conductor. The time to  reach the peak voltage 
i s  no longer coincident w i t h  the arrival of the ground reflected f ie ld .  
The lower the conductivity, the longer i t  takes t o  reach peak voltage, 
assuming a long conductor. Figure B13 shows the e f fec t  of ground on a 
long conductor due t o  a ver t ical ly  polarized HEMP plane wave. 
Figure 814 shows the e f fec t  of ground for horizontally polarized HEMP 
plane wave. These two figures i l l u s t r a t e  t h a t  the ground ef fec t  
coupl ing to  vertical  polarization i s  considerably greater than the 
coupl i n g  t o  horizontal polarization. Figure B15 shows a typical 
variation of the open c i r cu i t  voltage for  long l ines  as a function of 
ground conductivity fo r  vertical  polarization. 

Crit ical  Line Length 

The concept of the c r i t i c a l  l ine  length fo r  a single conductor i s  
presented i n  Section 3.2.1.3. Formulas fo r  determining the c r i t i c a l  
l ine  length are  given in Equations (64) and (65). 

The ef fec ts  o f  the l ine  length on the response i s  i l l u s t r a t ed  i n  
Figures B16 and 817. As i l l u s t r a t ed  by these f igures ,  the responses are 
identical t o  those for  the semi-infinite case u p  t o  the time 
t=L/C(l -cos $ cos 0) .  

B.3 Systematic Method to  Calculate Response Due to  
Arbitrari ly Polarized HEMP 

There are a t  l ea s t  two ways t o  calculate the response t o  arbi t rary 
HEMP polarization. In the f i r s t  method, one finds the resultant 
tangential e l ec t r i c  f i e ld  on the conductor due t o  the arbi t rary 
polarization by defining a new ground reflection coefficient for the 
e l ec t r i c  f ie ld .  The resultant f i e ld  i s  then integrated along the 
conductor t o  f i n d  the response. This method leads t o  the correct 
response, however, i t  may be very complex. 
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An alternative method t o  do this task i s  presented here. This 
method i s  based on the principle of superposition. This method can be 
described as fo l  lows : 

0 Break the incident electric field t o  vertically and 
horizontally polarized components as  determined from 
Figure 7 and Equations (9 )  and (10) .  

0 Calculate the response of the conductor t o  each of the 
above two components independently. 

0 Add these two responses together t o  find the total 
response. 

B.4 Numerical Calculation of HEMP-Induced Responses 
a t  Eight Different Locations With Respect t o  

Ground Zero of a High Altitude Burst 

Introduction 

This section of the report presents numerical examples of the 
response of eight above-ground 1 ines a t  eight different locations 
(observation points) with respect t o  a ground zero of a high altitude 
burst. The relationships and principles of Sections 2 and 3.2 are used 
throughout here. The waveforms of the incident field are estimated from 
Ref. [ B l ] .  

The locations of the selected observation points are shown in 
F i g .  B18. The locations are a l l  g i v e n  w i t h  respect t o  magnetic north. 
Point #1 corresponds t o  a location directly under the burst point. 
Observation Point #2 i s  positioned directly south of Poin t  #1 and i s  
located i n  the region of maximum electric field strength. The incident 
fields a t  both of these points are bo th  horizontally polarized. 

Point #3 i s  located near the horizon, directly west of the burst 
point, and has an incident field waveform of a much longer f a l l  time 
t h a n  the two previous cases. The polarization of the field a t  this 
point contains b o t h  horizontal and  vertical components. 
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Fig. B18. Locations o f  observation points on 
the earth's surface. 
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Observation point , Point #4, 1 ies approximately southeast of the 
burst point, has a waveform similar t o  t h a t  of point #1, b u t  with only a 
vertical polarization component of the incident field. 

Point #5 i s  located on the horizon ($=lo) ,  directly south of  the 
burst point. Points #6, 7 ,  and 8 are also located due south of the 
burst a t  distances t h a t  give elevation angles, q ,  of 1 l 0 ,  14", and 18", 
respectively. The HEMP incident fields are entirely horizontally 
polarized for  Points 5 through 8. The polarizations are obtained from 
Fig. 7.  

Definition of the Incident HEMP Electric Fields a t  the 
Eight Different Observation Points 

Reference [ B l ]  describes the variation of the peak magnitude and 
time dependency of the electric field as a function of the location of 
the observation time w i t h  respect t o  ground zero o f  the burst. The time 
dependency, according t o  Ref. [Bl], is  defined as follows. Near the 
ground zero, E has a rise time of about  5 ns and a ta i l  of  20 ns. In 
the region of maximum peak intensity ( i .e . ,  south of ground zero), the 
rise time i s  just under 10 ns and a tai l  of about  50 ns. Near the 
tangent  radius due south of the burst, the rise time i s  somewhat longer 
than 10 ns and ta i l  i s  about  200 ns. 

The dependency of the peak magnitude on the location i s  illustrated 
i n  F i g .  B18. 

The maximum field t h a t  can be produced by the burst is  assumed t o  
be 50 kV/m for this example, hence, F i g .  B19 shows the assumed electric 
field waveforms for the different points. The electric field a t  each of 
the different points i s  assumed t o  be a plane wave of  constant magnitude 
along the lines a t  t h a t  point. 

In the cases t o  fol low,  the relative ground permittivity, i s  
assumed t o  be 10. The conductor radius i s  2.5 cm, corresponding t o  a 
characteristic impedance of 400 ,n when the wire i s  10  m above a 
perfectly conducting earth. All lines are considered t o  be long 
(semi -infinite) for simp1 i ci t y  . 
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A. Point #1 Responses 

For the observation point direct ly  under the burst point, the 
incident f i e ld  on the l ine  i s  horizontally polarized and arr ives  w i t h  an 
angle $=goo and any possible value of $I. For this p o i n t ,  the maximum 
induced response i s  for  the case of $=$I=90°, and these values are  used 
i n  the parametric studies presented i n  F i g .  B20. 

In t h i s  f igure,  the open-circuit voltage response fo r  two different  
l ine  heights of 20 and 10 meters, and for  ground conductivities of  0.1, 
0.01, and 0.001 mhos/meter are  presented. 

The e f fec ts  of the earth conductivity are  seen t o  occur principally 
for  l a t e  times i n  the response. For times ea r l i e r  than t=2h/c, where c 
is  the speed of l i g h t ,  there i s  absolutely no effect  on the response by 
the ea r th ' s  conductivity. This i s  because the reflected f i e ld  has n o t  
yet had time t o  e f fec t  the l ine  response; only the incident f i e ld  
excites the l ine  i n  this time. For the angles of incidence used for  
this observation point, t h i s  time occurs a t  0.133 and 0.066 for  the 
conductor - heights of 20 and 10 meters respectively. T h i s  time i s  
clearly noted in Fig .  B20. 

B. Point #2 Responses 

The second observation p o i n t  l i e s  d i rec t ly  south of the burst point 
and i s  i n  a region of maximum e lec t r i c  f i e ld  intensity.  The f i e ld  is 
also horizontally polarized a t  this p o i n t .  

As may be noted from F i g .  818, the point of maximum f i e ld  intensi ty  
occurs a t  a radial distance of about twice the burst height. Assuming a 
locally f l a t  earth,  elementary geometrical relationships indicate tha t  
the incident f i e ld  has an incidence angle of  $=26". As i n  the previous 
case, the l ine  being excited by the incident f i e ld  can be positioned on 
an arbi t rary angle $I, w i t h  the maximum response occurring when $I=$. 
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The calculated open-circuit voltages for the line at this point are 
presented in Fig. B21, for two line heights and three conductivities. 
As in the previous case, the peak open-circuit voltage occurs for the 
largest line height, and the effects of a decreasing conductivity are 
seen in an increasing late-time response. 

