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FOREldORD

The Division of Erectric Energy systems (EEs) of the United states

Department of Energv (DOE) has formulated a program for the research and

development of technologies and systems for the assessment, operation,

and control of electric power systems when subjected to electromagnetic

pu'lse (EMp ) . The DOE/EES EMP program plan is documented in a DOE report

enti tl ed

Systems

Pro ram Plan for Re search and Develo ent of Technolo fes and

for Electric Power Systems Under the Inf 'luence of Nucl ear

El ectroma netic Pulses DOE/NBB-003, May 1983. The research documented

in this Oak Ridge National Laboratory (ORNL) report was conducted under

program plan elements El, ,,EMp Surge Characterization and Effects,, and

E2, "EMP Assessment Methodology Development and resting.,,

The research

system mode'ls and

documented in this volume considers electric power

methodology appricable to exprore the interaction
between magnetohydrodynamic-electromagnetic pu1 se (MHD-EMp) and civil ian

electric utility systems. The resurts of this work wir.r be used in
subsequent phases of the research program to simulate such interaction,
to assess the possible consequences and to exp'lore relevant mitigation
techniques.

All data pertaining to MHD-EMP environments have been obtained from

public domain documents and unclassified source materials. such

information is presented herefn for illustrative purposes only and does

not represent actual

envi ronments.
weapon characteristics or maximum threat

This report is voJume 3 of a 4-volume set that describes an Ervrp

assessment methodology for electric power systems. Volune I is an

Executive Summary. vo'lume 2 covers high-alti tude EMp (l-lElvlp) , yol ume 3

(tnis volume) covers MHD-EMP, and volume 4 covers source-region EMp

(SREMP).

ifi
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STUDY TO ASSESS THE EFFECTS OF

MAGNETOHYDRODYNAMIC ELECTROMAGNETIC PULSE

ON ELECTRIC PO!{ER SYSTEMS

J. R. Legro
N. C. Abi-Samra
F. M. Tesche*

ABSTRACT

The high-a]titude burst of a nuclear device over the continental

United States can expose electric utility power systems to intense,

transient electromagnetic pulses (EMP). In addition to the initial
transients designated as fast transient high-altitude EMp (HEMP) and

intermediate time EMP, electromagnetic signa'ls are also perceived at
times from seconds to hundreds of seconds after the burst. This signal

has been defined by the term magnetohydrodynamic-electromagnetic pulse

(MHD-EMP). The MHD-EMP phenomena has been both detected in actual

weapon tests and predicted from theoretical models.

This volume documents a prel iminary research effort to:
(l) investigate the nature and coupling of the MHD-EMp environments to

electric power systems, (z) deffne the construction of approximate

system response network models and, (3) document the development of a

unified methodology to assess equipment and systematic vulnerability.

The

natu ra l
storms.

The research, to date, does not include an attempt
power system performance in an MHD-EMP environment. This

MHD-EMP environment is compared to a qualitatively similar
event' the electromagnetic environment produced by geomagnetic

to quantify
effort has

been to develop the analytical tools and techniques necessary to perform

such assessments at a later time. It is anticipated that the MHD-EMP

methodology will be incorporated into a compnehensive EMp assessment

process to investigate total system risk.

*LuTech Incorporated, LaFayette, CA.
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1. INTRODUCTION

In the event of single or multiple high-altitude nuclear bursts
over the continental United states, it is expected that a large
geographic area of the country will be illuminated by intense transient
electromagnetic fields. The first of these events to be perceived on

the ground is an extreme'ly fast transient having characteristic rise
times related strong'ly to the gamma radiation output rate from the
nuclear device. The total field duration is approximately a

microsecond. Known as a high-altitude e.lectromagnetic pulse (HEMP),

this transient field has the potential to cause direct and consequential
damage to electric power systems as well as system operational upset.
Immediately following the initial fast HEMp transient, scattered gamma

ray photons and inelastic gammas from weapon neutrons create additional
ionization resulting in the second part (intermediate time) of the HEMp

signal. This second signal can occur in a time interval from one

microsecond to about one second.

Electromagnetic signals are also perceived at much later times
(seconds to hundreds of seconds after the burst) due to magnetic bubble
formation and hydrodynamic motion of the heated atmosphere and debris
remaining from the explosion. This type of electromagnetic transient
has been defined by the term magnetohydrodynamic-electromagnetic pulse
(MHD-EMP). These MHD-EMP signa'ls have been both detected in actual
tests and predicted from theoretical models.

Since the United States electric power network of generation,
transmission and distribution may be exposed to EMP environments, it is
of critical importance to national security that a quantitative and
comprehensive methodology be developed to assess the vulnerability of
electric power systems to this new, externally imposed, transient
environment. The creation of such an assessment technique would enable
al I interested parties to quantify the potential risk to existing
systems, and explore mitigating system hardware appl ications and
operational strategy. EMP assessments have been performed for other
types of electrical systems, such as military aircraft, ffiissiles and
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conrununications facilities. The unique properties of the electric power

system, such as its complex electrical interconnection over a vast
geograph.ic area strongly indicates that a separate EMP assessment

methodology should be developed with specifie focus on the electric
power sYstem.

section ? of this report presents an overview of the physics of
MHD-EMP transient generation and environmental definition' Measured

results from the Fjshbowl test series are presented and the results of
numerical simulations of the Starfish nuclear event are summarized' In
order to use the calculated data in an efficient manner for power system

assessment, an approximate method is suggested for representing the

MHD-EMP electric field on the earth's surface'

InSect.ion3,thecouplingoftheMHD-EMPtransientelectricfie.ldto the electric power system is discussed. A spectra'l ana'lysis of the
transient is presented in order to demonstrate the validity of modelling
the effect of the electric field as,'quasi-dc" voltage sources impressed

on an equ'ivalent dc power system network. The MHD-EMP environment is
compared to a similar power system environment produced by geomagnetic

storm Phenomena.

Section 4 considers in detail the elements of a power system

assessment methodology under MHD-EMP environmentS' It is shown that
significant elements of geomagnetic storm assessment methodology'
modified as required, can be evoked to understand the relationship
between MHD-EMP and the electric power system'

In Section 5, the topological aspects of the electric power system

are di scussed. sui tabl e model s for power systems assessment are
presented coupled w'ith an analysis of digital computer codes needed to
study the impact of MHD-EMP on power systems '

The report concludes with a summary of recommended areas of
additional research to better refine both the environmental definition
and the assessment methodology'

The research to date, does not include any attempt to quantify
power system performance in an MHD-EMP environment' The Phase I effort
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has been to define the tools and techniques necessary to perform such
assessments in subsequent phases. The development of comprehensive
methodology is the prerequisite to consistent and meaningful risk
as sessment.
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2. MHD-EMP ENVIRONMENTAL DESCRIPTION

2.1 Introduction

Any assessment of MHD-EMP impact on electric utility power systems

must begin with an understanding of the physical generation of this
transient electromagnet'ic phenomena and an appropriate envjronmental

definition suitable for power system analysis. It is equaliy important

to place in perspective the quantity and quality of measured data and

the success of event simulation via digital codes and other analytical
techni ques.

Much of what is empirically known about a MHD-EMP environment is
based upon magnetometer data acquired during actual nuclear events such

as the Fishbowl test series conducted in the Pacific Ocean' The data

obtained from the Starfish test (1962) has often been chosen as a

benchmark case due to the large negative change' over tjme' in the

ambient magnetic flux density as measured at Johnston Island. Figure I

shows the magnetometer measurements at Johnston Island for Starfish and

two other Fishbowl tests.

Thus, the bodY of
1 iterature, is 1 imited
recordings, at a few locations jn the Pacific, for tests which occurred

over twenty years ago. To the authors' know'ledge, no evaluation of the

random and systematic uncerta'inty nor the response characteristics has

been offered for the instrumentation. The 'limited number of tests did
not include replication of any single event. The ratification of the

above-ground nuclear Test Ban Treaty effect'ively put an end to event

measu rement.

In order to estimate an MHD-EMP environment which could exist over
the continental United States for a nuclear event comparable to
starfi sh, Longmi re has taken the measured data of Starfi sh and

essentially doubled the magnitude of the change in magnetic flux
density [l]. The modification is offered to account for the change in
geognaphic latitude between the Pacific test site and the continental

measured data, which exi sts

to a very smal I samPle of
in the open

magnetometer
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United States corresponding to the increase in the earth's ambient

magnetic flux density as a function of latitude.

Event simulation via digital codes has met with mixed success. In
contrast to HEMP, which has been postulated for a longer time as a

significant threat to mil itary and civil ian systems and whose

phenomenology has been investigated by a number of independent research

efforts, MHD-EMP threat awareness and significant simulation has been

limited to a major research effort sponsored by the Defense Nuclear

Agency (DNA).

Given the above perspective on the available research, this section

presents an overview of a body of physics to model MHD-EMP generation.

Based upon this theory, examples of MHD-EMP simulation will be discussed

in terms of the change in the earth's magnetic flux density as measured

at the surface. 0f more direct interest to electric power system

analysis is the translation of this magnetic environment to a

corresponding set of surface tangential electric fields. The section

concludes with a suggested approximate format for MHD-EMP electric field
definition to facilitate the numerical evaluation in a power system

assessment mechanism.

2.2 The Physics of MHD-EMP Generation

In response to the Starfish measurements, several analytical
efforts have attempted to develop a theory for predicting the mechanisms

for generating the MHD-EMP environment in general and Starfish in
particular. As discussed in the Defense Nuclear Agency (DNA) EMp

Course [2], at least two distinct physical mechanisms are thought to be

responsible for generating the MHD-EMP environment. The first results
in the ear'ly portion of the MHD-EMP signal (1ess than ten seconds after
the burst) while the second produces the response later than ten

seconds.

As illustrated in Figure 2, a nuclear burst at high a.ltitudes gives

rise to a rapidly expanding ionized fireball, consisting of bomb debris
and hot gas. This plasma tends to be diamagnetic, in the sense that it
excludes the earth's magnetic field from the interior of the fireba'll.
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As the fire ball expands and rises,'it will deform the earthrs
geomagnetjc fieid lines, creating a magnetjc field disturbance of wide

spread propagation. Directly under the burst point, a temporary layer
of jonized air is created by atmosphegic absorption of x-rays produced

by the weapon. This region tends to shield the area under the burst for
the "early" portion of the MHD-EMP signal '

As time progresses, the hot ionized ajr under the burst begins to

rise and moves across the earth's geomagnetic fjeld lines causing large

atmospheric currents to flow. This motion may account for the second

phase of the MHD-EMP signal. As shown in Figure 3, these atmospheric

cuments are imaged in the earth. An observer on the ground would

measure a change in the earth's ambient magnetic flux density'

Under contract to the Defense Nuclear Agency (DNA) several

theoretical efforts have been undertaken by Mission Research corpora-
tion (MRC) jn an attempt to model MHD-EMP production and obtain a

numerical simulation of the Starfish magnetic f'lux variations. The

initial research [3] focused on the large negative change associated

with Starfish since it was postulated that this signal would have the

more significant impact. For this purpose, the MHDEMP code written by

MRC computes the transient magnet'ic flux density at the surface of the

earth as a function of time. This calculation is based upon input data

suppl ied by the MICE code [4] which computes the behavior of the

disturbed atmosphere in the vicinity of the burst'

The MRC simulation, given this version of the MHDEMP code, extends

for a period of time from 20 seconds to ll0 seconds after the burst in
an attempt to replicate the measured change in magnet'ic flux density as

obtained for Starfish at Johnston Island. This research is significant
in the sense that, for the first time, the response predicted by the

si mul ati on n based on fi rst pri nci p] es , tends to correspond to
measurements at Johnston Island. The actua'l accuracy of the data fit
must be evaluated given:

r The uncertainty factors contained in the MICE input data.

r The elimination of any Beta patch effects'
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The distortion introduced by the finite spatial
boundaries of the simulation grid.

The required shift in spatial location for Johnston
Island from an actual distance of approximately 23 km
north of the burst to a "best fit" distance of 179 km
north in the simulation.

The weaker correlation at elapsed times 'less than forty
seconds.

Given al I of the above qual ifications, it remains that this
simulation, for the first time, tended to agree with measured data at a

given spatia'l location.

Continuing research by MRC modified the MHDEMP code to include the
effects of initial magnetic bubble expansion, plasma pressure gradients

and ion inertia in an attempt to simulate the first forty seconds of the
Starfish event. The research project a'lso investigated the sensitivity
of the simu'lation to the atmospheric conductivity which exists between

the burst point and ground.

