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FOREWORD

The Division of Electric Energy Systems (EES) of the United States
Department of Energy (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
pulse (EMP)., The DOE/EES EMP program plan is documented in a DOE report
entitled Program Plan for Research and Development of Technologies and
Systems for Electric Power Systems Under the Influence of Nuclear
Electromagnetic Pulses, DOE/NBB-003, May 1983. The research documented
in this Oak Ridge National Laboratory (ORNL) report was conducted under

program plan elements E1, "EMP Surge Characterization and Effects”" and
E2, "EMP Assessment Methodology Development and Testing."

The research documented in this volume considers electric power
system models and methodology applicable to explore the interaction
between magnetohydrodynamic-electromagnetic pulse (MHD-EMP) and civilian
electric utility systems. The results of this work will be used in
subsequent phases of the research program to simulate such interaction,
to assess the possible consequences and to explore relevant mitigation
techniques.

A1l data pertaining to MHD-EMP environments have been obtained from
public domain documents and unclassified source materials. Such
information is presented herein for illustrative purposes only and does
not represent actual weapon characteristics or maximum threat
environments.

This report is Volume 3 of a 4-volume set that describes an EMP
assessment methodology for electric power systems. Volume 1 is an
Executive Summary. Volume 2 covers high-aititude EMP (HEMP), Yolume 3
(this volume) covers MHD-EMP, and Volume 4 covers source-region EMP
(SREMP) .
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STUDY TO ASSESS THE EFFECTS OF
MAGNETOHYDRODYNAMIC ELECTROMAGNETIC PULSE
ON ELECTRIC POWER SYSTEMS

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

ABSTRACT

The high-altitude 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 signals are also perceived at
times from seconds to hundreds of seconds after the burst. This signal
has been defined by the term magnetohydrodynamic-electromagnetic puise
(MHD-EMP).  The MHD-EMP phenomena has been both detected in actual
weapon tests and predicted from theoretical models.

This volume documents a preliminary research effort to:
(1) investigate the nature and coupling of the MHD-EMP environments to
electric power systems, (2) define the construction of approximate
system response network models and, (3) document the development of a
unified methodology to assess equipment and systematic vulnerability.

The MHD-EMP environment is compared to a qualitatively similar
natural event, the electromagnetic environment produced by geomagnetic
storms.

The research, to date, does not include an attempt to quantify
power system performance in an MHD-EMP environment. This 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 comprehensive 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 1is expected that a Tlarge
geographic area of the country will be illuminated by intense transient
electromagnetic fields. The first of these events to be perceived on
the ground 1is an extremely fast transient having characteristic rise
times related strongly to the gamma radiation output rate from the
nuclear device. The total field duration 1is approximately a
microsecond. Known as a high-altitude electromagnetic 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 signals 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
all interested parties to quantify the potential risk to existing
systems, and explore mitigating system hardware applications and
operational strategy. EMP assessments have been performed for other
‘types of electrical systems, such as military aircraft, missiles and



communications facilities. The unique properties of the electric power
system, such as 1its complex electrical interconnection over a vast
geographic area strongly indicates that a separate EMP assessment
methodology should be developed with specific focus on the electric
power system.

Section 2 of this report presents an overview of the physics of
MHD-EMP transient generation and environmental definition. Measured
results from the Fishbowl 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.

In Section 3, the coupling of the MHD-EMP transient electric field
to the electric power system is discussed. A spectral analysis 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 equivalent dc power system network. The MHD-EMP environment is
compared to a similar power system environment produced by geomagnetic
storm phenomena.

Section 4 considers 1in detail the elements of a power system
assessment methodology under MHD-EMP environments. It dis 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 discussed. Suitable models for power systems assessment are
presented coupled with 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 1 effort



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

assessment.



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 electromagnetic phenomena and an appropriate environmental
definition suitable for power system analysis. It is equally important
to place in perspective the quantity and quality of measured data and
the success of event simulation via digital codes and other analytical
techniques.