C. Point #3 Responses 

The calculated open-circuit voltages for a line at Point #3 near 
the horizontal tangent point of the HEMP on the earth's surface are 
shown in Figures B22 and B23 for the conductor heights and three ground 
conductivities. The incident field at this point contains both 
horizontal and vertical polarization components. 

The assumed angle of incidence $J has been taken to be loo, and in 
each of these figures a parametric variation of the response with the 
angle @ is presented. As may be noted from the form of the solutions 
for both vertically and horizontally polarized fields in Section 3.2, 
the vertical response is a symmetric function of the angle @ about zero, 
whereas the horizontally polarized response is an anti -symmetric 
function. Thus, the composite response of the line to the incident 
field at Point #3 exhibits no symmetry about the @=Oo value. 

As in the previous cases, the maximum response occurs for the 
larger line height and for the lowest ground conductivity. Peak 
open-circuit voltages o f  2500 kV are noted for the @=O case. In 
addition, for negative values of the angle @, the waveform is bipolar. 

Previous studies of line responses have indicated that for a 
vertically polarized field, the maximum coupling to the line occurs when 
the elevation angle becomes small and @=O, resulting in a marked 
increase in the 1 ine response. For horizontal polarization, this 
enhancement does not occur. Because the HEMP field at Point #3 has both 
vertical and horizontal polarization components, it was decided to 
investigate the effects of changing the angles of incidence. In doing 
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t h i s ,  i t  was found t h a t  t h e  maximum open c i r c u i t  vo l tage on t h e  l i n e  a t  
t h i s  p o i n t  d i d  n o t  occur a t  $=loo, bu t  a t  o t h e r  angles which depend on 

t h e  c o n d u c t i v i t y  and l i n e  he igh t .  

F igure  B24 presents t h e  ea r l y - t ime  responses p r o v i d i n g  t h e  maximum 
values o f  t h e  l i n e  o p e n - c i r c u i t  vo l tage.  These curves have been 
obta ined by sweeping through t h e  angles J, and 9 i n  s teps of 1 degree and 

s e l e c t i n g  those angles p r o v i d i n g  t h e  maximum response. It should be 

noted t h a t  t h e  responses here a re  s u b s t a n t i a l l y  l a r g e r  than those 
obta ined w i t h  $=loo.  However, these responses are  s t i l l  cons iderab ly  

lower  than those expected i f  t h e  worst-case e x c i t a t i o n  i n v o l v i n g  a 

v e r t i c a l l y  p o l a r i z e d  B e l l  Laboratory  were t o  be used. It i s  i n t e r e s t i n g  

t o  note a t r e n d  t h a t  as t h e  c o n d u c t i v i t y  becomes smal le r ,  t h e  angle J, 

p r o v i d i n g  t h e  maximum response tends t o  increase.  Also, t h e  va lue o f  
@=Oo prov ides t h e  maximum response. 

Response a t  Po in t  #3 f o r  A HEMP E x c i t a t i o n  That 

Inc ludes  An In te rmed ia te  Time Component 

Recent ly,  t he re  has been some d iscuss ion  as t o  t h e  p o s s i b i l i t y  o f  

an in te rmed ia te  t ime " t a i l "  occu r r i ng  on t h e  HEMP waveform. Thus, 
i ns tead  o f  t h e  i n c i d e n t  HEMP appear ing as a s imple double exponent ia l  

t h e r e  cou ld  be an a d d i t i o n a l  component which p e r s i s t s  much l a t e r  i n  
t ime. F igure  B26 shows a vers ion  o f  such a hypo the t i ca l  waveform. The 
ea r l y - t ime  p o r t i o n  o f  t h i s  waveform i s  i d e n t i c a l  t o  t h a t  used p r e v i o u s l y  
f o r  Po in t  #3, and an exponent ia l  t a i l  having an ampl i tude o f  100 v/m and 
a f a l l  t ime o f  1 ms. As g iven i n  Equat ion (13) i s  appended f o r  t h e  
l a t e - t i m e  e x c i t a t i o n .  Note t h a t  because o f  t h e  r a t h e r  extreme ranges o f  
bo th  t h e  t ime d u r a t i o n  and t h e  f i e l d  ampl i tude, t h e  data a re  p l o t t e d  on 
a l o g - l o g  scale.  

For t h e  case o f  a t ransmiss ion  l i n e  l oca ted  20 m above t h e  ground 

a t  Po in t  #3, t h ree  separate cases have been considered, each 

corresponding t o  one o f  t h e  t h r e e  values o f  e a r t h  c o n d u c t i v i t y .  For 

each case, t h e  o p e n - c i r c u i t  vo l tage response f o r  t h e  l i n e  e x c i t e d  by t h e  

unmodif ied HEMP waveform as w e l l  as by t h e  waveform w i t h  t h e  l a t e - t i m e  

t a i l  has been ca lcu la ted ,  and these da ta  a r e  presented i n  F ig .  B27. 
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a)  h = 5 m  

F i g .  824. Plots o f  early time V (t)l for  l ine  a t  
Point #3 for  h = 5 ,  10,  20 m, and &'= .l!axOl, and .001 
mhos/m $=O, $=variable. 
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C )  h = 20 m 

Fig. 824. (Continued) 
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As expected, the early-time peak i n  the open c i r cu i t  voltages i s  
n o t  a t  a l l  affected by the presence of the late-time ta'il on the 
incident f ie ld .  However, the l a t e  time response i s  considerably 
modified, retaining i t s  value for several milliseconds. Although the 
amplitude of this late-time portion of the response i s  low compared w i t h  
the peak response (approximately 1 t o  2 orders of magnitude lower), 
there may be a significant amount of energy delivered to  a load, due to  
the long time t h a t  t h i s  response exis ts .  

D. Point #4 Responses 

Point #4 southeast of the burst point with an elevation angle of 
$=80°. A t  this location, the incident f ie ld  i s  ent i re ly  ver t ical ly  
polarized. Using the same functional form for the waveform as used for 
Point #1, the resulting open-circuit voltage for this point i s  shown i n  
F i g .  B27. The amplitudes for  this location are  substantially lower than 
those for  the line on the horizon. 

E. Responses for  Poin ts  #5 Through #8 

In order to  obtain more information about how the l ine  response 
varies over the surface of the ear th ,  Points #5 through #8 were defined 
a t  various distances t o  the south of P o i n t  #2. These points have 
incident f ie lds  that  a re  en t i re ly  horizontally polarized. 

Since the polarization of the incident f i e ld  i s  ent i re ly  
horizontal, the maximum of the response occurs when the angle 4 i s  equal 
t o  $, and this case has been considered for  the numerical studies for 
Points #5 through #8. Figures 828 through 831 present the calculated 
open-circuit voltage on the l ines  a t  these observation points for three 
conductor heights and for  three ground conductivities. An important 
conclusion i n  examining these d a t a  i s  tha t  the response of the l ine  
located a t  Point #3 i s  generally larger than those a t  locations #5 
through #8, due to  the fac t  t h a t  the ver t ical ly  polarized component of 
the incident f i e ld  tends to  dominate the response there. 
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8.5 Non-Linear Response Solution In the 
Time Domain 

In order t o  i l l u s t r a t e  the solution of  a problem having a 
non-1 inear solution, a numerical solution f o r  a short transmission l i ne  
similar t o  the one shown i n  Fig. 37 was obtained f o r  equations presented 
i n  Section 3.2.1.3. The non-linearity involved i s  t h a t  a tower is  
assumed t o  flashover instantaneously i f  the voltage a t  the tower reaches 
o r  exceeds the flashover voltage, V f o .  

The 10 meter high transmission l i n e  was 3 kilometers long and 
included 10 towers spaced a t  300 meter intervals w i t h  a 300 meter 
distance t o  the closest  tower a t  the observation p o i n t .  The footing 
resistance of each tower was 10 ohms and a value of 400 ohms, the 
character is t ic  impedance o f  the l i ne ,  was used fo r  ZL. A vert ical ly  
polarized incident e l e c t r i c  f i e ld  wave having a waveform of 
52,500 (e  -e -4.O~l06t -4.76~108t) was used. 