An equal ly important output of the MRC research is that the
numerical simulations indicate spatial variations of the MHD-EMP

magnetic flux over a wide surface area. The MRC research [3,5]
presents a series of such contour plots illustrating the magnitude of
the change in magnetic flux density Al Bl on the earth's surface at
discrete points in time. This phenomena is il'lustrated in Figure 4 for
starfish at an elapsed time after the burst. In this plot, the origin
(0,0) is directly under the burst point while Johnston Island is at the
approximate coordinate (23.4,0) in kilometers from the origin.

Since the change in magnetic flux density is a vector quantity it
is necessary to understand direction as wel'l as magnitude. The

comesponding direction of the magnetic phenomena i'lI ustrated in
Figure 4 is displayed as Figure 5 of this report.

2.3 Determination of The MHD-EMP Electric Field

The environments of more direct interest to electric power system

assessment are the time and spatially varying electric fields associated

a

O

O
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with the change in magnet'ic flux environment caused by the MHD-EMP

event. It is the existence of this electric field environment which

serves as the direct stimulus to the electric utility network. This

electric field arises from the interaction of the MHD-EMP magnetic field
and the finite conducting earth. The electric field of interest is

tangential to and 'located at the surface of the earth.

The relationship is based upon the impressed magnetic field density

computed from the MICE/MHDEMP codes at the earth's surface. For a

magnetic field density denoted as B*, orientated in the x direction, the

corresponding el ectric field which is ioeal ly orientated in the y
direction and assumed to be independent of the x and y coordinates can

be expressed as:

E (r) = I joB*(o)

6J,,)

(t ) dt'

(t )
v

where the earth is assumed to have an electrical conductivity of

o mhos/meter and a permeabi'l ity U equal to that of free space. Since

equation (l ) is of the form:

F(o) = G(o) H(ur) (2)

It is possible to express equation (l) through the convoiution operator

as:

I
t

f(t; = s(t)*h(t) = g(t-t)h(t) dt (3 )

Employing the appropriate transform pairs for equation (1 ) yields

the following expression for the time dependent electric field 'in terms

of the magnetic fields:

0

E
v

1

tffi
!

o
(t) =

t
tEf'

AB
X

5E
(4)
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The details of the above derivation are contained in Appendix A of
this report. Equation (4) may be evaluated by direct integration or
equation (1 ) may be evaluated in the frequency domain and the inverse
transform taken numerically to obtain the time dependent, transient
electric field.

In equation (4), the magnitude of the time dependent electric field
is inversely proportional to the square root of the earth conductivity
(o). For the purpose of this report, a value of el0-3 rnhos/meter has

been selected. A method to accommodate local earth conductivities
different from the assumed value is discussed in Subsection 3.3.5.

For the MRC simulation of the Starfish event, the values of the
electric field contours have been calculated as shown in Figure 6. The

electric field direction is generally normal to the magnetic flux
direction as shown in Figure 7.

2.4 MHD-EMP Electric Field Approximation

As indicated in the previous discussion of MHD-EMP fields, the
behavior of the electric field is rather complicated. Not only does the
electric field differ from the magnetic flux in its dependence on time,
but the spatial dependence is geographical 1y complex. A rigorous
electric field environmental definition would require a numerical
solution resulting in a set of spatial electric field contour plots and

the corresponding directional plots at many discrete times after the
burst. In lieu of this definition it is desirable to formulate more

approximate models of electric field environment to simplify the power

system assessment.

A first approximation could be constructed where the environment is
defined as an electric field which is spatially uniform for the system
or facility under investigation. This uniform field has a given time
dependence. Field polarization is taken into account by the assumption
that the field is always parallel to a conductorn thereby providing a

"worst case" response.
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In a sense, this approach is simi'lar to what is done for the HEMP

environment. Fcr a system o!" facility whose physical dimensions are

small compared to the distances over which the incident field changes'

such an approximation may be acceptable.

In the case of a 1arge, interconnected power system, the usua'l

geographic size is much greater than the distance over which the fie'ld

changes. This necessitates a more accurate, and complex, environmental

defi ni ti on.

One possible way to achieve this obiectjve is to approximate the

time dependent electric field as a product of three independent terms:

E, (x,Y;t) = e(x'Y) 6(x'Y)f(t) (5)

In this approximation we separate the time and spatial behavior of

the electric field environment. The term e(x'y) represents the

spatially dependent, time invariant magnitude of the field. The term

6(x,y) is a unit vector describing the spatially dependent, time

invariant direction of the field. The function f(t) describes the time

dependent, spatial'ly independent behavior of the field. Using such an

approximation, both small geographic and large geographic systems can be

considered.

In order to more accurate'ly conform to the orig'ins of the MHD-EMP

magnetic signal, it may be preferable to separate the definitjon of the

electric field environment into a "sum of products" expression of the

form:

Er(x,v;t) = e.t(x,y)6t (x,y)fl (t) + er(x,v)6r(x'v)fr(t) (6)

The first product term corresponds to the ear'ly MHD-EMP signal '
whi'le the second accounts for the later time environment. As a 1ogjcal

extension of the above, multiple MHD-EMP events could be formatted into

a finite series of "sums of products" in an effort to descrjbe the

complete environment as one expression.
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A conceptual exampl e of an el ectric fiel d format given by

equation (5) is shown in Figures 8,9, and .l0. 
The data is derived from

the MRC simulation of Starfish [5]. Figure B graphically illustrates a

possible f(t) which is spatially invariant. Figure 9 depicts a time
independent contour p'lot of electric field magnitude e(x,y) while
Figure 10 is the corresponding unit vector function 6(x,y). As of the
date of this report, the authors have not examined the error introduced
by representing the transient electric field in the above format.

2.5 Summary

In this section, the origin and characteristics of the MHD-EMp

phenomena have been discussed. The environment of direct interest for
power system assessment has been defined as the transient electric field
tangent to and located at the surface of the earth. This electric field
can be obtained from measured or simulated va'lues of the change in
magnetic flux density evaluated at the same location. There exists on'ly
a limited amount of test data obtained during actual nuclear bursts.
The nature of the experiment precludes direct replication or additional
opportunity. Environmental simulations, based on existing techniques,
have achieved only limited success for the quantative emu'lation of the
measured event.

In equation (5) an approximate representation for the electric
field environment has been introduced which considers the spatial
dependence to be independent of the time dependence. It is recommended

that 0ak Ridge National Laboratory (ORNL) evaluate the suggested format
in conjunction with Defense Nuclear Agency (DNA) and other MHD-EMP

researchers so that future investigations of the environments also
include studies of how to reasonably represent the electric field in a

directly usable form for power system assessment.

This recommendation is made in support of the ORNL intent to
deve'lop a set of environmental scenarios serving as the inputs to power
system risk assessment studies. Emp'loying the scenarios in the
preliminary risk assessments to be performed during Phase II of the
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research may result in a smaller subset of environments which can then

be considered as "reasonable worst case" inputs.

Adoption of the suggested format may also allow for the fol'lowing:

I

I

Environmental definition which can accommodate mql.llP
MiiD:iMi;"g.n.iution in an efficient manner bv the additi
of "sum of product" terms as required'

Development of a public domain definition of the environment
uuuifibte to powei^ systems researchers interested in assessing
if'. ryit.m vuinerability under the MHD-EMP environment.

le
on

Given the inherent uncertainty contained within the measured data and

the simulation techniques, use of an approximate format of the suggested

type may be a practical and cost efficient vehicle to facilitate system

a ssessment.
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3. MHD-EMP COUPLING TO POWER SYSTEMS

The MHD-EMP environment,

3. I Introduction

detected and simulated as a transient

change in the ambient magnetic flux density at the earth's surface' can

be considered in terms of the comesponding transient electric field.
It has been shown that this electric field, tangent to and located at

the surface of the earth, exhibits compl ex spatial and time

characteri sti cs.

In order to understand the coupling of the electric field to power

system lines and components, this section begins with a discussion of

the frequency distribution of the magnetic and electric transients.

Such analysis is necessary to determine if the power system excitation

npdels must employ ac concepts or, if the spectra'l content is such' that

the electric field can be reasonably approximated as a quasi-static (dc)

exci tation.

Since MHD-EMP environments can only be created by the detonation of

a nuclear device at high altitudes over the earth's surface, it would

facilitate the understanding of the environment if one could identify a

phenomena, naturally occurring, whose transient electric and magnetic

environment has similar characteristics to the MHD-EMP event. This

section discusses geomagnetic storm phenomena as such a candidate

environment. The investigation continues with a discussion of the

electric field coupling mechanism to single and mu1ti-conductor lines.

The approach taken by geomagnetic storm researchers is shown to be

consistent with and essentially equivalent to a more genera'l development

based on conductor excitation via electromagnetic field scattering

theory.

The section concludes with a simple numeric example illustrating
the coupling of the MHD-EMP electric field environment to a three-phase

l6l-kV transmission line. The response of interest is expressed as the

very low frequency circulating current similar to geomagnetic induced

current.
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3,2 Spectral Analysis of MHD_EMp Fields

In order to understand and model the coupling of the MHD-EMp

electric field environment to the power system netulork, it is necessary

to examine the spectral content of such excitation. MHD-EMP is
different from HEMP and SREMP in that the electric fields produced are

characterized by low field magnitudes (volts/km rather than

ki lovol ts/m), I imited spectra'l content and longer time duration
(hundreds of seconds rather than microseconds). These differences

suggest that a separate coupling mechanism and power system network

models should be developed specifically for MHD-EMP assessment.

Based upon the time domain prots constructed by Longmire [l] for
the magnetic flux density and corresponding electric fie'ld, a frequency

domain plot for each was constructed. The results are shown as

Figure ll and Figure 12. It is significant that even though the time

domain MHD-EMP behavior has several rapidly rising spikes at elapsed

times less than 40 seconds, the corresponding spectrum is seen to
contain only low frequency components less than I Hz. In the case of
magnetic flux, above 0.05 Hz, the spectral components are two orders of
magnitude be]ow the primary spectral components at lower frequencies.

To assess the coupling mechanism of such excitation to the power

system, one can consider an appropriate system response function. Such

a function might be the respective current flowing in a conductor for a

unit excitation in the frequency domain. If the transient behavior of
this response function has a characteristic time which is less than

typical signal times, it is reasonable to construct a coupling rnodel of
the system using dc concepts only. In the frequency domain, this
implies that the network will have natural resonances at frequencies

higher than those contained in the driving waveform and that a constant
is all that is needed to represent the system coupling response. A

reasonable break point frequency for power system networks is on the
order of 0.1 Hz. The MHD-EMP spectral distributions strongly suggests

that a reasonable coup'ling model may be constructed where the electric
field takes the form of dc excitation and the network topology for
coupling is a multiple-source, dc resistive network.
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Fig. l2(a). Time domain electric field.
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3.3 Comparison of MHD-EMP to Geomagnetic Storm Environments

solar flare ac'uiviiy can result in the +"rans'!ent emission of
particles which then are captured by and interact with the earth's
ionosphere and magnetic field. The corresponding transient variations
in the ambient magnetic flux density can be measured at the surface of
the earth. For power systems analysis, this phenomena has been defined
by the term geomagnetic storms. A typical magnetometer record for such

phenomena is shown as Figure 13. The particle interaction is thought to
cause extensive changes in the topside ionosphere and has been modelled

as a trans-global ring current. For the northern hemisphere' this
circulating current is postulated to exist at altitudes above 100 km and

located approximately 600 north lati'tude'

It has been known for over thirty years that geomagnetic storms

have the potential to damage or operationally impact electric power

systems. From an engineering perspective, the interaction of the
impressed magnetic signal on the earth can give rise to earth-surface
potentials (rsp). For power system lines which are grounded at both

ends, at remote locations, the ESP stimulus results in a corresponding
circulating current in the line with a ground return path' This very
low frequency "quasi-dc" has been defined as geomagnetic induced current
(GIC). Analysis of the geomagnetic gtorm environment and its impact on

electric power systems have been extensively investigated by Albertson
et. al. in a series of technical papers and reports [6,7,8,9]. The

initial parameter which invites comparison between these two independent
events is the measured magnetometer data. The large negative transient
contained in Starfish, as shown in Figure 1l(a) has the same shape as

the negative transient, located between 60 and 
.|20 minutes, in the storm

signal (Figure l3). Although the starfish data exhibits a faster rise
time plus a larger llBl magnituden from a qualitative perspective' the

measured events have many similar features. A more detailed comparison
is presented below.
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3.3. I Duration

The duration of geomagnetic storm effects on electric power systems

in a specific geographic region wi'll be on the order of tens of minutes

to hours with degree of intensity varying unpredictably from'low to

severe during the storm period. As indicated in Figure 13, this
environment is characterized by brief periods of relatively rapid signal

change contained within much longer periods of constant signal

magnitude. When the relationship between the change in magnetic flux
density (aB) as a function of time and the corresponding electric field
as computed by equation (4) is examined, it can be shown that, for a

constant earth conductivity, a magnetic signal variation of 200 gammas

or less occurring in a time period of 60 minutes will result in a very

small electric field. The electric fields of significance are produced

by the rapid AB/AI events. Due to the long duration of the environment,

it is not practical for geomagnetic storm researchers to evaluate the

entire event [6]. A reasonable "worst case" approach has been adopted

to consider only major signal variations and cbmpute the "worst case"

e'lectric field that can exist for a time period of minutes.