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 Tlarge negative change, over time, in the
ambient magnetic flux density as measured at Johnston Island. Figure 1
shows the magnetometer measurements at Johnston Island for Starfish and
two other Fishbowl tests.

Thus, the body of measured data, which exists in the open
literature, 1is Tlimited to a very small sample of magnetometer
recordings, at a few locations in the Pacific, for tests which occurred
over twenty years ago. To the authors' knowledge, no evaluation of the
random and systematic uncertainty nor the response characteristics has
been offered for the instrumentation. The Timited number of tests did
not include replication of any single event. The ratification of the
above-ground nuclear Test Ban Treaty effectively put an end to event
measurement.

In order to estimate an MHD-EMP environment which could exist over
the continental United States for a nuclear event comparable to
Starfish, Longmire has taken the measured data of Starfish and
essentially doubled the magnitude of the change in magnetic flux
density [1]. The modification is offered to account for the change in
geographic latitude between the Pacific test site and the continental



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 Tlonger time as a
significant threat to military and civilian systems and whose
phenomenology has been investigated by a number of independent research
efforts, MHD-EMP threat awareness and significant simulation has been
Timited 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. Of more direct interest to electric power system
analysis 1is 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 1in general and Starfish 1in
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 early portion of the MHD-EMP signal (less 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 altitudes 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 fireball.



As the fire ball expands and rises, it will deform the earth's
geomagnetic field lines, creating a magnetic field disturbance of wide
spread propagation. Directly under the burst point, a temporary layer
of jonized air is created by atmospheric 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 air under the burst begins to
rise and moves across the earth's geomagnetic field 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
currents 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) in an attempt to model MHD-EMP production and obtain a
numerical simulation of the Starfish magnetic flux 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 magnetic flux density at the surface of the
earth as a function of time. This calculation is based upon input data
supplied 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 110 seconds after the burst in
an attempt to replicate the measured change in magnetic 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
simulation, based on first principles, tends to correspond to
measurements at Johnston Island. The actual accuracy of the data fit
must be evaluated given:

° The uncertainty factors contained in the MICE input data.

@ The elimination of any Beta patch effects.



¢ The distortion introduced by the finite spatial
boundaries of the simulation grid.

° The required shift in spatial 1location 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 all of the above qualifications, it remains that this
simulation, for the first time, tended to agree with measured data at a
given spatial 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 also investigated the sensitivity
of the simulation to the atmospheric conductivity which exists between
the burst point and ground.

An equally 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 1in magnetic flux density A|B| on the earth's surface at
discrete points in time. This phenomena is illustrated 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 well as magnitude. The
corresponding direction of the magnetic phenomena illustrated 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
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with the change in magnetic flux environment caused by the MHD-EMP
event. It 1is 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 Bx’ orientated in the x direction, the
corresponding electric field which 1is 1locally orientated in the y
direction and assumed to be independent of the x and y coordinates can
be expressed as:

Ey(w) N 1 juB, (w) (1)
oujw

where the earth 1is assumed to have an electrical conductivity of
o mhos/meter and a permeability u equal to that of free space. Since
equation (1) is of the form:

F(w) = G(w) H(w) (2)

It is possible to express equation (1) through the convolution operator
as:

t
f(t) = g(t)*h(t) =f g(t-t)h(t) dr (3)
0
Employing the appropriate transform pairs for equation (1) yields

the following expression for the time dependent electric field in terms
of the magnetic fields:

(t) dt' (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 =103 mhos/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 1is 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 geographically 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 conductor, thereby providing a
"worst case" response.
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In a sense, this approach is similar to what is done for the HEMP
environment. For a system or 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 large, interconnected power system, the usual
geographic size is much greater than the distance over which the field
changes. This necessitates a more accurate, and complex, environmental
definition.

One possible way to achieve this objective is to approximate the
time dependent electric field as a product of three independent terms:

By (yst) = elx,y) e(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
é(x,y) 1is a unit vector describing the spatially dependent, time
invariant direction of the field. The function f(t) describes the time
dependent, spatially independent behavior of the field. Using such an
approximation, both small geographic and large geographic systems can be
considered.