The f i r s t  numerical solution was obtained fo r  an i n f i n i t e  tower 
flashover voltage. The resul ts  of the second solution, which was 
obtained fo r  a tower flashover voltage, V F o ,  of 1.3 M V ,  are shown in 
F i g .  B32a. Since these resul ts  were identical t o  those of the f i r s t  
case, w h i c h  had an i n f i n i t e  flashover voltage, no flashovers occurred. 
The reason for this i s  t h a t  a t  an arbi t rary point on the l i ne ,  the 
EMP-induced voltage consists of two parts: a positive and a negative 
propagating wave. Only a t  the open end do the two waves coincide and 
add t o  provide the peak observed voltage of 1.6 M V .  Elsewhere, the 
voltage i s  roughly one-half of this value, and is  not enough t o  trigger 
the tower flashover. I f  the transmission l i ne  was terminated i n  i t s  
characterist ic impedance instead of an open-circuit, the voltage a t  the 
observation point would be one-half of the open c i rcu i t  value (650 kV). 

The negative portion of the wave i n  F i g .  B32a is  due t o  the lack o f  
distributed excitation of the l i n e  for values of Z<O. From a 
calculation based on the geometry of the l i ne ,  the incidence angle of 
the plane wave, and the propagation velocity of a traveling wave on the 
transmission l i ne  (assumed t o  be 3 0 0 ~ 1 0 ~  m/sec), a traveling wave 
ini t ia ted by the leading edge of the plane wave s t r iking the l i n e  a t  the 
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a) High f l a s h o v e r  v o l t a g e  (Vf0=1300 kV). 

- 1200<- 

- l6004* 

-2000. 

b )  Low f l a s h o v e r  v o l t a g e  (Vf0=500 kV) . 
Fig.  B32. P l o t  o f  HEMP-induced V a t  t h e  end o f  a 
matched 3 km l i n e  w i t h  10 towers @aced 300 m. q = 4 5 O ,  
$=Oo,  h=lOm, cr =0.01 sl/m, ~ ~ ~ ~ ' 0 . 2 5  n/m. 
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point Z=O wi l l  reach the observation point located a t  Z=3000 meters 3 
microseconds a f t e r  the leading edge of the plane wave strikes the line 
a t  the observation point. The negative response between 3 and 4 
microseconds i s  due t o  the lack of excitation of the line fo r  values of 
z<o. 

By reducing the assumed tower flashover voltage t o  500 kV, a 
noticeable effect i s  observed, as seen in Fig. B32b. As noted from the 
figure, the initial peak in the observed voltage i s  the same, b u t  there 
i s  an influence of the tower on the response occurring a t  about  0.5 us 
which i s  in the form of a negative pulse. Later a t  around 2 us there i s  
a reflected pulse which has traveled one round t r ip  (600 m) on the line. 

Figure B33a presents the same d a t a  for  a longer calculation time. 
I t  i s  instructive t o  compare this result with the result obtained for 
the same line shorted a t  opposite ends b u t  neglecting a l l  the towers, 
which i s  illustrated in Fig. B33b. The similarity between the two 
waveforms i s  striking. In Fig. B33a, the time scale i s  0.1 t h a t  of the 
Fig. B33b, due t o  the f ac t  t h a t  distance between the end of the line and 
the tower i s  300 m as opposed t o  3000m. 

From the above examples, i t  i s  possible t o  draw a preliminary 
conclusion regarding the effects of tower flashover on power lines. I t  
appears t h a t  the presence of a flashover on a line serves t o  effectively 
isolate the line into segments. Because the arc and tower impedance i s  
generally much lower t h a n  the characteristic impedance o f  the line, the 
flashover a t  the time appears t o  be similar t o  a short c i r cu i t  t o  the 
line. Thus, for an observer a t  a particular point i n  a general network 
where i t  can be safely assumed t h a t  tower arcing will occur, the HEMP 
response can be estimated by simply p u t t i n g  a short circuit a t  the 
closest towers or other flashover points, and treat the resulting 
coupling problem using linear analysis methods. The validity of this 
conclusion needs a bit more study before i t  i s  acceptable fo r  use in a 
general power system assessment. For example, the tower flashover i s  
n o t  expected t o  occur instantaneously as was assumed here, b u t  will 
occur only after the critical voltage i s  maintained for a period o f  time 
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across the arc points. In addition, the tower itself has a charac- 
teristic inductance which tends to limit the rise time o f  the flashover 
current. These effects deserve further consideration. 
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APPENDIX C 

Response of Multiconductor Lines Above Ground 

C. 1 Introduction 

In this appendix numerical solutions for selected multiconductor 
geometries and HEMP excitations are presented. Numerical results are 
presented in Section C.2 for frequency domain solutions, in Section C.3 
for scattering (antenna) theory solutions, and in C.4 for time domain 
solutions. A simplified method for determining the effects of 
multiconductor propagation and shield wires is presented in Section C.5. 

C.2 Frequency Domain Solutions 

As discussed in Appendix A, the behavior of EMP-induced currents in 
the loads at the ends of a general multiconductor transmission line 
shown in Figure C1 can be determined through the current BLT equation 
given by Equation A9. Th'is equation is based on the existence of 
multivelocity TEM modes on the multiconductor line. Neglecting the 
differences in the propagation velocities for the various current modes 
on the line permits a considerable simplification of the BLT equation 
as: 

where ro and FL are generalized current reflection coefficient matrices 
for the z=O and z=L ends of the line respectively. These are given by: 

- - I  
- r = [ t, + t o ]  [tL - 2.1 
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Fig. C1. Multiconductor transmission line excited 
by an incident electromagnetic field. 
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where 2, represents the generalized matrix load impedance at either end 
of the line and 2, is the characteristic impedance matrix of the line. 
For a general n wire line over a ground plane, all of the above matrices 
are o f  order n. 

The characteristic impedance matrix o f  the line is given by: 

- 1 -  zo = - ts Y 

where 2, is the per-unit-length impedance matrix of the line, and y is 
the complex propagation constant on the line. For a line having no 
loss, the per-unit-length impedance becomes simply the per-unit-length 
inductance matrix and y is the free space propagation constant, so the 
1 ine characteristic impedance matrix becomes : 

- 
fo = c ts 

The excitation terms f '  and r* in Equation C1 are related to the 
integral o f  the distributed sourced along the line as: 

and 

As discussed in Section 3.2 for the case of EMP excitation of the 
line, the distributed voltage source vector is equal to the impressed 
tangential electrical field on each conductor, and is given by Equations 
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(35) or (38 ) ,  depending on the nature of polarization of the incident 
field. For this type of excitation, the distributed current source is 
zero. 

Instead of considering the propagation o f  current waves on the line 
as done in Appendix A and obtaining the current BLT equation, it is 
possible to consider the behavior of voltages at the loads and obtain a 
voltage BLT equation. In doing this, the behavior of the load voltages 
at z=O and z=L may be expressed as: 

where the reflection coefficient is a generalized voltage reflection 
coefficient matrix given by: 

-1 - 6 ] (C8) 
-1 

Note that in the single wire case (i.e., all matrices of the order 
1), the voltage reflection coefficient is the negative of the current 
reflection matrix. In the case of a multiconductor line, however, this 
is not the cas'e, and these two reflection coefficients are related by 
the more complicated expression: 

-1 

The distributed sources in the voltage BLT Equation (C7) take the 
form: 

.L 
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and : 

As mentioned earl ier, one possible way of representing the behavior 
of the line is to compute the open-circuit voltage at the z=L end of the 
line. Thus, the use of Equation (C7) may be used, and a numerical 
procedure can be developed to perform the indicated matrix 
manipulations. For the case of every conductor being open-circuited at 
z=L, the reflection voltage coefficient zL equals the unit matrix, 
thereby simplifying Eq. (C7) somewhat. However, if the phase conductors 
are open but the shield conductors grounded at z=L, the load reflection 
matrix is not quite so simple. More will be said about this particular 
loading configuration later. The important point is that this 
formulation for the mu1 ticonductor 1 ine permits an arbitrary lodd 
configuration at both ends of the line. 