The magnetic environment created by a single MHD-EMP event is
expected to effectively'last no more than 400 seconds. Thus, although a

finite sequential series of MHD-EMP events wil I not continuous'ly

illuminate the power system for any length of time comparable to
geomagnetic storms, the MHD-EMP transient excitation is similar to the

reasonable "worst case" geomagnetic storm excitation in terms of
durati on.

3.3.2 Maqnetic Flux Density

A key element in the characterization of both environments is the

magnitude and time rate of change of the surface magnetic flux density.
For geomagnetic storm signals, the range of the time rates of change

(lt) extends from 30 seconds to 3600 seconds. A typical "severe"
environment at the northern border of the continental United States

could be considered as a laBl = AOO garmas with a corresponding At =]80



200

o

600

400

- zCO

-400

-600

28

60 tn t80 2Q 300

TIME (MINUTES)

Fig. 13. Typical measured magnetometer data in
the Northern United States for a geomagnetic storm.
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seconds. 0n a normalized base this environment can be expressed as 4.44

gammas/second.

In contrast, MHD-EMP magnetic transients have time rates of change

for measured events (Starfish) from four seconds to forty seconds (late
negative heave). Expressed on the same normalized base, this approxi-
mately equals 30.0 gammas/second to lB gammas/second. Longmire's

estimate for Starfish over mid-America would essentially double the

above values.

3.3.3 Electric Field Ma ni tude

Previous research in geomagnetic storm environments [7] have

numerically evaluated a "severe" electric field at 6,2 volts/km (10.0

volts/mile) for electric power systems located near the Canadian border

and an assumed earth conductivity of l0-3 mhos/meter. 0n the same

assumption, the MHD-EMP electric field as shown in Figure 9 can achieve

an approximate value of 24 volts/i<m (3g.4 volts/mile) at select
locations.

A frequency comparison can be undertaken

for these aperiodic transient electric fields.
from the time rate of change of the form:

if a period is developed

For a period constructed

T=ZAt (7)

The geomagnetic storm contains an equivalent frequency of 0.003

hertz or less. The MHD-EMP stimulus can range from 0.07 hertz to less
than 0.01 hertz (Starfish late negative signal). This quantification
supports the contention that both types of field environments can be

considered as "quasi-static" (dc) excitation in power system analysis.

3.3.4 Electrfc Field Spatial Characteriza ti on

The fixed location, in the Northern hemisphere, of the auroral
cument zone created by the geomagnetic storm results in a stonn
invariant spatial distribution for the electric field. Maximum field
exposure is experienced at or under the current zone. The tangential
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surface electric field is polarized in a near east-west direction' For

areas cf constant ear th conductivity, the '!oca'! field magnitude

decreases proportional to latitude'

As is clearly evident by Figures 9 and 10, the spatial characteri-
zation of the MHD-EMP electric field is a direct function of blast
location. For constant earth conductivity, a longitudinal shift in the

blast location will result in an equivalent shift for the field pattern.

Analysis requiring a latitudinal shift in blast location is more

complex. This movement will impact both the pattern and the magnitude

of the electric field due to burst position as a function of the angle

of the earth's magnetic field. It may

MICE/MHDEMP simulation for any scenario

shi ft.

be necessary to comPute a new

which requires a latitudinal

3.3.5 Earth ConductivitY

For both environments, the local magnitude of earth conductivity at
or near the surface will determine the local magnitude of the electric
field. An approach to this concern can be developed from the

relationship between the magnetic flux density and the electric field
shown as equation (4). The conductivity (o) is constant with respect to
the integration. The electric field can be computed assuming a uniform
value for conductivity. To accommodate a local conductivity different
from the assumed value, the electric field magnitude can be corrected by

a constant K as follows:

(= Iq (8)

where o

oo

= actual conductivitY
= assumed conductivitY

For example, assume an electric fie'ld of 10 volts/km computed for a oo

;; io:;' rnorl*.t., must be adiusted for a o of 10-4 mhos/meter'
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Using equation (8) the required correction factor is computed as

K=3..l6 and adjusted value of the electric field is 3.l.6 vo'lts/km.

In summary, despite the quantitative differences between the two

phenomena, there exists sufficient similarity to invoke many of the

methodologies and models developed for geomagnetic storm assessment as

directly applicable for MHD-EMp investigation.

3.4 MHD-EMP Excitation of A Single Conductor

In Section 3.2, it has been shown that the MHD-EMp electric fie'ld
environment can reasonably be approximated as a very low frequency

(quasf-static) excitation for grounded systems. previous research [6]
in the coupling of'like fields, due to geomagnetic storms, has used the

auroral current/magnetic flux density to compute the tangential electric
field at the surface of the earth. An earth surface potential model

(ESP) is then evoked to calculate the geomagnetic induced current (GIC).

An alternate, yet consistent approach is to use the description of the

surface electric field to determine the total incident field on a

conductor and thus the excitation source. This method employs electro-
magnetic field scattering theory, modified as required to account for
lossy ground and finite conductor parameters.

A general development of this approach is discussed as Appendix B

of this report. As indicated in this Appendix, the very low frequency

of the MHD-EMP electric fie'ld al'lows the following simplifications:

O

o

a

The long- wavelength of the exciting
reasonab'le approximation of the ei
height of_the conductor to be equal
surface of the earth.

since any vertical field component at the earth,s surface
is neglected, the incident field at the conaritor ts oniy
the tangential field along the conductor.

for gny conductor section the very .low

(quasi-static) incidenr fietd ;iimi;;i.,'inv
incorporate capacitive and inductive
parameters. The conductor is characterized
resistive elements.

field allows for a
ectric field at the
to the field at the

frequency
need to

conductor
solely by
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The conductor excitation is in the form of a distributed, .per-unit
length voltage source whose va]ue js identical to the jncident plus

ground-ref'lected e'lectr"ic field tangential to the eonduetor at every

point expressed as:

vr(v) - ,rt (v) + rrtef tv) (9)

The excitation is polarized on'ly in the horjzontal plane' The total
voltage source (vo) for the length of conductor js eomputed by:

vo = J tls(v)dv = .f tEtint(v) * ,rttt(v)ldv (10)

Knowledge of the total series circuit resistance allows the response'

the corresponding quasi-static current, to be computed by 0hms Law.

3.5MHD.EMPExcitationofAMulti.ConductorLine
As discussed in Appendix B, general field coupling to a multi-

conductor line will result in each conductor having a different voltage
source, dependjng on the variations of the phase of the incident field
as it passes over the line. In practice, however, for the quasi-static
MHD-EMP fields, these phase variations are negligible' Each conductor

excitation source can be modeled as equal and identical to the field
tangential to the surface of the earth. Given this approximation, it
can be shown, by general network theory, that the identical voltage
sources located in the equivalent conductors can be shifted to and

equivalenced by a single voltage source in a reference conductor (earth)
with no change in the net response of the circuit. Thus, the source of
line excitation can be considered as a voltage source jn or at the

surface of the ground. The line responSe can be determined from an

earth-surface potential approach.

It should be noted that this approach is correct only as long as

the voltage sources in each conductor are identica'l in phase as can be

approximated in the case of MHD-EMP excitation. In the case of higher
frequency excitation, such as that encountered 'in high altitude EMP
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(HEMP), the phase differences of the incident fie'ld from conductor to
conductor are important and a surface ESp approach cannot be emp'loyed.

3.6 Transmission Line Sample Calculation

The concept of MHD-EMP power system excitation, and the computation

of the response current is i'llustrated in the fo'llowing example.

consider a hypothetical I 6l -kv sing'le circuit (three-phase) I ine

connecting substations A and B. The spatial orientation of the line and

the MHD-EMP electric field envfronment is shown as Figure 14. The

location of the burst is at origin coordinate (0,0).

The MHD-EMP electric field environmental parameters are as follows:

Magnitude function e(x,y) as shown in Figure 14. For
this example, the ragnjtude is set equa'l to io volts/kiio-
meter for the entire line. The voltage source wtit be
modeled as an earth-surface potential (ESp).

Unit vector function 6(x,y) as shown in Figure 14. The
unit vector general direction is from east"io west with
the polarization as shown.

Time function f(t) as shown in Figure g.

The above characterization is consistent with the MHD-EMP electric
field approximation discussed in Section 2 of this report. The l6l-kV
'l i ne parameters are as fol I ows :

r Tota'l length (L) of the line is .l70 
kilometers.

r Per-unit resistance of each conductor is 0.06 ohms/kilo-
meter. Total conductor resistance (Rr ) is calculated by
the product of tle pe1 unit resistantf 'and the i.rgih oi
the conductor. In this example R, is equal to 10.2-ohms.

The substation parameters are as follows:

a

a

a

At each substation the I ine is terminated by a
two-wi!9ing .transformer as shown in Figure '15. The
wye-delta winding configuration serves to isolate the
16.|-k\/ line from the remaining grid for a g6 analysis.

t
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a

Each transformer wye winding resistanct (Ry) is equal to
0..l8 ohms Per Phase.

At each substation there exists an additional termination
;;dil .eliitin.i".d;i t.o r..o.ohms from the wye windins
ieutral to a remote ground Point'

The three-line dc model circuit is
report. The effect of any shield wires
example calculation.

shown in
has been

Figure l6 of this
removed from this

To facilitate calculation of the MHD-EMP field coupling to the

l6'l-kV line, the line has been partitioned into three segments as shown

in Figure 17. For each section, the line and the excitjng field have

been translated to their equivalent north-south and east-west
components. The excitation is computed for each section as shown in
Table l.

Tabl e 'l

EXCITATION OF 16I-KV LINE BY SECTION

Secti on Lenqth(Km) E-Field(V/Km) Exc i tation (Vol ts )

I

2

3

28.0

48.5

38.1

22.0

50.0

50.0

z 9oo

/ lg00

t27oo

z lSoo

/270o
z'1800

20.0

0.0

20.0

?.0

18.8

6.8

/ ?7oo

z l80o

t27oo
/ 1800

t270o

z l80o

(560)

0.0

762

0.0

940

340

For each section, the local excitation is the product of the line
length and the tangential electric field at this spatial location' Due

to the specific orientatjon of this I ine and the electric field
direction, the local excitation for section I is assumed to be opposite
in sign with respect to the remainder of the line. The net total
excitatjon (V(t)) is the sum of the individual section excitations' In
this example V(t) is equal to l4B2 f(t)'
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For this example, the initial line response of interest is the

magnitude and direction of the neutral current IN(t) caused to flow by

voltage source V(t). To facilitate this calculation the equiva'lent

single-line dc model is constructed as shown in Figure18. The

resistance of each parallel line conductor can be set to an equivalent

equal to Ry/3. The same logic is employed for each transformer to

achieve an equivalent parallel winding resistance equal to Ry/3. The

voltage source is set at 1482 f(t).
The corresponding neutra'l current IN(t) is computed using Ohms Law.

In this example I*(t) is equal to 268,5 amperes f(t). A graphic

il lustration of this response current is shown as Figure 19. An

approximate value for each phase dc magnitude can be determined as

one-third of the neutral current magnitude.

3.7 Summary

Spectral analysis of the MHD-EMP magnetic flux density and surface

to tangential electric field indicates only very low frequency content.

For power system analysis, the electric field can be considered as a

quasi-static type of excitation. This type of excitation is
qualitatively similar to that experienced by the power system during a

geomagnetic storm. This similarity allows the adoption of existing
geomagnetic storm analyses techniques and mode'l s for MHD-EMP

investigation.

The interaction between power lines and the quasi-static electric
field can be obtained from an earth-surface potential (ESP) or an

incident field scattering theory deve'lopment. For MHD-EMP environments,

either approach yields comparable results. For digital code computa-

tional and modeling efficiency, the ESP excitation model requires fewer

voltage sources for the same grid under analysis. As shown in the

l6l-kV line examp'le, the response of interest (the circulating quasi-dc

current) is a strong function of the spatial orientation of the line
analysis, the corresponding electric field and the dc resistance values

for line, transformer and ground termination modeJ elements.
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4. MHD-EMP ASSESSMENT METHODOLOGY

4. I Introduction

This section discusses the overall development of a process to
assess the effects of an MHD-EMP environment on electric power systems.

The methodology must be considered in context with the entire event.
For a single high-altitude nuclear burst, the MHD-EMP environment will
always be preceded by an HEMP environment. As shown in Figure 20, the
two distinct environments, as perceived by the power system, are
separated in time. The system under investigation will sense and react
to the existence of HEMP for seconds until the formation of the MHD-EMP

environment. In power systems analysis, where devices operate in the
order of 60 Hz cycle times and short-term stabi'lity is a concern, an

elapsed time of second(s) between the two environments is a significant
separation. The power system wi1'l change "state" due to the existence
of HEMP, but many of the transient operations occurring within this
change of "state" will essentially be completed within an elapsed time
of seconds. The power system can be considered to be in a new "state"
which serves as one set of initial conditions for MHD-EMP assessment.

This separation by "state'j within the framework of an overalI
assessment technique, may also be required due to the vast differences
in the natures of the environments and the corresponding power system

modeling techniques. Initial investigation indicates that it may be

practically impossible to employ a single set of models within a unified
assessment code to simulate both HEMP and MHD-EMP effects. The

environmental format suggested in this report may be applicable for
singl e or mu1 ti pl e MHD-EMP environments only. The assessment of
scenarios which require the simultaneous existence of both HEMP and

MHD-EMP environments must be addressed in future research.

Investigation into the nature of the MHD-EMP phenomena indicates
that a reasonable expression for the coup'ling of the environment to the
power system can be expressed as a set of quasi-dc branch currents
caused to flow in system lines and cables. This coupling response is
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qualitatively similar to the concept of geomagnetic induced currents
(CIC) formed in response to the solar storm environment. Therefore,
with an appropriate change in environmental definition, the MHD-EMp

assessment methodology can build upon the existing body of research and

analysis techniques developed to assess the impact of GIc. The

assessment "wheel " needs not to be "re-invented" but rather adapted and

expanded to suit the event. In a complementary manner, detailed
assessment concerning the impact of MHD-EMP on the power system can lead
to a greater understanding of the cause and effects of GIC on the same

system.

4.2 Methodology Structure

By definition, methodology is a system of principles, practices and

procedures appl ied to a set of knowledge to achieve a specified
objective. The process is structured; it can be considered as a series
of interrelated tasks. Each task may take the form of: (l) information
gathering, the establishment of required data bases, (zl information
transformation, the modeling and simulation of systems by analytical
techniques, and (3) assessment, the comparison of two or more data bases

in an attempt to quantify cause and effect relationships. The MHD-EMP

assessment methodology has been developed within the context of this
defi ni ti on.

For the purpose of this report, the complete set of tasks which
constitute the methodology process has been partitioned into several
subsets which address specific aspects of the assessment. These subsets
are defined as:

MHD-EMP Coupling and System Response

Power Transformer Analysi s

System State Analysis
DC Transmission Analysis
Generator Analysis
Instrument Transformer Analysi s

I
I
a

a

a

a
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Instrumentation Control and Protective
Relay System AnalYsis

Power Fuse AnalYsis

Util ity Communications System Analysis

The corresponding flowchart for each of these subsets js
illustrated as Figure 21 (a) through 21 (i). The specific assessment

formed from one subset may modify, or cause additional iterations of
another subset, For example, the mis-operation of a protective relay
scheme due to the presence of power frequency harmonic generation by

power transformer increased excitation may result in breaker operation.
The circuit switching creates a new set of conditions the impact of
which can be assessed in terms of change in system load flow and

transient stability. The complete process should include mu'ltiple'
recursive assessments to understand the sensitivity of the range of
individual component responses on total system performance'

4.3 MHD-EMP Coupling and System Response

The methodology process begins with the translation of the MHD-EMP

environment, as seen by a power system grid, into the corresponding
initial system response. This obiective is achieved by the sequential
accomplishment of four tasks.

4.3.1 Data Base: MHD-EM P Environment (Al )

In task Al, a data base is established to quantify the MHD-EMP

environment defined as the tangential electric field E(x,y;t) ' A

possible format can be similar to that proposed in section 2.4. It is
envisioned that a group of such data bases will be given to the research

team by 0ak Ridge National Laboratory corresponding to simulations of
interest. The expression of the event in terms of the electric field
only may serve to decouple the cause from the environment sufficient to
consider the formatted data bases as "canonical" and therefore available
in the public domain.

a

o

a
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Fig. 2l(a). Flowchart for MHD-EMp

coupling and system response.
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ltHD-ffp-ffiffinment
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Fig. 2l(b). Flowchart for Power
transformer analYsis.
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Fig. 2l(c). Flowchart for system
state analysis.



48

-J

F1
r
I

L
Data Base

so frz frffi6-nlc
Generation

-l

Fiq. 21(d). Flowchart for DC

trinsmi ss jon analysi s.

F1
r
I

t_
Data Base

60-Fz-Taffi6nic
Generati on

-t

-J

Fig. 2l (e).
analysis.

F3 Data Base
De*Termi-na'l

GZ Assessment
DET6-nverter

Harmonic Filter

F4 Data Base
GeneiET6FDEfisn

G3 Assessment
GenFrator Damage

Flowchart for generator



49

'Flloo
f-

J
Data Base
Fz Flffio-i'ic L

-t

-J
Dl Data Base

DC BFa-idfrErents
[_ Generat'ion

Assessment
Voltige-ffionner

Operation

H3

G4 Data Base
nffient

Transformers

HZ Assessment
CurrEfr E-f FEi-nrf orner

0peration

Fig. 2l(f). Flowchart for instrument
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The group of data bases will be used in Phase II of the Research

Program to perform pre'liminary risk assessments. Based on the results
of this analysis, a smaller set may be selected to reflect a

"reasonable" worst-case environment(s). These environmental data bases

will be used for more detailed assessments in Phase III of the program.

4.3.2 Data Base: Power S.ystem Grid (Bl )

In this task, a data base will be established for the power system

grid exposed to the tangential electric field. The data base must

include the fol'lowing information:

"State" of the electric power system in terms of 60
Hz electrfc connection.

O

O

O

I

Spatial orientation and
appl icabl e transmission,
distribution networks.

circuit length
subtran smi ss i on

for
and

DC resistance per unit length for
contained within the above networks.

the conductors

O

a

Location, winding resistance and winding connection
for all power transformer and shunt reictor banks
contained within the grid.

Location and terminating dc resistance for all power
ground points contained within the grid.

Location of all power system components, .such as
series capacitors which serve to block the flow of
dc current.

4.3.3 Model: Powe tem Response Networks (C] )

In this task, the previously compiled data bases will
into a set of equivalent dc power system response networks.

and compl exi ty of these networks wi I I be determined

open-circuit nodes in the power system grid.

Each network will consist of lumped resistive branch elements and

distributed dc voltage sources. The network wi'll then be solved to
compute the time varying dc branch currents. Additional discussion

be processed

The number

by the dc
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concerning the topology, equipment models and dc source quantification
within these networks is contained in Section 5 of this report'

4.3 .4 Data Base: DC Branch Currents (Dl)

This portion of the methodology concludes with the establishment of
a data base wh.ich contains a listing of the time varying magnitude of

4.4 Power Transformer AnalYsis

It is known that the simultaneous ac and dc excitation of a power

transformer can result in the following phenomena:

all dc branch currents. The

simultaneouslY with the 60 Hz

windings.

a

a

4.4..|

currents wil I be assumed to flow
current in applicable conductors and

a Possible insulation deterioration or damage due to
internal localized heating conditions'

Harmonic generat,ion ciue to transformer core
hal f-cycl e saturation.

Increased transformer VAR requirements.

Each of the above conditions must be addressed by the methodology for
those network branches where this type of excitation will occur. The

data base containing the dc branch currents was established as task Dl'
The incorporation of this information with applicable transformer
excitation models will allow for the assessment of potential insulation
damage, and create both an harmonic data base and an addjtional VAR

demand data base.

Model: Power Transformer Excitation (El )

In this task, the dc excitation current is evaluated by transformer
excitation models into an equivalent value for combined excjtation'
Tests on full-scale single-phase core-form transformers, as well aS

ana'lytical studies [15] have shown that the equivalent ac exciting
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current can be approximated by

(11 )

where

Id. = dc current per phase

K = proportionality constant
Iu. = ac magnetizing current

A value of 2.8 for K has been found to fit data for GIC current
magnitudes. Additional research should be performed to va'lidate the
approximation and the value of K for MHD current levels. It is
instructive to note that for any appreciable dc level, the total
equivalent exciting current I.O can be roughly estimated by neglecting
the Iu. term in equation (l'l). To illustrate this point, Table 4.2
depicts a range of approximate values of transformer ac excitation
current for units of different voltage levels. In any assessment,

actual transformer data should be employed.

I.q Iu. * K Id.

I
I
iI
I
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Table 2

APPROXIMATE RMS EXCITING CURRENTS FOR POt.lER TMNSFORMERS

Nominal t^linding Vo'ltage

(kv)

Percent of Full Load Current

0.5% 1 .0% 4.0%

(Amps) (Amps) (Amps)

69
ll5
230
345
500
800

I 200

.5

.82
I .66
3.5
6.1 5

B.?
12.6

1
'l .66
3. 3l
7.0

12.3
16.4
25.2

s
N +l

= dc current in series winding

= dc current in common winding

= the turns ratio of the series winding with

respect to the common winding (Nr/N.)

A+
6.63

l3 .25
28
49
65.7

100.8

An example of a typical power transformer ac magnetization curve is
shown as Figure 22. The data represents a medium size generator step-up

unit. Normal operating conditions are at point A on the graph. By the

relationship shown in equation (11), an additional dc excitation of
6,786 per-unit exciting current results in transformer operation at a

1.3 per-unit excitation leve'l (point B). For a high-voltage

wye-grounded winding whose 
.l.0 per-un'it exciting current equals 7.0

amperes, (Iu.), a comesponding value of IO. e9ua1 to 47.5 amperes (rms)

is required.
Equation (l I ) has been derived for two-winding transformers.

However, it can also be applied to autotransformers if an equivaient

value for Id. is first calculated to account for the unequal value of
current in the series and common windings. For this case, Id. is

obtained by the expression:

I =NI +I (12)
dc c

s

where:

I
I

N

c
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4.4,2 Assessment: Transformer Insula tion Damaqe (F2)

To access the possibitity of insulation damage due to overexcita-

tionn for any transformer, the value of I.q obtained in task El is
located on the transformer magnetization curve and the corresponding

value of per unit excitation is obtained. Transformer damage threshold

curves are normally presented as an inverse time, per-unit, .excitation

relationship. The interpretation is that, for a given per-unit

excitation, a time duration of more than the corresponding time may

result in thermal degregation of the insulation. It is important to
understand that this comparison does not indicate the amount of damage

but merely the threshold of damage. More detailed investigation is
required to obtain the quantitative risk. A typical curve for the

permissible short-time overexcitation of power transformers is shown as

Figure 23. As indicated in the graph, a per-unit overexcitation equal

to 1.3 (point B) which exists for longer than 18 seconds (o.r minutes)

may place the transformer at risk.

4.4.3 Data Base: 60 Hz Harmonic Generation (Fl )

Another aspect of simultaneous excitation of power transformers is
the local generation of 60 Hz harmonics in the exciting current.
Spectral content of the current waveform has been empirically measured

for various lower levels of dc current combined with normal ac

excitation. Given the fact that the harmonic response is a complex

function of transformer design and construction, the existing limited
amount of test data cannot be expanded to achieve accurate general iza-
tion for all types and designs.

hlithin the power systems community there is general appreciation
that the effects of increasing excitation are more pronounced in
single-phase core form transformers. The relative impact on three-phase

three or five-legged core designs or three-phase shell designs has not

enjoyed the same degree of analysis to provide conclusive opinions. For

autotransformer banks, a series of experiments conducted by Minnesota

Power and Light indicates the following:
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O For the same neutral dc magnitude, a bank comprised of
if,i".. Iingie-phase units is I greater harmonic generator
than u .orr-.tponoi ng thr-ee-phase autotransformer
i nstal 'l ati on.

The magnitude of the second harmonic current varies
directly with the dc excitation.

For the same neutral dc magnitude . -a. three-phase
shell-form autotranJformer is a m6re siglificant harmonic
.u"t.nt generator than a comesponding three-phase
three-l egged-core autotransformer'

a

a

4.4.4

In the absence of an extensive, existing data base for all common

types of transformer constructions, additional research using both

emperical and analytical techniques is required before this task can be

accompl i shed.