For a rigorous solution of Eq. (C7), it is necessary to evaluate 
the characteristic impedance matrix of the line, to, and the propagation 
constant, y , both o f  which are complex-valued functions of frequency. 
In studies of a single wire line over a real earth in Section 3.2, it 
was noted that for most frequencies, the single line impedance was 
closely approximated by the impedance of the same line over a perfectly 
conducting earth. Hence, for the multiconductor line, we have 
approximated the line impedance using Eq. (C4), where the inductance 
matrix is calculated element by element using the standard expressions 
for the self and mutual inductances of a line, as summarized in Ref. C1. 

For the estimation o f  the propagation constant of the 
multiconductor 1 ine, an equivalent single wire conductor was placed at 
the average height of all of the phase conductors over the actual 
ground, and the complex propagation constant for the line was determined 
using the calculational techniques developed in Section 3.2. Once this 
single line y was determined, it was used in Eq. (C7) f o r  the 
multiconductor propagation constant. 
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Geometry of The Line 

In order to  estimate the e f fec ts  of an incident EMP on the three 
phase, shielded transmission l ine  shown i n  Fig. C2, we will concentrate 
on a single section of l ine  located between two towers. The assumed 
tower configuration i s  that  typical of a 345 kV transmission l ine  taken 
from Ref. C2 as  portrayed i n  Fig. C2 which shows the assumed geometry o f  

the tower and l ine  cross section. The l i ne  i s  taken to  be a single 
c i r cu i t ,  three phase l i ne  w i t h  the individual phase conductors denoted 
as #1 , #2, and #3 i n  the figure,  and a l l  a t  an equal height over a 
conducting earth.  Each phase conductor actually consists of two 
individual conductors, having a 1" diameter and a separation of 8". As 
discussed i n  Ref. C3, the two conductors i n  each phase may be 
represented by a single conductor having an equivalent radius given by 
the geometrical mean radius (GMR)  of 6.72 cm. 

In t h i s  l ine  there are two shielded conductors assumed t o  be 
located above the phase conductors as  shown in the figure.  These are  
denoted as #4 and #5 and are  composed of single wires having a diameter 
o f  0.28" (or a radius of 0.37 cm). 

The distance between the towers on the l ine  is  taken to  be 1400' or 
about 426.7 meters. In analyzing t h i s  l i ne ,  only a single section 
between two towers will be considered. As shown i n  Fig. C3, two 
different load configurations a t  the z=O end are considered. The f i r s t  
i s  a wye configuration'for the phase conductors, and the second i s  a 
del ta  configuration. Note t h a t  these loadings are highly symmetric and 
do n o t  generally lead to  a mode conversion from the EMP-induced "common" 
or bulk currents on the l ine  into different ia l  current modes. 

In those cases h a v i n g  shield wires, the shields are  assumed to  be 
connected a t  z=O t o  the earth through a low impedance. A t  the opposite 
end 04 the l i ne ,  a t  z=L, the open-circuit voltage on the l i ne  i s  
computed and used as an indication of the behavior i n  an EMP 
environment . 



333 

20' 
6.10 m 

L i n e  Geometry 

Phase Conductors #1, #2, #3: 2 1" d i a .  cables spaced a t  18" 

GMR = 6.72 cm 

Sh ie ld  Conductors #4, #5 : S i n g l e  0.28" d i a .  cab le  

( a  = . 37  cm) 

Assumed Tower Spacing : 1400 ft. (426.7 m) 

F ig .  C2. Cross s e c t i o n  o f  sample 345 kV 
3+ t ransmiss ion  1 ine.  
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b=5a 
RI = 5 Q  
R2 Sa 
L = 1400FT.5 426.7m 

a) Wye termination o f  phase conductors at z=O 

Fig. C3. Three phase, single circuit transmission 
line section with delta and wye terminations and two 
shield wires. 
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R I  =5Sl 
R 2  =5Sl 
L = 1400 FT = 426.7m 

b) D e l t a  t e r m i n a t i o n  of phase conductors  a t  z=O 

F ig .  C3. (Cont inued) 
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Numerical Results 

The f i r s t  case considered i s  t h a t  with a wye connection a t  the z=O 
load as  shown i n  F ig .  C3a, b u t  w i t h  no shield wires present. The load 
impedance a t  z=O can best be determined by f i rs t  writing the load 
admittance matrix and then inverting i t  numerically. For the wye 
connection without shield wires, the load admittance matrix may be 
expressed as:  

y1 

-y2 I -y2 

y1 

-y2 

where the individual elements a re  expressed i n  terms of the load resis- 
tances as :  

-1 
y1 - - k+k ]  1 

and 

For the load admittance matrix a t  z=L, i t  can be approximated by a 
matrix having a small value on the diagonal , say, mhos, and zeros 
on the off-diagonal elements. 

The calculated open-circuit voltage for this load configuration i s  
shown in F i g .  C4a for  the case of a ver t ical ly  polarized EMP having the 
Bell Laboratory waveform (Table 2 ,  Section 2.5), and angles of incidence 
9=45O and $=Oo. For this case, as well a s  for  a l l  further studies i n  
this memo, these incident waveform parameters a re  fixed, as  i s  the earth 
d ie lec t r ic  constant of &,=lo, and conductivity o =0.01 mhos/meter. 

9 
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As may be noted i n  F i g .  C4a, there i s  an initial spike in the 
open-circuit vol tage response t h a t  i s  due t o  the initial interaction of 
the EMP with the line in the vicinity of the z=L end o f  the line, 
resulting in a peak open-circuit voltage of about 3 MV. Later, as time 
progresses, there are subsequent reflections on the line which tend t o  
eventually die o u t  due t o  the ground loss and the small loss in the wye 
termination. In this figure, there are ac tua l ly  two curves plotted, one 
fo r  the voltages on wires #1 and #2 which are identical because of 
symmetry, and the other for the voltage on wire #2. Numerically, there 
i s  a difference between these two voltages, b u t  the difference.is so 
small t h a t  i t  i s  not  observable. 

Results for the same three conductor, un-shielded line as above, 
b u t  with a delta load configuration a t  z=L are shown in Fig. C4b. In 
this case, the early-time portion of  the waveform i s  exactly the same as 
for  the wye loading until about  1 ps, a t  w h i c h  time the observer begins 
t o  detect a difference in the response. After t h a t  time, there are 
similar waves bouncing back and for th  on the line between the loads, b u t  
with different polarities than i n  the wye case. 

In comparing the responses in Fig. C4 with those for an open and 
shorted single wire line in Appendix B ,  i t  i s  noted t h a t  the delta load 
i s  similar t o  t h a t  for a single line open-circuited a t  z=O and t h a t  the 
wye i s  similar t o  a shorted line. In order t o  provide a more accurate 
comparison of these multiconductor responses w i t h  those o f  a single wire 
line, a single conductor having the same length as the multiconductor 
line, and a t  the same height over the ground as the phase conductors was 
analyzed for  bo th  load configurations a t  z=O. Figure C5a shows the 
resulting open-circuit voltage a t  z=L for the load shorted a t  z=O and 
Fig. C5b shows the response fo r  the open-circuit load a t  z=O. Note t h a t  
there i s  a very good correlation between these single line responses and 
those arising from the multiconductor analysis. 