Data Base: S vstem Additional VAR Demand (Gl )

As a pre-requisite to system analysis such as load flow and

stability, the increased vAR requirements caused by transformer over-
excitation must be develoPed.

This data base can be established in two ways [z]. The more

precise approach for a given transtormer design is founded on the
harmonic content of the exciting current as follows:

(13)Q=V In

i=l

2
i

where:

Q = reactive Power

V = RMS value of the applied 60 Hz voltage
I.i = RMS value of the ith harmonic component of

the exciting current
n = highest order harnnnic value
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As an alternate approach, the reactive power could be approximated from

the following:

Q=V(I.*.+KIO.) (14)

where

Previous research [7] has indicated

reasonable approximation. It will be

approach for MHD-EMP level dc currents.

a = reactive power

[ = RMS value of the applied 60 Hz voltage

I.r. = normal RMS exciting current at norma'l

operating voltage with no dc current per

pha se

( = proportionality constant

Id. = DC current per phase

that K=2.8 appears to
necessary to val idate

bea
thi s

4.5 System State Analysis

It is expected that system reactive power requirements wil'l
increase due to power transformer increased excitation. The location
and magnitude of these increased VAR demand loads have previously been

established via the data base compiled in task Gl. The impact of thb

system change in "state" must be assessed from the following aspects:

System Load Flow

System Short-Term Stabil ity
System Switching Surge

For each assessment several base-case steady state conditions for
the power system must be specified. The additional reactive power

demand r,rnuld then be integrated into the system model to quantify
response.

O

o

o
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4.5.1 Data Base: System Load Flow and Stabili t,y

This data base establishes the base case steady state condition of
the system prior to the introduction of MHD-EMp effects. The type of
data required is consistent with that usually given for conventiona'l

system studies. It must be emphasized again, that the state of the

system, defined in this task, is "as modified,,by any HEMp effects prior
to the start of the MHD-EMP analysis.

4.5.2 Model: Load Flow (Hl )

The required load flow models are identical to those contained in
typical existing load flow digital programs. The additional reactive
power demand at each bus of interest can be modeled as shunt reactive
loads. The output of the simulation will reveal the following system

surrnaries:

r New real and reactive power bus va'lues and
corresponding power flows in each line.

r Load area net generation and load, losses, tie line
flows and net power export.

r Line losses.

r Buses with high and low voltages.

r 0verloaded I ines.

r Regulated bus data.

In those cases where system reactive power requirements exceed the

capability of generation and other reactive power sources, the existing
systems loads represented as constant MVA in typical load flow studies
will be modified to become voltage dependent. At each affected bus,

a percentage of the load would be changed from constant MVA to constant
impedance, varying as the square of the bus voltage. This percentage

would be set dependent on the level of the dc circulating cument.
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An understanding of the change in system load flow due to MHD-EMP

effects can be gained from similar analysis for systems in a geomagnetic

storm environment. Previous research [7] for a 500-kV line simulation

and a maximum electric field of 6.2 volts/kilometer yielded the

foltowing load flow changes as tabulated in Table 3'

Table 3

GM STORM LOAD FLOl.l

sOO-KV LINE SIMULATION

S.ystem ChangeSvstem Aspect

System MVAR

Bus Vol tage

System Load

Generation

System Losses

Increase = 90%

*Decrease " 21%

Decrease . 7%

Decrease = 8%

Increase = 7%

*Worst Case Load Bus

The above change in system parameters is a direct result of the

increase in system MVAR requirements due to power transformer
overexcitation only and do not reflect any generation load reiect on

load shedding actions.

4.5.3 Model: tem Stabil i II

In addition to the quantification of the new steady-state load flow
caused by the MHD-EMP environment, the effects on system stability as it
moves from state to state must also be considered. The load flow
defines the initial steady-state conditions. The stability program

represents 'dynamic models of generation, load, reactive power

compensation and HVDC transmission. The system would then be disturbed
by the addition of the MHD-EMP caused reactive loads. The program
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output would quantify the dynamic response of the system, such as

generator swing angles as a function of time. In addition, the effects
of load shedding schemes and line tripping must be considered.

In addition to the above, the effects of long-1ine energization,

sing'le and three-pole reclosing and other switching phenomena must be

investigated using existing analysis techniques.

4,5,4 Assessment: Change of System State (Jt )

The combination of load flow, stability and switching surge studies

caused by and in the presence of an MHD-EMP environment will lead to an

understanding of complete system operational response and final system

state after the nuclear event. In the case of MHD-EMP assessment,

several system base cases should be studied. These cases should range

from systems essentia'l1y unaffected by the HEMP environment to cases

where the power system is critically disturbed by HEMP prior to the

MHD-EMP assessments.

4,6 DC Transmission Analysis

Based on previous analyses [7] of direct current transmission and

terminal station operation during geomagnetic storm environments, dc

system operation must be assessed for the following aspects.

Terminal harnronic filter performance

Probabi'lity of terminal commutation failure

In each of the above assessments, the spectral content of the power

frequency harmonics (Data base Fl ) must be compared to the dc terminal

data base to ascertain possible impact.

4.6.1 Data Base: DC Termi nal (F3)

In task F3 the equipment present in the dc converter terminals is
quantified in terms of harmonic filter rating and commutation

performance. In terms of the odd harmonic filters (s,7, ll, '13) and

a

a
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the high-pass filters the parameters of fundamental current rating and

harmonic current rating are quantified. The probability of commutation

failure is based upon the comparison of voltage harmonic distortion
level and commutator performance.

4 6.2 Assessment: DC Converters nd ters (G2)Fi I

The dc terminal assessment would quantify the probabiljty of damage

to harmonic filters due to sustained overload. In the case of
protective systems which remove fi'lters from operation during overload

states, the jmpact of filter absence must be addressed. Failure of
converter commutation must be vjewed from the perspective of direct
equipment damage and/or loss of dc transmission capability.

4.7 Generator AnalYsis

The over excitation of generator step-up transformers will result
in harnronjc current as seen by the generator windings. The second

harmonjc (negative sequence) current in particular could produce severe

heating problems in the machines. The heating occurs due to rotor
coupling and consequential flow in solid rotor forgings, non-magnetic

rotor wedges and retalning rings with heat concentrated at slrr"ink fit
jnterfaces. The resulting I2R loss causes melting and other damage to
the rotor structure. Negative sequence currents may also result due to
phase current imbalance caused by unequal excitation of the transformer
ban k.

4.7 .1 Data Base: Generator Desi n F4

This data base will be formed from generator design information and

applicable ANSI standards, which define the permissible magnitude/time
duration of the square of the negative sequence current, in per unit.

4.7 2 Assessment: Generator Damage (G3)

The prel iminary assessment consists of the compari son of the
negative sequence current to the threshold levels for generator designs.
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More detailed analysis, based on manufacturers specific data may be

required to determine the probable extent of the damage.

4.8 Instrument Transformer Analysis

Knowl edge of the steady state and transient performance of
instrument transformers exposed to an MHD-EMP environment is of critical
importance for instrumentation and protective relay system assessment.

The simul taneous ac and dc excitation wi I I resul t in transformer

operation closer to or in the saturation state. The partial or full
saturation will 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 as the dc branch

current can substantially reduce the time to saturation.

4.8. I Data Base: Instrument Transformers ( G4 )

The data base should

location of the instrument

contain the following information (l ) bus

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 harmonic data

base (F] ) and the dc branch current data base (Dl ) to quantify
operational performance in terms of the modffied nature of the secondary

waveforms.

4.8.2 Assessment: Current Transfo rmer 0pera rion (H2)

Based on the magnitude and time history of the dc branch cument
exciting the current transformer, in conjunction with ac excitation, the
percent error of CT response will be calculated. For a given magnitude

of dc current, it is expected that higher CT ratios combined with lower

secondary burdens will reflect better performance. The error will also
be investigated to ascertain the change in ratio error and phase ang'le

error for a given transformer. Secondary waveform harmonic content must

be investigated. It is expected that the total harmonic content will be
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a function of self-generated harnpnics and harmonics caused by nearby

power transformers. An analysis must be made of the possible magnitude

of CT remanent flux and reduced time to saturation under fauit
condi tions .

4.8 .3 Asses sment: Voltaqe Transfolmer 0peration (H3)

In a manner consistent with the assessment described for current
transformers, a similar analysis will be made for voltage transformers.
It is expected that the voltage transformer will be less impacted in
performance for a given level of dc current. Assessment of capacitive
coupled voltage transformers (CCVT) must also be accomplished.

4.g Instrumentation, control and Relay system Analysis

Subsequent to the assessment of current and voltage transformer
operation in an MHD-EMP environment, this information must be integrated
into the analysis of instrumentation, control and protective relay
schemes. For instrumentation, the assessment should consist of the
quantification of measurement error introduced by the modified secondary

waveforms of the instrument transformer. Control system operation must

be:investigated to ascertain the impact of misleading input information.
protective relay schemes must be investigated in the context of relay
security and operational dependabil ity.

4.9.1 Data Base: Instrumentation and Control Svstems (I2)

This data base will contain the operating characteristics of
measurement instrumentation including transducers and metering systems.

Measured system parameters for a Ssessment are vo'l tage, current ,
frequency, real and reactive power. The control system data bases

should include the operating characteristics for systems such as

automatic generation contro'|, load frequency and voltage control
schemes. The abi 1 i ty of control systems to f i I ter rrbadrr data must be

included in this documentation.
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4.9.2 Assess ment: Instrumentation and Contro I System 0peration QZ)

The assessment wi I I quanti fy the amount of measurement error
contained in the output of instrumentation systems. The total error
will be the combination of the ratio and phase angle errors of the

instrument transformers in conjunction with the modified uncertainty of
transducers and metering systems. A sensitivity ana'lysis should be

performed based on instrument transformer secondary burden. Control

system operational assessment is based upon the ability of these systems

to perform their intended functions given distorted power system

parameter input data.

4.9.3 Data Base: Protectfve Relay stem ( 13 )

In this task, a data base is established for the protective relays

installed on the system. Information contained in the base will include
(1) type of relay, (2) relay settings, (3) relay operating characteris-
tics and, (4) comesponding instrument transformer(s).

4.9.4 Assessment: Protective Rel a.y S.ystem Oper ation (J3)

The assessment will consist of the quantification of relay system

security and relay system dependability. A loss of security is defined

as an undesi red rel ay operation i n the absence of these system

conditions for which the relay must perform its intended function. The

loss of relay system dependability is defined as the failure to operate

or' operation with excessive delay for system abnormal conditions. For

example, dependent on relay design, the primary effect of current
transformer secondary distortion may be zero-crossing shift, pedk

reduction' rms value reduction or harnpnic content. Relay systems of
particular interest include current differential protection, overcurrent
protectionn undervoltage schemes and distance re'laying appl ications
based on line impedance parameters.
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4..l0 Power Fuse AnalYsis

The combinatjon of normal power frequency current and the dc

contri bution frorn the MHD-EMP event may resul t in power fuse

misoperation. 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 t'ime required for electrical
service restoration. The dc current may also impact System device

coordi nati on.

4.10.1 Data Base: Power Fuses (G5)

This data base consists of fuse operating curves which depict the

relationship between time and rms total current. A typical set of
curves is shown as Figure 24.

4.1 0.2 Assessment: Fuse 0peration (H4)

The power fuse data bases wil1 be compared to the expected values

of 60 Hz and power frequency harmonic rms current combined with the

MHD-EMP dc value to ascertain the probability of fuse operation.

4.'ll Util ity Conmunication Systems Analysis

Util ity communication systems can include a wide variety of
methods. The information transfer may be voice, analog or digital in
form corresponding to the telemetry, control and/or protective system

functions required. For MHD-EMP assessment, communications can be

considered as two general categories.

Radio cor.rnunication systems incl uding point-to-point
microwave and base station/mobile radio equipment.

tems which can take the form
(2) shield wire, (9).utilitY
iai circuits, and (4) leased

a

O l,Jire based communication sys
of (l) power Iine carrier,
owned twisted pair and coax
te1 ephone 'l i ne.
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In the case of wire communications, the MHD-EMP environment is

identical to that previously d'iscussed for the power system grid. For

assessment of radio communication links only, additional environmental

definition concerning signal propagation in and through the atmosphere

and ionosphere will be required. As a practica'l expedient, a single

"reasonable worst case" environment cguld be defined for use with

several surface electric field environments.

4.ll.l Data Base: S.ystem Line Communications (82)

In this task the spatial orientation, circuit impedance in terms of
dc resistance and ground connections for the 'line communication systems

is detailed. In the case of power line carrier systems, this data base

will have previously been defined in task Bl.