This suggests t h a t  the trouble and effort of performing a 
multiconductor analysis for estimating the EMP excitation of a power 
system might be avoided by using a simple, single line model. I t  must 
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be remembered, however, t h a t  in this analysis, the individual phase 
conductors are a l l  a t  the same height over the earth, and hence a l l  
receive the same excitation by the incident field. Moreover, the 
loading impedances are a l l  symmetric, implying t h a t  the b u l k  or common 
mode currents are the most strongly excited and naturally correspond t o  
the response of an "equivalent" single wire line. In a more general 
case w i t h  a phase conductor imbalance i n  the excitation and with 
arbitrary loads, the differences between the single line and 
multiconductor responses may be more noticeable. Nevertheless, given 
the level of uncertainty in the ground parameters, the load details and 
the non-uniform nature of the actual power line cross section, a single 
line analysis i s  probably justified in many cases. 

The effect of locating the two shield wires over the phase 
conductors i s  illustrated in Fig. C6 for the case of a wye connection a t  
z=O. For this case, the load impedance matrix given in Eq. C12 must be 
modified by adding two additional rows and columns t o  account for the 
termination resistances, R p ,  on the shield wires, as shown in Fig. C3. 
Figure C6a shows the transient open-circuit voltage on the phase 
conductors ( the  sol id 1 ine), and the corresponding open-circuit voltage 
on the shield conductors ( d o t t e d ) .  Note t h a t  the early-time response of 
the phase conductor voltage i s  v i r t u a l l y  identical with t h a t  in Fig. C4a 
for the unshielded line, indicating t h a t  the shield wires have no effect 
a t  early-time a t  the open end. 

For the da ta  shown in Fig. C6b, the shield wires a t  z=L are shorted 
t o  ground, and the resulting open-circuit phase voltages calculated (the 
solid l ine).  The load admittance matrix a t  z=L may be expressed as: 

0 0 0 0  

0 0 0 0  

0 0 0 0 

0 0 0 lo6 0 6 
0 0 0 0 10 
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where loe6 ohms has been chosen t o  represent the resistance of a 
short-circuit, and ohms represents an open-circuit. 

The results for this loading configuration a t  z=L may be compared 
with the same voltage with the shield wires ungrounded a t  z=L, w h i c h  are 
shown by the do t t ed  curve. In  this case, i t  i s  noted t h a t  there i s  a 
substantial shielding effect provided by the shield wires, The peak 
open-circuit voltage on the phase conductors i s  reduced from slightly 
less t h a n  3 MV t o  about  1.8 MV. 

The same numerical study on the effects of shield wires for  a line 
with a delta load on the phase conductors a t  z=O i s  shown i n  F ig .  C7. 
As in the previous case, the shield wires are seen t o  substantially 
reduce the response if  they are grounded a t  the observation end o f  the 
1 ine. 

From the numerical studies performed, i t  i s  apparent t h a t  the 
early-time, open-circuit vol tage a t  an observation point on the line i s  
independent of the loading characteristics a t  the opposite end o f  the 
line. The late-time response i s  dictated by the loading 
characteristics, with a balanced delta load  behaving as an open-circuit 
t o  the common mode response, and the grounded, balanced wye appearing as 
a short -ci rcu i t . 

I t  has been noted t h a t  for the present case involving a high degree 
o f  symmetry i n  the line loading  and exc i ta t ion ,  the unshielded 
multiconductor line response can be estimated very accurately by a 
single-line transmission line over the earth. In the case o f  a shielded 
mu1 ticonductor 1 ine, however, the loading impedances are no longer 
symmetric, and such a simplification i s  no longer possible. In this 
case i t  i s  noted t h a t  i f  the shield wires are connected t o  ground right 
a t  the cross section on the line where the open-circuit phase voltages 
are observed, the shield wires have the tendency t o  reduce the 
early-time peak in the response. However, if the shield wires are also 
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a )  Phase conductor  and s h i e l d  conductor vo l tages  f o r  
s h i e l d  wires ungrounded a t  z=L 
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F i g .  C7. Computed HEMP-induced open-c i r cu i t  vo l tages  a t  
z=L for a d e l t a  load conf igu ra t ion  a t  z=O. 
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open-circuited (even though they may be grounded somewhere else along 
the line), they are noted to have a negligible effect on the early-time 
response. 

The calculational models described here are greatly simplified, in 
that the true multiconductor propagation is not taken into account. If 
a rigorous analysis were to be performed, it would be necessary to 
compute the various eigenmodes and propagation velocities for a 
multiconductor line over a lossy earth. This would entail calculating 
the per-unit-length impedance and admittance matrices as discussed in 
Ref. C4 and then diagonalizing the resulting complex propagation matrix 
at every frequency to solve the BLT equation. This task remains for 
future investigations into the effects of EMP on power systems. 

C.3 Scattering Theory Solutions 

Solutions for mu1 ticonductor transmission 1 ines for early times can 
be obtained from a 1 inear time-domain scattering theory [C5]. Although 
the theory is accurate for late times as well as early times, the 
numerical methods employed to solve the equations generally provide 
solutions for only the early time period. 

The current induced on a two wire transmission line bv a verticallv 
-4x1 Oit -e -478x1 Os'] polarized electric field with a waveform of 52,500 [ e  

v/m is shown in Fig. C8 [C5]. 

Early time solutions for the shielded, single circuit, three phase 
transmission line shown in Fig. C9 are given in Figures C10, C11, and 
C12 for the same electric field waveform assumed for the two wire 
transmission 1 ine [CS]. A striking difference between these solutions 
and those obtained with transmission line theory occurs at an incidence 
angle of 0.1 radians. The solutions obtained from transmission line 
theory show increasing times to peak, increasing pulse widths, and 
increasing magnitudes as the incidence angle becomes smaller in contrast 
to the shorter times to peak, decreasing pulse widths, and constant 
magnitudes obtained from 1 inear, time-domain scattering theory. 
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5 I I I 
RADIUS = 2 cm 
HEIGHT = 9 m  

Q =  10-2~/,,, 
--__ = 1 0 - 3 ~ / ~  + = O D  -A- 

= I  

50 t*(ns) 100 0 

Fig. C8. Total current induced on conductor #1 which is  9 m 
away from conductor #2 and a t  the same he igh t  as #2 from ground 
fo r  conductivity o = lo-' S/m o r  o = 
scattered f i e ld  will arr ive a t  wire #1 [C5]. 

S/m. A t  "+", a multiple 
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Fig. C9. A typical configuration o f  a 39 765 kV 
single-circuit transmission line. 
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Fig. C10. Total current'induced on shield wire #1 for 
ground conductivity 0 = S/m or a = S/m [C5]. 
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Fig. C11. 
ground conductivity 0 = S/m or 0 = S/m. 

Total current induced on phase wire #3 f o r  



349 

2 

I 

c 

9 
Y 

t 
CI 

0 

-I 

Fig. C12. Total current induced on phase wire #4 for 
ground conductivity o = lo-' S/m or o = S/m. 
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C.4 Time Domain Multiconductor 

Transmission Line Solutions 

The EMPT transmission line transients program is  widely used t o  
study transients on power system transmission lines. This program can 
n o t  be used in i t s  present form t o  determine the vol tage induced on 
transmission line because of the inability t o  include distributed 
voltage sources a long  a conductor. However, this program may be used t o  
estimate the effect of shield wires and mu1 ticonductor propagation on 
the voltage or current response a t  an observation point as illustrated 
by the following example. 

Effect o f  Shield Wires on The Response of Phase 
Conductors of Transmission Lines 

The procedure t o  estimate the response of a multiconductor 
transmission line can be summarized as follows. First, divide the line 
into segments; in this case the spans between towers. Second, calculate 
a f i r s t  estimate for the HEMP induced responses of the different 
conductors of each segment , assuming no coup1 ing between the different 
conductors b u t  model ing the terminations accurately. T h i r d ,  set up  an 
electromagnetic and electrostatic frequency dependent coupl'ing model for 
the line. Fourth,  using the voltage (or currents) obtained above as the 
driving sources for  the line segments a t  both ends o f  t h e  segment, f i n d  

the corrected response for each span. Fifth, use superposition t o  find 
the composite response from the responses of each span. 