4..l1.2 Model: Line Communication S.ystem Response (C2)

Based on the information gathered in the previous task and the

specified electric field environment, dh equivalent dc network is
simulated and resolved for the individual dc branch currents. This

approach is qualitatively identical to that used in the power system

response network.

4.1.l.3 Assessment: Line Communication 0peration (D2)

Given the time dependent magnitude of the dc branch currents, the

increase in channel noise and/or threshold of circuit upset is
assessed. As an example, previously measured upset threshold for a type

L-4 power feed loop circuit occurred between 420 and 600 milliamperes of
dc current. In addition, an increase of l0 dB in intermodulation noise

was experienced at a dc line current of 435 milliamperes.

4..l1.4 Data Base: S.ystem Radio Communications (83)

In preparation for assessment of utility radio communications in an

MHD-EMP environment, the systems are categorized by ('l) the frequency of
the carrier, (2) the normal signal to noise ratio and, (3) type of
function and/or information content.
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4. I I .5 Assessment : Radio Communication 0peration (c3 )

The propagation of the above types of radio cormunication system

through the atmospheric environment is analyzed to determine the
probability of and the duration of loss of communication channel. It is
expected that higher frequency communications I inks wil I be more

affected than 'lower carrier frequencies. For example, during a severe

geomagnetic storm, a 1500 kHz signal was attenuated by 33 dB, while at
820 kHz, the attenuation was '19.8 dB. Mobile radio communications

frequency bands between 1600 and zB50 kHz or 3.1 to s1z MHz may be

severely affected.

4.12 Summary

The MHD-EMP assessment methodology is consistent with the

techniques employed for power system analysis under geomagnetic storm

environments. The spatial variability of the electric field er.citation
as a function of burst location introduces additional complexity for the

MHD-EMP event. The higher intensity of the MHD-EMp electric field, in
local areas, requires the analysis to be extended to subtransmission and

distribution networks located in these areas.

The methodology is predicated upon the ability to quantify the
magnitude and direction of quasi-dc circulating currents. This

transient phenomena, in conjunction with norma'l power frequency current
interacts with power and instrument transformers to place the system at
some risk. Preliminary risk assessments, planned for subsequent phases

of the research effort will serve to validate the approach documented

herei n.
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5. NETWORK MODELS AND ANALYSIS CODES

5.1 Introduction

The geographic extent of the power system grid, subiect to

evaluation by the MHD-EMP assessment methodology, is expl icitly
dependeni on the corresponding geographic profile of the surface

tangential , transient electric field E(x,y;t). By convention ' the

surface coordinate origin (0,0) is located at the equivalent ground zero

Iocation for the high altitude nuclear burst. Previous MRC

simulations [3] indicate that the affected area may be several million

square kilometers. l,lithin the continental United States, such an

expanse will certainly contain an extremely complex power system grid

operated by nnre than one electric utility.

In this section, it will be shown that the interconnected power

system grid can be modelled as a series of isolated dc response networks

for the quantification of the induced circulating currents. Each

network is constructed from dc models of power system components, purely

resistive in nature, and voltage sources corresponding to the electric

fiel d.

The section concludes with a discussion of the various digital
analysis/simulation codes embedded in the methodology. The discussion

includes identification of several existing candidate codes and

requirements for additional code development.

5.2 DC Response Network ToPologY

The fundamental concept which al lows the interconnected power

system grid to be modelled as a series of dc networks is based on the

fact that a continuous dc path must exist between ground points for the

flow of the induced circulating currents. DC network discontinuity will
occur due to:

Prior fragmentation of the power system grid caused by

HEMP environments.
a
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Existence of isolated-winding power transformers whose
simulation models incorporate a dc open circuit.

series capacitors and other electrical equipments whose
models are dc open circuits.

In order to illustrate the above concept, an example of a dc

response network developed from a scenario of power system grid is
presented in Figure zs(a) and 25(b). The grid of Figure 25(a) contains

a typical mixture of isolated-winding power transformers, an

autotransformer (bus 7) and shunt reactors (bus 5 and bus 6). The

presence of the delta transformer winding connection at a bus will
result in a dc open circuit condition in the response network model.

The corresponding dc response network (Figure 2b(b)) consists of
appropriate dc resistance branches and dc voltage sources inserted at
each ground location.

In this simple exampre, the magnitude of the electric field, e(x,y)
is assumed to be constant and the direction E(x,y) is assumed fixed.
Given these assumptions, it can be predicted that the induced dc

circulating current will flow from the ground termination at bus B to
the ground terminations at bus I and bus 3. The magnitude of each

voltage source is a function of the length of conductor between each

grounded bus and the spatial orientation of the conductor and the field
direction. If required, each voltage source can be modelled as the

respective equivalent Norton cument source.

Any MHD-EMP power system assessment will entail the solution of
many dc coupl ing response networks. Each network may represent

transmission, subtransmission or distribution segments of the power

system grid. previous geomagnetic storm assessments [7] have

concentrated on circuits of operating voltages at or above 69 kv.
l"laximum electric fields were simulated at 6.2 volts/kilometer. This

maximum field value combined with typical line lengths at specific
operating voltages and code size limitations were contributing factors
in simulation limitation.

O

a
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For MHD-EMP environments it is expected that certain areas of the

power system grid can experience electric field gradients several times

greater than l0 V/km. Hence, lines of shorter lengths at lower

operating voltage levels must be considered.

5.3 Models for Power System Components

The component models which constitute the MHD-EMP response network

are strict dc equivalents for each type of equipment. This fact has

both advantages and drawbacks. The advantages consist of a simp'le dc

network which contains frequency independent model s. A practical

drawback to this approach is that the dc equivalents of power system

components are not normally contained in the system data bases of most

utilities since there are very few applications where such models are

needed in frequent utitity studies. Typical dc component models are

presented as Figure 26. These models are discussed below.

5.3. I Transmission and Dis tribution Conductors

Transmission lines, distribution feeders and cables are represented

by the lumped dc resistance of the conductors. The nrost accurate data

is established by the direct measured values of dc resistance. A

practical approximation can be derived by the appl ication of a

correction factor (0.95 to 1.0 depending on the size and construction of
the conductor) to the relevant positive sequence resistance [B]. The

correction is required due to the fact that skin and proximity effects
for a dc current are negligible when compared to 60 Hz current. Table 4

depicts typical conductor 60 Hz resistance for select voltage levels.

Once the dc resistance of each conductor is known, the dc

resistance of the line or feeder can be simulated by paralleling the
phase conductors. For exampre, for a typical three phase line, the

total I umped resistance incorporated into the response network is
one-third of the value for a phase conductor.
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TYPICAL COl,lDucToR 60 HZ RESISTANCES FoR DIFFERENT

VOLTAGE LEVELS
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Constructi on

(Typical )
t'H" Desi gn

Vertical Design

Horizontal Design

Delta Design

Vertical Design

Horizontal Design

Horizontal Design

Delta Design

Horizontal Design

60 Hz Resistance( ohms/ ki I ometer )Vol tage ( kV )

69

138

138

345

500

500

765

765

I 200

I 200

0. I 875

0. 0786

0.0867

0.041 9

0.0344

0. 031 4

0 .01 53

0. 0l 33

v.vcLL
n nn71UrUUI I

5.3:.2 Power Transformers

Power transformer models, incorporated into the system response

networks, can be developed according to the following criteria:

Existence of dc circuit connections within the
transformer.

DC resistance of transformer windings'

select models developed per the above criteria are contained in
Figune 26. The existence of a delta winding configuration will always

result in an equivalent dc open circuit. trJith the exception of
autotransformers, drv ungrounded winding will resu'lt in an equivalent dc

open circuit. In the case of the ungrounded autotransformer, the series
winding only will be represented. All transformer confjgurations which

a

a
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contain grounded windings can be represented by a 'lumped resistive
el ement, p€F phase. Grounded autotransformer appl fcations are

represented by both the series winding resistance and the common winding

resistance. Any additional resistance between the transformer ground

connection terminal and the ground plane is modelled separately.

The value for any particular dc winding resistance can be obtained

from manufacturer's data where the resistance is direcily measured. In
the absence of such data, approxfmate values can be derived from

short-circuit impedance values. The assumption is made that the primary

winding resistance and the referred value of the secondary winding

resistance are equa1. A similar approach is used for autotransformers.

The resistance observed at the high voltage terminal (low voltage

shorted) is the sum of the series winding resistance and the referred

value of the common winding resistance. The referred value is based

upon the ratio of series to common terms. The individua'l winding

resistances are approximated by assigning hal f the short circuit
resistance to the series winding and the referred remaining ha'lf to the

common winding.

5.3.3 Shunt Reactors

shunt reactors are required in the ana'lysis of the circulating MHD

i nduced currents since they provide a path to ground. The model

consfsts of the dc resistance of the shunt reactor and can be calculated
or approximated given

case of transformers,

model consists of a

resistance.

the manufacturer's data. Reactance, as in the

is not presented in the model. The three phase

resistance equal to one-third of the phase

5.3.4 Capaci tors

series or shunt capacitors are open circuits for the dc and quasi

dc currents and hence they are reft out of the system moder. In fact,
series capacitors act to sectiona'lize the power system and block the
passage of the circulating induced curr6nts.
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5 .3. 5 Surge Arresters

surge arresters of all designs result in an open circuit in the

response network since they provide an extremely high resistance to
ground at quasi-dc frequencies. A possible area of concern exists for
arrester operation in the MHD-EMP environment' It has been reported [9]
that dc cuffent due to geomagnetjc storms can result in a neutral shift
which prevents the re-sealing of the arrester' This aspect of arrester
performance w'ill be investjgated as part of ioint HEMP/MHD-EMP

assessments.

5.4 Grounding Resistance

The power system response network must also incorporate the dc

grounding resistance which will exist between the system component model

and the network ground plane. In the absence of measured values' a

reasonable approximation must be made for thjs res'istive element' In

many cases, th'is terminating resistance is a significant percentage of
total circuit resistance.

Previous stud'ies for geomagnetic storm environments [7] have

specifjed a value of I ohm for the resistance at each ground connection
jn lieu of measuied Oita. Sensitivity anallsis of magnitude of
circulating current as a function of grounding resistance and comparison

to measured neutral currents validate the above assumption' In the
abSenCe Of meaSured data, any "reasgnable" WOrSt-CaSe asSeSSment mUSt

include practical estjmates of soil conditions on a sjte-specific basis'
For example, an analysis which includes an arjd topology may require an

estimate of several ohms per terminatjon. In this case, the assumption

of a terminat'ing impedance based on some uniform value (0'5 ohms as used

in previous analysis), will result in a significant overestimation for
the magnitude of the circulat'ing current'

In the case of high impedance grounds, where the 60 Hz impedance js

established by a reactor, the effective dc resistance associated with
that reactance wou'ld be 'incorporated in the response network'
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5.5 Analysis Codes

As indicated by the assessment methodology, complete power system

analysis will require the use of several network/system simulations.

These simulations are best accomplished via digital codes and digital
data processors. A conceptuar frowchart indicating the type and

relationship between elements of this body of code is shown as

Figure 27. code subsets and tasks are discussed as follows:

5.5.1 tem Res nse Network Anal sis

The calculation of ci rcu'lating induced cuments due to the MHD-EMp

environment requires only a distributed source, dc system

representation. The mathenntical solution is straightforward, but the

code must be able to represent a large network in a single analysis.

One good candidate for this analysis is the Electromagnetic

Transients Program (EMTP) [.l0,.l]1. This program has become an industry
standard and does not require any modification to existing code to
perform the simulation. For large systems, the EMTP is installed in a

CRAY and/or CDC 7600 environment. If appropriate, a dedicated version

of EMTP could be developed for this analysis.

Data base input/output requirements for EMTP would be enhanced by

the development of pre-processor and post-processor modul es. The

pre-processor should contain graphic digitizing capability, since many

parameters of the MHD-EMP environment and power system grid data bases

are graphic in format. The EMTP post-processor would create data format

compatibility and automatic ca'lculation of system harmonics and reactive
power data bases required by subsequent analysis codes.

5.5.2 System Load F 1ow/Dynamic Simul ation

There exists a number of load flow/dynamic simulation programs in

conmon use within the power system ana.lysis community. One such set of
these programs is the westinghouse hJESTCA1'' system planning and Ana'lysis

package. This library of power system analysis programs incorporates

detailed load flow and dynamic system models implemented from a common
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data base. Maximum system size for load flow is 4,000 buses, and 8'000

branches. The hJESTCAI* package also contajns a short-circuit program'

ejgenvalueanalysis,andnetworkequivalentcapab.ility.