The analysis of the effects of shield wires and non-corona 
attenuation are illustrated in the following example. 

Responses of The Conductors Assuming No Coup1 ing 
Between Them 

In this example only the response of the horizontal conductor i s  
calculated. Calculation of the complete response considering bo th  the 
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vertical and horizontal elements m i g h t  be necessary in an actual 
assessment. 

The geometry of a typical 132 kV line chosen for our example i s  
shown in Fig. C13. The span length i s  assumed t o  be 241 meters. A 
vertically polarized HEMP wave having the "Bell" waveform with a peak 
magnitude of 50 kV/m and angles of incidence Y=3Oo and @=Oo i s  assumed. 
The phase conductors are terminated by their characteristic impedance a t  
the beginning of the span. The ground wires are shorted t o  ground a t  
the beginning of the span. Figures C14 and C15 show the induced open 
circuit voltage a t  the end of one span for the ground and phase 
conductors. 

CouPlina Model Used 

The complex line constants were calculated over a frequency range 
of 1 t o  10x106 Hz. The two ground wires were retained i n  these 
calculations, and, hence, five different propagational modes were 
obtained for the line. For the purposes of this analysis, only the 
portion between 0 and . 2  us of the vol tage waveform of Figures C14 and 
C15 i s  represented. Hence, the circuit parameters for 1 MHz are used. 
In general, an FFT analysis needs t o  be done on the coupled responses 
and a frequency dependent model for the line should be used. 

Calculation of The COUP1 ed Conductors 

For the three cases run for this analysis, i t  is  assumed. t h a t  the 
excitation voltage sources were 2056 and 1612 kV f o r  the ground (shield) 
and phase wires, respectively. These correspond t o  half  of the open 
circuit voltages calculated above and shown in Figures C14 and C15. The 
phase conductors are terminated in their characteristic impedance a t  the 
end of the span.  
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Fig. C13. Typical 132-kV line physical layout. 
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Fig. C14. 
(241m) for the phase conductors v=30°, @ = O o ,  conductivity 
= .01 mhos/m. 

Open circuit voltage at the end o f  one span 
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Fig .  C15. Open c i r c u i t  voltage a t  the end of one 
span for the ground wires $=30°, $ = O o ,  conductivity 
= .01 mhos/m. 
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Case 1 :  

Only one span of the line i s  represented. Ground wires are not  
connected t o  the tower. This case i s  run t o  establish the propagation 
attentuation. 

Case 2: 

Same as Case 1 , b u t  w i t h  the ground wires solidly grounded, tower 
n o t  represented. 

Case 3:  

Two spans are represented. Towers a t  the end of the f i r s t  and 
second span are represented by an 18.4 m ,  200 fl surge impedance for the 
tower and 20 52 footing resistance. 

Case Results 

Table C1 shows the results for the three different cases described 
above. From this table i t  can be deduced: 

From Case 1 :  

0 The attenuation constant for the ground wires i s  
approximately 15% per span (241 m ) .  

0 The attenuation constant for the phase conductor i s  
approximately 12% per span. 

Table C1 

Peak' Voltage Recorded In kV 

Tower 1 Tower 2 
Center Outer Sh i  el d Center Outer S h i  el d .. ._ - . . . - . - 
Phase Phase Wire Phase Phase Wire 

Case 1 . . . 1404 1395 1744 
Case 2... 996 94 1 0 
Case 3.. . 1142 1107 683 851 806 185 
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From Case 2: 

0 The phase conductor vo l tages f o r  t he  case o f  a s o l i d l y  
grounded ground conductor a re  reduced by a f a c t o r  38-40% 
when coup l ing  and a t tenua t ion  a re  considered. 

From Case 3:  

0 The vo l tages o f  t h e  phase conductors a t  t h e  end o f  t h e  
f i r s t  span a re  reduced by a f a c t o r  29-31% when coup l ing  
and a t tenua t ion  a re  considered. 

0 The vo l tages o f  t h e  phase vo l tage a t  t h e  second tower a re  
reduced by a f a c t o r  47-508 when coup l ing  and a t tenua t ion  
were considered. 

Composite Response o f  The D i f f e r e n t  Spans 

Using superpos i t ion ,  f o r  t h e  132-kV l i n e  under cons idera t ion  and 
f o r  t h e  assumed HEMP p o l a r i z a t i o n ,  t h e  vo l tage a t  t h e  s t a t i o n  i s  

p r i m a r i l y  a f u n c t i o n  o f  t h e  f i r s t  span from the  s t a t i o n .  The 
c o n t r i b u t i o n s  f rom t h e  o the r  consecut ive spans do n o t  a l t e r  t h e  peak 
magnitude and t h e  i n i t i a l  r i s e  t ime of t h i s  vo l tage as seen i n  F ig .  C16. 

C.5 A S i m p l i f i e d  Method t o  Determine The E f f e c t  o f  
Ground Wires on The Phase Conductor Responses 

I n  t h e  above cases, a mul t i -phase t r a n s i e n t s  program i s  used t o  

o b t a i n  t h e  responses. I n  t h i s  sect ion,  a s i m p l i f i e d  method t o  es t imate  

the  e f f e c t  o f  t h e  ground w i res  i s  presented. Th is  method p r e d i c t s  the  
response o f  t h e  phase conductors through t h e  use o f  k o u p l  i n g  f a c t o r s "  

o f  t h e  c i r c u i t .  

Coupl ing Factor  o f  A Two Conductor System 

For the  two conductor systems of F ig .  C17, one can w r i t e  t h e  
f o l l o w i n g  two equat ions which r e l a t e  ' the t r a v e l i n g  wave c u r r e n t s  (i) and 

vol tages (e)  on t h e  two conductors. 
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1 1000-= 

a) C o n t r i b u t i o n  of- t h e  f i r s t  two spans o f  t h e  l i n e .  

=. contribution trom 1st spon 

Contribution from 2"* span 

b) Composite waveshape of vo l tage a t  t h e  end o f  
t he  l i n e .  
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I t  
I 1  
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Fig.  C16. 
a t  t h e  end o f  t h e  132-kV l i n e  due t o  t h e  f i r s t  two spans. 

Twice t h e  t r a v e l i n g  wave vo l tage appear ing 
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Fig .  C17. Two conductor  systems w i t h  
corresponding surge impedances. 

- 

Fig. C18. Physical l ayou t  of the two 
conductor systems o f  Figure C17. 
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el = i l  Z1 + i 2  Z12 

where by : 

(C19) 
2hl Z1 = 60 I n  - 

2h2 Z2 = 60 In  - 

hl  Dl 2 
dl  2 dl 2 

60 In  - Z12 = 60 I n  - 

and rl and r2 a r e  the r a d i i  of the two conductors  and hl  , h 2 ,  d12,  and 
D12 a r e  a s  defined per Fig. C18. 

Coupling Fac tor  of One Ground Wire and One Phase Conductor 

If a t r a v e l i n g  wave vo l t age  and current a r e  impressed on one 
conductor on ly ,  a vo l tage  w i l l  be induced o r  coupled on t o  the o t h e r  
conductor.  

Let i 2  = 0 i n  Equations (C17) and (C18), then: 

el = i l  Z1 

e2 = i l  Z12 

el = Cel - z1 2 
e 2 -  q-- 

z1 2 
z1 

where - is  c a l l e d  the coupl ing  f a c t o r ,  C. 
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Coupling Factor of Two Ground Wires and One Phase Conductor 

In many practical cases, the coupling factor between two ground 
wires and one phase conductor, as i n  F ig .  C19, i s  needed. This i s  
derived as fol 1 ows. 