5.5.3 Swi tchi n Sur e Anal s'is

The effects of long I ine energizatjon, single and three pole

reclosing and other switching operations in the MHD-EMP envirOnment can

be jnvestigated by the use of the EMTP program' This program has been

used by Mohan [12] and others to perform similar studies for geomagnetic

storm envi ronments.

5.5.4 Power Fuse Analysis

Fon lower-vo]tage distrjbution systems, the simultaneous presence

of ac and dc current may affect the proper operation and coordjnatjon of
power fuses. To evaluate this situation, an analysis code could be

developed to assess this concern. It is expected that preliminary risk
assessment on distrjbution systems will clarify ihe need for such a

tool .

5.6 SummarY

FoTMHD-EMPassessment,theacpowersystemgridtopologycanbe
simulated as a set of dc equivalent networks. Thus, the injtial system

response, transient induced braneh currents, is approximated as a slowly
time-varying dc phenomena. The reasonabil'ity of this approach is
supported bY:

The verY-low frequencY
exci tation.

content of the electric field

StrongsimilaritybetweenMHD-EMPandgeomagneticstormenvi ronments.

val idation of thi s technique, for geomag.netic storm
,i*uiutiont, UaseJ-on-m.usured values of the magnitude
inA- Jp..tiJf cont.nC ot the induced current and the
issoci'ated impact on system parameters'

a

a

a
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From a perspective of balanced uncertainty, preliminary investigation
indicates that any errors introduced by a dc simu'lation in lieu of a

very low frequency ac approach may be swamped by the uncertainty
inherent in the environmental definition.

Digital code development required by the MHD-EMP assessment
methodology can incorporate, with some modification, existing codes now

used in storm assessment. The spatial extent of the MHD-EMP environment
indicates the use of significant capacity load flow codes. At this
time, the authors anticipate the use of an 8,000 branch program.

Prel iminary assessments wil 1 revea'l any requirements for a larger
capacity code.
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6. CONCLUSIONS AND RECOMMENDATIONS

Initial research to 'investigate the effects of an high altitude
nuclear burst on the electric power system indicates that the MHD-EMP

environment may place the system at some risk. The nature of the threat
can be qualitatively defined in terms of quasi-dc induced currents
caused to flow between system ground connections due to the existence of
a transient, surface tangential, electric field. In preparation for
quanti tati ve ri sk assessment, an extensi ve methodol ogy has been

developed. This methodology incorporates the necessary environmental

and power system data bases, coupling response mechanisms and power

system analysis techniques necessary to perform quantitative assessment.

In the areas of MHD-EMP environmental definition, power system

coupl i ng response, methodol ogy devel opment and system ana'lysi s , the

fol lowing conclusions are reached:

A high altitude nuclear weapon burst will produce both
HEMP and MHD-EMP transient electromagnetic environments.
The radically different natures of these transients, as
seen by an electric power system requires separate system
response models and assessment methodologies.

For power systems analysis, the MHD-EMP environment can
be defined as a spatia'l and time dependent, surface
tangent'ial, transient electric field. Additional
definition for radio frequency propagation wlll be
requi red for those assessments which incl ude uti'l i ty
radjo communication systems.

Spectra'l analysi s of typical MHD-EMP magnetic and
electric fields indicates that the electric field can be
approximated as a quasi-dc stimulus to the power system.

Previous MHD-EMP environmental formats are not of a form
that can be di rect'ly used in power systems analysi s. To
facilitate this type of assessment a suitable approximate
environment may be expressed in terms of three
independent parameters: (1 ) spatial 1y dependent
magnitude of the electric field e(x,y) ; (2) spatial'ly
dependent direction of the electric field d(x,y); and (3)
a time-dependent, spatial ly invariant function f(t).

2

3

4
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This definition of E(x,y;t) could be expanded, by a sum

of products structure, to incorporate greater accuracy
for a single burst or unified environmental definition in
the ca se of mul ti p'l e weapons ' bursts .

5

R

7

8

The nature of the MHD-EMP environment exhibits sufficient
similarity to the geomagnetic storm environment such that
a parallel system response mechanisms and assessment
methodology can be defined.

The system response network contains dc resistive models
qnd time varying dc distributed vo'ltage sources. The
initial response of interest is quantified as the time
varying dc induced currents flowing simultaneously with
normal 60 Hz currents.

The existence of these dc branch currents is the basis
for subsequent power system analysis. 0ver-excitation of
el ectro-magnetic equi pment such as transformers may
result in direct damage to this equipment as well as
power system operationa'l upset.

Existing power system analysis digita'l codes, such as
EMTP and WESTCATM, can be modified and/or directly
incorporated into the MHD-EMP assessment methodology.
These, and similar programs, are curent'ly used in
geomagnetic storm/power system assessment.

Thi s jnvesti gation qf the MHD-EMP phenqqrena has revqqlgd severa'l

areas of additional research required to perform detailed and accurate

risk assessment. These investigations should be accomplished as part of
the Phase II research effort prior to actual preliminary assessments.

The recommendations for additional research are:

Detail ed deve'lopment of an lvlHD-EMP environmental
definition directly suitable for power systems a4alysis.
Suggested basis for such research is the E(x,y;t)
expression contained in this report. The research should
be a coordinated effort of the Defense Nuclear Agency and
0ak Ridge National Laboratory with assistance from the
Phase I research team. Final definition would be
incorporated into the overa'l'l scenario def initions
suppl ied by ORNL to the research team.

Additional emperical and analytical investigation of
power and instrument transformer response to simultaneous
ac and dc excitation. This research should inc'l ude

I

2
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3

qc!g?l _ equipment testing and response simulation.
critical parameters include quantification of direct
damage, harmonic Aeneration, waveshape distortion, and
increased reactive power requirements.'

Investigation of simultaneous ac and dc current versus
power. system .fuse.. performance. Fuse mis-operation,
especially within distribution networksr m0! result i;
significant electric service interruption.

Operation of surge arresters under the MHD-EMP environ-
ment. The investigation should concentrate on the
probability of re-seal failure.

4.
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APPENDIX A

DETERMINATION OF THE MHD-EMP ELECTRIC FIELD

AT THE EARTH.S SURFACE

In the determination of the MHD-EMP indUced currents flowing in
grounded conductors on the earth's surface, it is necessary to first
compute the tangential electric field which excites these conductors'
This electric field arises from the interaction with the late-time
MHD-EMP magnetic field and the conducting earth'

The geometry for this discussjon is shown as Figure A-1' 0n the
surface of the earth there is an impressed magnetic flux densityn
denoted as Bxn oriented in the x direction. The earth is assumed to
have an electrical conductivity of o mhos/meter, and a permeability u

equal to that of free space. This impressed magnetic field density is
that computed from the MICE/MHD-EMP codes at the earth's surface'

t^tithin the earth, the electric field is described by the following
equati on :

fE = uo EE (Al)
at

in which the displacement current term has been neglected tAl]. Because

the earth is imperfect'ly conducting, it can support a volume current
density, and this is related to the electric field by:

J=oE (A2 )

For an electric field which is locally oriented in the y direction
and assumed to be independent of the x and y coordinates, this equation
reduces to the following form:

t

-5 
EJY (A3)

^? 'uo f
az
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considering time. harmonic (Four:ier transformed) signal s, this
relation can be expressed in the frequency domain as:

= jtouo J
v

(A4 )

which may be solved to yield the spatial distribution of induced current

in the earth as:

a2.r
v

azt

.lr(z) = Ao e-zl6 -iz/ a (A5)

(A6)

(A7 )

(A8)

(Ae)

e

where 6 is the skin depth defined as:

$= ffi

and Ao = Jr(o) is the value of the vorume current on the earth's
su rface.

The integra'l of the volume current from -* to 0 in the z direction
provides the equivalent surface current K, and is given as:

\, Jv
oI (z) dz = 4o6

Trrit"

At the earthrs surface, the volume current density is related to
the local electric field as:

J,

od

rrry)

o ) Ao oe, (o )

and thus the surface current can be expressed as:

I
7,v

E\,
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where Zris the equivalent surfaie impedance of the earth'

Since the surface current is related to the total magnetic field on

the surface as:

Ky=Ha

and given the fact that this is related to the magnetic flux as:

(Aro)

(Ail )

(A12 )

(Ar 3)

(Al4)

(Al5)

the electric field on the earth surface may thus be expressed as:

I + j n
uo6 -x

This last expression may be written as:

er(r,r)= 7}; 
jr,rBr(r,r)

which is of the form:

In the time domain,

convolution oPerator * as:

B*=!oH,

F (ur) c(o) H(rrr)

E
v

it is possible to express this through the

T
t

f(t1 = s(t) * h(t) = s(t - t) h(t) dt

where g(t) and h(t) are the Fourier transform pairs of G(ur) and H(t^r)

respectively. The following Fourier transform pairs [A2] are noted:
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6i; 6
I

il
I

ffi
(Al6)

(Al7)

and

joBr(ur) il $!I

Inserting these into equation (Al5) yields the following expression

for the time dependent electric field in terms of the magnetic field

t
Ey(t) = *, ,.') dt'1

/ET-*I
o

1

'ffi
(Al8)

This equation may be evaluated by direct integration, or if
desired, equation (A13) may be evaluated in the frequency domain and the

inverse transform taken numerically to compute the transient field.
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APPENDIX B

ELECTRIC FIELD EXCITATION OF ABOVE-GROUND CONDUCTORS

B.'l Introduction

This appendix serves tO djscuss the MHD-EMP excitation of
above-ground conducting lines from an electromagnetic (EM) field point
of view. In previous discussions of low frequency fie'ld coupling

arising from geomagnetic storms [Bl,82] the excitation of such lines has

been formulated in the context of a field-induced ground potential which

tends to induce currents in conductors connected to the ground at two

different points. An alternate and entirely consistent manner of
representing the excitation of such grounded conductors is to consider

the total tangential electric field incident on the conductor, and use

thjs to determine the induced current. This alternate approach of
viewing the coupling probiem is discussed jn detail' The appendix

concludes with a discussion of the equivalence of ihe geomagnetic storm

coupf ing approach to the excitation of conductors using an

electromagnetic fjeld perspective only. The equivalence is possible due

to the quas-i-statie (very 1ow frequency) nature of both MHD-EMP and

geomagnetic storm Phenomena.

8.2 General EM Field Interaction with conducting Bodies

As a starting point, consider the general scattering problem
j'llustrated in Figure Bl. A perfectly conducting body havjng a surface
denoted by S is located in free space and is il'luminated by an incident
plane-wave electric field, denoted as E]nc This incident e'lectric field
induces a surface current J'to flow on the conductor and this in turn
produces a scattered field in such a way that the total tangential
electric fie'ld on the body surface (i.e., the incident plus the
scattered field) is zero. The relation between the induced body current
J(F,) and the incident electric fjeld Elnc(r) may be expressed [B3] via
an integral equation of the form
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fjg. Bl. Conducting body in free space,
illuminated by a pline 
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GROUND
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REFLECTED
FIELD

INCIDENT
FIELD

Fi
ha

g. 82. Conducting !o9V located over lossy
1f-space and excitea uv jn-i,i.io.nt plane wave.
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J J(F') ' =K(F, F')dF' = Elnt(F) (81)

where the function R,(F',F) is the free space Green's tensor for the

radiationproblemnandrepresentsthevectorelectricfieldatpositionF due to unit cu*ent elements at position i'. As discussed [83]' this
green'slunction i s clefined as :

jurFo

T Ii
e-iklF-F'l

lF-F'l

I

7+ VV (82 )
=t<(F, F') =

In this and in the expressions to forlow, o is the angular

frequency, k = o/c and pu is the permeability of free space'

Note that .in equation (Bl) the term Elnc(r) denotes onlv the

tangential component of the incident electric field on the body surface'
Thenorma]componentisnotneededforthedeterminationofthescatter.ing behavior of the body. Generally, the determination of the

current djstribution J(F')'in the above equation is impossible to do

analytically,andnumericalmethodssuchasthemethodofmoments[B4]are used.

8.3 Effect of Ground 0n EM CouPling

I^lhen the conducting body is located near another body' sdv over a

conduct.ing ground p1ane, it js necessary to modify the integral equation
inequation(81).AsindicatedinFigure82,thetangentiale]ectricfie]donthebodyisnowcomposedofnotonlytheincidentfield,butalso a component which has been reflected from the ground plane' As

discussed [85], since the incident fjeld is a plane WaVe, it js possible

to use plane wave reflectjon coefficients to r'epresent the reflected
field from the ground plane. This reflected field may be added to the
incidentfieldtoprovidethetotalincidentfieldonthebody.

For the verticallY
Figure 83(b), the total
the earth are given bY

polarized incident electric
electric field comPonents at a

field shown in
height h above
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a. Horizontal Polarization

b. Vertical Po'larization

6inc pref
,\
k

,\
k'

ginc ref

GROUND

GROUND

f inc
A
k

refHk

gref
Frnc

Fig. 83. Vector directions for vertically polarized
and horizontally polarized incident and ref'lected fields.



inc -jkycos U cos 0e
-jk2hsin V cos u (83 )

2,
v

,2
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It * Ru eEr(h,v) = E

R
V

inc -jkyeos V eos 0 t
t I R

v
.-jkZhsin U I -in if eos O (84)E (h,y) = E e

v

where Ru is the ref'lection coefficient for vertically polarized fields
and is given bY:

1+ tr s2,i,
(85 )

7-

coo
(l)g

tr
o

J(i)e

()sin v - 6
(r)e

+

+

I

I l
)

)-.ottr

R

1+( o

-JUJe ) sin ,t, - ['. (

The angles !, and Q describe the directions of inc'idence of the
jncident field, and are shown in Figure 84. The term er represents the

relat.ive dielectric constant of the earth, such that e =.r.o'
similarly, the total field components for the horizontal ly

poiarized incident field shown in Fjgure B3(a) are given as

Er(h,v) = o (86)

rr(h,v) = ginc.-jkv cos u cos o (l + Rn e-ik2hsin u, sin 6 (B7)

where the reflection coefficient Rn is given as:

- .or2{,) 
u'

s'in rp - Er 1+ o
(r)e

(BB)
h

sin rt - (r.(t - #;- totzu)

In addition to the npdification of the incident field for
determining the induced body cuments, it is necessary to nodify the
kernel of the integral equation. This is necessary because the
radiation property of an elemental current moment is affected by the
presence of the ground plane. As illustrated in Figure 85, a current
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element J(F') is located above the ground and the electric field is

observed at a point f. If the ground were removed, the expression for

the electric field is simply that given by the free space Green's

function of equation (82). For the case of the ground being a perfect

conductor, a simple image theory [6] may be employed in order to
calculate the field, as depicted in Eigute 85'

For the case of a lossy ground (one having a finite conductivity)

the general expressions for the electric fields become rather

comp'licated, involving integrals over an infinite range which must be

evaluated numerical'ly. As discussed I87], the electric field produced

by a current element posit'ioned above the ground plane may be expressed

using a vector potential i and the following equation:

(Be )

For a vertica'lly oriented cument e'lement (one the z directjon),
located at the position z = h as shown in Figure 86, and having a moment

Id.q,, the vector potential has been shown [87], to also be on'ly in the z

direction and takes the form:

VV;= 'rfr+ k2

e
-iklF-F'l e-iklF+F'lIdt +

r-r

I (rp)e -B(z+h ) (Bro)

For a horizontally oriented current element in the x direction, the

potential has both x and z components, and is expressed:

'fi
V

-L
J(xu
4n

+{-

+rr

o d



icou r," {: l.-iklF-F'l4r ""1^L 
lilF1

e

(rp )e

.l03

I F+F' 
I

lF+F'l +2 I
0

6 Io rp .-8(z+h)

-6-+6,- 
rarnH=

2-;lF cos 0
-0(z+h) B-Br

fr",Io* I
1 ^'r^] I

+

(Bl1 )

In both of these expressions, the terms g and

the air and the earth regions respectively, and

+

3. are constants for
are solutions to a

propagation equation which must be determined numerically. The term n

is the complex index of refraction, defined as:

(Bl2)

The parameters $ and p relate to the position of the field
observation point, as shown in Figure 86.

The above expressions may now be used to construct the Green,s

tensor for the lossy ground. This simply consists of computing the x,

!, and z components of the erectric fierds which are produced by x, y,
and z directed cu'ent erements, in order to form the 3 by 3 tensor. As

a result of these modifications, the integral equation for the body

current then becomes

/I
s

R"
T ,(F,

_1
Rg(F, F,)J dF, E; r[ertr) (Bl3)

nZ + J-g
uJe

er

rrJ ( )
nt(F)

where the kerner has been expressed as a free space part and another

part representing the ground plane effects. In this expression, it is
important to note that the domafn of the integral equation remains over

only the body' The ground plane effects are entirely accounted for by

the modifications of the kernel and the tangential incident field.
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8,4 Application to General Field coupling to Long conducturs

The preceding concepts may now be appl ied to the case of a long

conducting wire over a ground planen as shown in Figure 87. In this
case, it is desired to calculate the currents flowing in the wire, as a

function of the incident field. 0ther investigators IBB,89] have

studied the behavior of such currents and it has been demonstrated that
at low frequencies the integral equation (Bl3) may be solved in an

approximate sense by using a simple transmission line model. As shown

in Figure BB, the rine above the ground is modelled as a lossy
transmission I ine whose per-unit-length series impedance is
approximated [B5] as:

7 = Zi + Zn + joL (Bt4)

where jol is the inductive impedance of the wire above the ground and is
given by:

jurl = 5,
uo

n (*)hosc 1 (Bls)

The term Zt is the internal impedance of the wire, and is calcu-
lated to be:

z
JYw

ffi
w

Jo (jv 
*a )

qrqp- (Bl 6)i

where y" is the complex propagation constant in the wire materiar, and

is expressed as:

Yw= /jru( o" + jt^renn) (Bl7)

The term Zn is the ground impedance given by:



Fio. 87, Lonq electrical conductor over lossy
gr6und, excit6O Uy an incident field'
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Fig. 88. Differential section of transmission
liie model for above-ground conductor'

6inc

tE{ ein' * r["r

Erer r1r-r
Ground

or E

Y,

7gzt
+s

c

L



.l07

rjt)
7

g
1s.-
4nhon

(jY
szh)

H.' 
(l ) (iylh)

(BlB)

where:

it^ru(og + ioeg (B1e)

The shunt per-unit-length admittance of the transmission line model

consists of a capacitive term in series with another element to account

for the'loss within the ground plane. The capacitive element of the

line is given by the usual expression for a wire above a perfecily
conducting ground:

2ne
o

Yg=

jurC = jtrr
cosh-' (r'lu )

(820)

and the other series admittance element is approximated [Bs] as:

(B21 )

The excitation of this line is in the form of a distributed
per-unit-length voltage source, whose value is identical to the incident
plus ground-reflected electric fierd tangential to the wire:

vr(v) - rln (y) + rfertv) (822)

At the ends of the line, where the'load impedances are located,
there are additional lumped voltage sources representing the effects of
the e'lectric field tangential to the load conductors (i.e., the electric
field normal to the earth surface). For lines which are typical]y very

long, the contribution of these sources to the overall response is

Yg=
2

ls-
tn
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typicallyneglected,sothatonlythehorizontalelectricfieldplaysan
important role in the excjtation of the line' Howevern as has been

demonstrated by vance [gs], when the incident field js vertically
polarized, this component of the electric field can, at times' have a

significant impact on the overall response. In the present discussion'
however, we are considering only horizontaljly polarized incident fields'
and this excitation is zero'

Thus, as in the case of a genera'l scattering body over the ground

plane, the effects of the lossy ground on this transmission I ine

manifest themselves through a modification of the current propagation

relations (bV the addition of a series resjstance and the shunt

conductance in the transmission line) and jn a modification of the

source excitation of the line'

B.SCouplingofQuasi.StaticF.ieldstoLines
In applying this formalism to the problem of MHD-EMP coupling to a

power line, it is possible to make a number of simplifying assumptions'
First,becauseoftheVerylowfrequencynatureoftheMHD-EMP
environment, all inductors may be considered to be short circuited' and

all capacitors can be treated ui op.n circuits. When this is done' the
per-unit-length equivalent circuit of the power line reduces to that in
Figure 89. The resistive element in this circuit represents the loss in
the conductor itself, plus any ground loss which may be present in the
probl em.

when a line of length L is attached to grounded loads at each end

of the line, the low frequency equivalent circuit shown in Figure 810

results. The resistances Rl and R2 represent the effective dc

resistances of any load equipment placed on the end of the line' plus a

contribution of the footing (or grounding) resistances at the ends' The

resistance R. is the total line resistance and is given by:

Rt= RrxL (823)



ancl the totai voltage source is:

,o = I [rl'.(v) + rf.rtv)J o, gz4)

Because it is assumed that there is no vertical component of the

electric field on the earth surface, only this tangential electric field
contributes to the excitation vortage of the rine.

using this approach, the total quasi-dc current frowing in the rine
and in the terminating resistances can be expressed as:

109

V
o

t*RZ*Rt)
I (825)

(R

In summarizing this calculative method for the guasi-dc problem,

it is possible to say that the important excitation quantity for the
line is the totar tangentiar erectric fierd arong the wire, and the

important line or load parameters are the resistance due to loss effects
in both the conducting line and the ground, the footing resistances at
each load end of the line and the resistances in the loads at the line
ends.

8.6 Application to Multiconductor Lines

In many practical power system applications, the lines of interest
are not simple, single wire lines, but consist of three-phase lines with
a possible fourth conductor serving as a ground conductor for lightning
protection. In such a case, it fs important to develop a field coupling

model useful for predicting the line currents.

The general field coupling to an open multiconductor line has been

discussed [Bl0], where it is shown that each wire of the multiconductor

bundle can have a different voltage source, depending on the variations
of phase of the incident field as it passes over the transmission line.
Generalizing the quasi-static per-unit-length nrodel of the single wire
line in Figure 89 to a multiconductor liD€, the equivalent section of
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Fiq. 89. Quasi-DC differential section of
l.inriliiriil-iine-rooet for above-ground conductor.

Fiq. Bl0. Quasi-DC equivalent circuit for total line ofiiii.t'i, r,Jri.; i;.;'resistances or R., and R, at each end.
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'line shown in Figure Bll results. Each conductor can have a different
per-unit-length resistance, depending on the size and composition of the

conductors. In principle, each conductor has a sl ishtly different
per-unit-length excitation voltage, due to the phase variation of the

incident field. In practice, however, for the quasi-static MHD-EMP

fields, these phase variations are neg'ligib1e, so that all sources on

the conductors in Figure B'll are identical, and equal to the tangential

electric field at the wire location. Because the electric field above

the ground plane is a very s'lowly varying function of the height above

the ground due to the low frequency (1ong wavelength) nature of the

fields, this excitation is essentially equa'l to the tangential electric
field on the ground surface.

Representing each load at the ends of the multiconductor line as a

simple resistance, the overa'll circuit model for a length of multi_

conductor line is shown in Figure Br2a. Note that in this model, the

excitation voltage source in each line is the same as the others, and is
given by equation (824). Given a knowledge of the various load and line
resistances, the individual conductor currents and the common mode (or

bulk) current on the line may be computed using a simple dc analysis.

It is usefu'l to compare this calculative approach to the electro-
magnetic coupl ing probl em to that presented for the geomagnetic

storms [81'82]. The electric and magnetic fields in and above the earth

surface are calculated, based upon an assumed known distributfon of
auroral currents. Unl ike the presentation here, the model for the

earth [Bl] consisted of several layers, which added somewhat to the

complexity of the representation of the fields, but the basic concept of
field calculation is very similar.

However, instead of computing the e'lectric field on the conductors

themselves and using these as the excitation sources, the e]ectric field
on the earth surface was computed. This induced "ground potential " was

then used to compute the conductor currents. That this approach is
identical to the fie'ld approach described in this appendix for quasi-dc

excitations can be demonstrated in Figure 812b. From the voltage shift
theorem [Bll], it is seen that the identica'l vo]tage sources located in
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a. Phase Conductor Excitation

R1

a
a
a
a

RzzRzt Rp

b. Reference Conductor Excitation

Rzr Rp Rzz
a
a
aO1

+

v9 Rg

Fig._B12. Equivalent excitation models of
a multi-conductor line.
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the individual phase conductors in Figure B12a may all be shifted to an

equivalent voltage source in the reference conductor' with no change in

the net response of the circuit. Thjs is equivalent to saying that the

source of excitation of the line is a voltage source occurring in the
ground, and hence is a "ground potential"'

Jhis appt^oaeh-is eopreet, aslong aS the voltage sources in eac[ol
the indjvidual phase conductor are identical, as is true in the case of
quasi-staticMHD.EMPexcitation.However,illthecaseofhigher
frequency excitation, such as that encountered in the high altitude EMP

(HEMp) spectrum where the phase differences of the incident field from

wire to w'ire become important, the ground potential concept breaks down'

In this case the tangential components of the electric fie'ld on the

wiresmustbeusedtodetermjnethejnducedcurrents.
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