Let the voltage on the ground wires be equal t o  e. Also, no 
current i s  injected i n  the phase conductor so tha t  the current i n  the 
phase conductor, i c  = 0. Therefore : 

e = el = i l  Z1 + i2 Z12 

e = e2 = i l  Z12 + i 2  Z2 

(c25 1 

(C26) 

ec = i l  Z l c  + i 2  ZZc (C27) 

Let Z=Z1=Z2, then: 

i s  the equivalent ground wire surge impedance. where Z = - z+zl 2 
9 2 

Therefore, the coupling factor ,  C ,  i s  equal t o  the average mutual 
surge impedance divided by the equivalent ground wire surge impedance. 
The above i s  t rue for  two ground wires and one phase conductor. For n 
ground wires and one conductor, and w i t h i n  1% accuracy, one can write: 

'm C = 5  
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Fig .  C19. A three conductor system: two 
ground wires and one phase conductor. 

F i g .  C20. One phase conductor and one 
grounded ground wire. 
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where : 
Z + ( n - 1 )  Zm 

n '  zg = 

Z i s  the average mutual surge impedance of the ground wires. 
Z i s  the average self surge impedance of the ground wires. 

Z, i s  the average mutual surge impedance between the n ground wires 
and the phase conductor. 

n i s  the number of conductors. 

mg 

Simplified Method for The Calculation of Phase Voltages 
On Lines with Shield Wires 

For the system o f  the two lossless conductors of Fig. C20, i t  can 
be shown t h a t :  

If the conductors are lossy, Equation (C32) becomes: 

g e l = e  c 2  K - K1 Ce 

- 
whereby : 

C i s  the coupling factor  between the two conductors. 
K1 i s  the attenuation for  Conductor 1 .  
K2 i s  the attenuation for Conductor 2. 
e i s  the induced voltage on Conductor 1 .  
ec i s  the induced vol tage on Conductor 2. 

9 

Case of The 132-kV Line 

In a manner similar t o  the above, i t  can be shown t h a t ,  for the 
subject 132 kV line, the coupling between the phase conductors and the 
shield wires i s  approximately 27%. From Case 1 ,  K, and K2 are (.88)n 
and (.85)n, respectively, where n i s  the number of 241 m spans. 
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For the case of grounding  the shield wires a t  the f i rs t  tower, 
Equation (C33) yields:  

(1612) .88 - (.85)(2056)( 2 7 )  = 947 kV 

This agrees quite closely w i t h  the resul ts  of Case 2.  

In the case where the ground wires are not grounded d i rec t ly ,  as i n  
Case 3, the phase voltage a t  the f i r s t  tower i s  reduced, b u t  not as  much 
as depicted by Equation (C33). The voltages a t  the second tower, 
however, agree nicely w i t h  (C33) as shown below: 

Phase Voltage a t  the Second Tower = 

n n 

(1612)( .88)L - (.85)l(2056)( 2 7 )  = 846 kV 

The small difference between the values calculated by (C33) and 
computer simulations are attr ibuted t o  the coup1 i n g  between the 
different  phases. 

I t  can be concluded from the above t h a t  the simplified method can 
be used to estimate accurately the phase voltages t o  include the e f fec ts  
of ground wires. 

Conclusions on The Effect o f  Ground Wires 

The following can be concluded from the above discussion. 

Neglecting propagational attenuation , one should expect a minimum 
of ( 1 - C )  reduction factor i n  the phase voltages ( C  i s  typically 25-35%). 
This reduction i s  obtained a f t e r  the f i rs t  span for  l ines  w i t h  low tower 
footing resistance (TFR) ,  and a f t e r  the second or t h i r d  span fo r  higher 
TFR (say 20-30 ohms). If  attenuation and unequal excitation of the 
ground and phase wires are  considered, a further reduction i s  expected. 
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A systematic methodology to determine the open circuit voltages 
arriving at the station due to HEMP can be summarized as follows': 

0 Determine the excitation for one span for the phase and 

0 Determine the propagational attenuation for the power 
ground wires assuming no coupling between any conductor. 

1 ine. 

0 Using the coupling factor method or a rigorous 
multi-phase, mu1 ti -mode analysis program, determine the 
effect of ground wires on the phase conductor. 

0 Start with first span out of the station and sum the 
contribution of the consecutive spans. 
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APPENDIX D 

Numerical Examples fo r  Responses of 
Buried Cables 

In this appendix, normalized currents induced on buried conductors 
for  various combinations of HEMP waveforms, burial depths, and soi l  con- 
duct ivi t ies  are shown. 

Figure D1 shows the magnitude of the peak current, Ip ,  which can 
circulate  on a long underground conductor. In the case of a concentric 
cable, this will be the current on the metal sheath rather than the 
inner conductor. The incident e l ec t r i c  f i e ld  i s  considered to  be single 
exponential o f  the form e where -r=.25p sec, ver t ica l ly  polarized and 
has the same orientation as t ha t  of the conductor ( @ = O o ) .  The resul ts  
are independent of the elevation incidence angle, ad D ( q , + )  i s  only a 
function of @ for  t h i s  k ind  of polarization. 

I t  can be concluded from Fig .  D 1 ,  tha t  the peak induced current i s  
inversely proportional w i t h  respect t o  the square root of the ground 
conductivity fo r  small burial depths: 

1 I a-  
PK 

Also, as i s  expected, the peak current decreases w i t h  increasing 
dep ths ,  however, for  highly lossy grounds, and for  small depths (e.g. ,  
l ess  than 5m), the peak induced current i s  nearly independent of the 
depth. 

Figure D2, extracted from Reference [Dl], shows the variation of 
the peak current w i t h  d i f ferent  decay time constants of the incident 
e l ec t r i c  f i e ld .  These curves are  applicable to  a l l  cases where 

Figures D3, D4 and D5 show that  complete waveforms fo r  the HEMP 
induced currents on long buried conductors for  different  ground 
conductivities and buried depths. 
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Fig. D1. 
buried conductor for different ground conductivities 
(.001, .01 and .1 mhos/m) and buried depths. 

Normalized HEMP induced current in a long 
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F ig .  D2. Peak cab le  c u r r e n t  as a f u n c t i o n  o f  s o i l  
c o n d u c t i v i t y  and i n c i d e n t  exponent ia l  pu l  se-decay 
t ime constant  [ D l ] .  
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Fig.  D3. 
conductor i n  e a r t h  w i t h  a c o n d u c t i v i t y  o f  CJ 

Normalized HEMP-induced c u r r e n t  on a l ong  bu r ied  
mhos/meter 

f o r  several b u r i a l  depths. 9 
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F i g .  D4. 
buried conductor i n  e a r t h  w i t h  conduc t iv i ty  CJ =10 
mhos/meter f o r  s eve ra l  bu r i a l  depths .  

Normalized HEMP-induced current on a lon -B 
' 9  
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F i g .  D5. Normalized HEMP-induced current on buried 
conductor i n  earth w i t h  a conductivity of o =lo-' 
mhos/meter for several burial depths. 9 
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APPENDIX E 

Examples of Antennas Commonly Used 
for Various Frequency Bands 

Description of Antenna Types 

There are many different types o f  antennas, and some are more 
susceptible t o  EMP excitation t h a n  are others. An antenna may be viewed 
as  a simple matching transformer which transforms the impedance of the 
final stage of a transmitter or receiver t o  the impedance of free space, 
so as t o  maximize the efficiency o f  energy transmission. 

Because electromagnetic radiation i s  possible over a wide range of 
frequencies, there are many different designs for antennas. Those 
antennas designed t o  operate i n  the MF and HF frequency ranges are 
usually most affected by EMP, since their operating frequencies occur i n  
a band where the EMP signal has a strong spectral content. However, i n  
an assessment of a system, a l l  energy gathering antennas should be 
examined for possible adverse effects. 

The monopole class of antenna is  a common design, ranging from very 
low frequency antenna towers used i n  commercial AM radio stations t o  UHF 
blade antennas on a i r c ra f t  and other vehicles. Figure El shows 
variations of this type of antenna. A spiral monopole antenna as shown 
i n  Figure E2 i s  also commonly found i n  communications equipment 
operating i n  the U H F  regime. In this class o f  radiator, the antenna i s  
driven against the ground plane w h i c h  m i g h t  be the earth o r  the 
conducting s k i n  of a vehicle. 

Another class of  antenna i s  the dipole. Unlike the monopole, the 
dipole does not require the presence of the earth o r  a ground plane for 
i t s  operation. Figure E3 shows two HF dipole antennas which are 
commonly found i n  voice communications systems. Folded dipole antennas 
shown i n  Figure E4 are commonly found in VHF communications, w i t h  a 
common example being the commercially available FM antennas for  the 
home. Figure E5 shows several other dipole antenna types. 
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/ m- 
a )  Tower antenna 

Coaxial feed lines xial feed lines 

b) General monopole antennas 

Fig. El. Examples o f  monopole antennas [El]. 
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d-diameter of wire 
D-diameter of helix 
s-turn spacing 
/-spacing of helix 

a-pitch angle 
from ground plane 

F i g .  E2. S p i r a l  m o n o p o l e  antenna [El]. 
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a )  Center fed antenna 

Half-wave or 
mnant-long-wire 

b )  Zepp fed antenna 

Fig. E3. Examples of HF dipole antennas [El]. 
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a )  Folded dipole antenna 

Three-wi re folded dipole antenna 

E4. Folded dipole antennas [E2]. 
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( a )  
T r i angu la r  d i p o l e  

( 4  
Folded Monopole w i t h  

s imulated ground 

( b )  ( 4  
Fan d i p o l e  El 1 ip so ida l  d i p o l e  

( e )  ( f )  
Conical skirt Discone antenna 

antenna 

( 9 )  
Bi coni cal antenna 

Fig.  E5. Examples o f  d i p o l e  type antennas [El]. 
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A t  the microwave frequencies, say from 500 Mhz and above, antennas 
tend to  look different  from the low frequency devices. Waveguide horns 
as shown i n  Figure E6 are  commonly used t o  provide a slow transi t ion 
from the bounded waveguide propagation to  the free  space propagation of 
EM energy. A leaky waveguide as i l lus t ra ted  i n  Figure E7 also serves as 
an antenna in t h i s  frequency range, and microwave ref lector  antennas as 
shown in Figure E8 are also commonly use$. 

Other types of antennas are also found. Flush-mount antennas are  
common in vehicles, with the ,slot  antenna of Figure E9 being one 
example. In a d d i t i o n ,  the frequency independent antennas shown i n  
Figure E10 are common, especially for  communications over several 
different  frequencies, such as found in commercial television. 
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Sectoral H-plane horn 

Sectoral E-plane horn, 

Conical horn 

Fig.  E6. Examples of microwave horn  antennas [ E l ] .  
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Fig. E7. Slotted waveguide antenna [El]. 
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Reflector Reflector 

Horn 

Waveguide 

Dipoles 

Transmission 
line 

Parabolic 
StrlP - 

a )  Microwave dish antennas 

A 

b )  Pi1 1 -box antenna 

F i  g . E8. Exampl es of mi crowave ref 1 ector antennas [El 1. 
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Fig .  E9. Slot  antenna [E2]. 
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Beam direction 

a 

a )  Log-periodic antenna 

b )  Conical Sp i r a l  c )  Zig-zag antenna 

Fig. E10. Examples o f  f requency independent antennas [ E l ] .  



383 

APPENDIX F 

Definitions of Electrical Insulation Strengths 
for Power Apparatus 

Electrical insulation may be classified as ( 1 )  external or internal 
or ( 2 )  sel f-restoring or non-self-restoring, and tests applied t o  
determine insulating strength characteristic are dependent on these 
classifications. For example, an insulation classified as self-restor- 
ing indicates t h a t  after flashover the insulation i s  restored t o  i t s  
original strength condition. This classification i s ,  thus, mainly 
applied t o  air-porcelain insulations (external insulation), and tests 
may be designed which permit flashovers. In contrast, for non-self- 
restoring insulations, any flashover or puncture results in insulation 
failure. These insulations are usually internal insulations, e.g. , 
transformers. Tests for these insulations are a t  such a level tha t  
there i s  a low probability of failure. 

Tests may also be classified as investigative or proof tests. The 
investigative or engineering research tests are those which are used t o  
investigate the insulation strength, i t s  characteristics and abnormali- 
t ies ,  whereas the proof tests are those used t o  demonstrate t h a t  a 

f i c  apparatus o r  insulation meets i t s  "rated" insulation strength. spec 
Most 
vest 
tion 

tests on tower insulations o r  on.  b u s  support insulators are in- 
gative while most tests on transformers and other internal insula- 
structures are proof tests. 

Equipment or air/porcelain insulation strength may be defined by 
i t s  strength t o  three types of overvoltages: (1)  lightning surges 
( 2 )  switching surges, and ( 3 )  power frequency voltages. The values used 
t o  specify insulation strength are: 

1 .  BIL - Basic Lightning Impulse Insulation Level 

The electrical strength of insulation expressed in terms 
of the crest value of a standard lightning impulse, which 
has a front of 1 .2  1.1s and a time-to-half-value of 50 us 
(usually designated as "1.2/50 11s").  The BIL may be 
either a statistical BIL or a conventional BIL. The 
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2 .  

3 .  

4 .  

5. 

6. 

statistical BIL applies specifically t o  self-restoring 
insulation, and i s  defined as  t h a t  crest value of the 
standard lightn ng impulse for  which the insulation 
exhibits a 10% 1 oobabi l i ty  of failure. The conventional 
BIL specifical ly applies t o  non-self-restoring 
insulations and i s  the crest value of the standard 
lightning impulse for  which a disruptive discharge does 
not  occur. The probability of f a i lu re  for the 
conventional BIL i s  generally not  known. 

BSL - Basic. Switching Impulse Insulation Level 

This i s  identical t o  the B I L  except a standard switching 
impulse (250/2500 ps) i s  used. 

CFO'  - Critical Flashover Voltage 

The electrical strength expressed as the crest value of 
an impulse of any specific wave shape for  which the 
insulation exhibits a 50% probability of flashover. 
Thus, a CFO may apply t o  a lightning impulse (CFOLI) o r  
t o  a switching impulse (CFOSI). 

Chopped-Wave Insulation Strength 

The electrical insulation strength expressed as the crest 
value of a standard lightning impulse (1.2/50 us) which 
i s  chopped by an a i r  gap on the ta i l  of the impulse. 
Chopping times for proof tests are usually 3 ps except 
for  circuit breakers where chopping  times are 3 and 2 ps. 

Front-of-Wave Insulation Strength 

The electrical insulation strength expressed as the 
maximum value of lightning impulse which has an 
approximate linear steepness. Normally only used f o r  
transformer and then only when specified by the 
purchaser . 
Time-Lag Curve 

Curves of crest or maximum voltage of a lightning impulse 
(usually a 1.2/50 ps impulse) as a function of 
time -to-f 1 ashover. Used primarily, and usually 
exclusively, for self-restoring insulations and for 
investigative tests. By varying magnitude of impulse, 
flashovers for a specific insulation structure will 
flashover on the ta i l  of  the wave for low magnitude, and 
on the fronts for high magnitudes. 
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As noted, tests fo r  all of the above strengths employ either a 
1 ightning or switching impulse. Chopped-wave and front-of-wave tests,  
in general , have a greater effect on turn-to-turn internal insulation. 
The other tests are more applicable t o  the strength of the major 
insulation t o  ground. 

Tests using power frequency voltages are also specified for most 
apparatus. For high voltage equipment these tests are applied t o  
establ ish performance for system operating voltages and temporary 
overvoltages. Power frequency tests are a1 so performed on external 
insulations such as line insulators t o  determine their performance under 
contaminated or polluted conditions. 
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