In order to more accurately conform to the origins of the MHD-EMP
magnetic signal, it may be preferable to separate the definition of the
electric field environment into a “sum of products" expression of the
form:

E,(x.¥3t) = &1 (x,y)8) (x,¥)F; (t) + €y (xsy)e, (x,y)f,(t) (6)

The first product term corresponds to the early MHD-EMP signal,
while the second accounts for the later time environment. As a logical
extension of the above, multipie MHD-EMP events could be formatted into
a finite series of "sums of products" in an effort to describe the
complete environment as one expression.
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A conceptual example of an electric field format given by
equation (5) is shown in Figures 8, 9, and 10. The data is derived from
the MRC simulation of Starfish [5]. Figure 8 graphically illustrates a
possible f(t) which is spatially invariant. Figure 9 depicts a time
independent contour plot of electric field magnitude e(x,y) while
Figure 10 is the corresponding unit vector function e(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 values of the change in
magnetic flux density evaluated at the same location. There exists only
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 emulation 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 Oak 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 1is made in support of the ORNL intent to
develop a set of environmental scenarios serving as the inputs to power
system risk assessment studies. Employing 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 following:

° Environmental definition which can accommodate multiple
MHD-EMP generation in an efficient manner by the addition
of "sum of product" terms as required.

) Development of a public domain definition of the environment
available to power systems researchers interested in assessing
the system vulnerability under the MHD-EMP environment.

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
assessment.
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3. MHD-EMP COUPLING TO POWER SYSTEMS

3.1 Introduction

The MHD-EMP environment, 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 corresponding transient electric field.
It has been shown that this electric field, tangent to and located at
the surface of the earth, exhibits complex spatial and time
characteristics.

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 1is necessary to determine if the power system excitation
models must employ ac concepts or, if the spectral content is such, that
the electric field can be reasonably approximated as a quasi-static (dc)
excitation.

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 multi-conductor Tlines.
The approach taken by geomagnetic storm researchers is shown to be
consistent with and essentially equivalent to a more general 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
161-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 network, 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
kilovolts/m), 1limited spectral content and Tlonger 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 plots constructed by Longmire [1] for
the magnetic flux density and corresponding electric field, a frequency
domain plot for each was constructed. The results are shown as
Figure 11 and Figure 12. It is significant that even though the time
domain MHD-EMP behavior has several rapidly rising spikes at elapsed
times Tless than 40 seconds, the corresponding spectrum is seen to
contain only low frequency components less than 1 Hz. In the case of
magnetic flux, above 0.05 Hz, the spectral components are two orders of
magnitude below 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 1less than
typical signal times, it is reasonable to construct a coupling model 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 coupling 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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3.3 Comparison of MHD-EMP to Geomagnetic Storm Environments

Solar flare activity can result in the transient emission of
particles which then are captured by and interact with the earth's
jonosphere 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 60° north latitude.

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 (ESP). 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 storm 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 11(a) has the same shape as
the negative transient, Tocated between 60 and 120 minutes, in the storm
signal (Figure 13). Although the Starfish data exhibits a faster rise
time plus a larger |AB| magnitude, from a qualitative perspective, the
measured events have many similar features. A more detailed comparison
is presented below.
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3.3.1 Duration

The duration of geomagnetic storm effects on electric power systems
in a specific geographic region will 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 Tonger 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/At 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 compute the "worst case"
electric 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 will not continuously
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
duration.

3.3.2 Magnetic 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
(At) 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 |AB| = 800 gammas with a corresponding At = 180
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seconds. On 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 18 gammas/second. Longmire's
estimate for Starfish over mid-America would essentially double the
above values.

3.3.3 Electric Field Magnitude

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 ]0'3 mhos/meter. On the same
assumption, the MHD-EMP electric field as shown in Figure 9 can achieve
an approximate value of 24 volts/km (38.4 volts/mile) at select
locations.

A frequency comparison can be undertaken if a period is developed
for these aperiodic transient electric fields. For a period constructed
from the time rate of change of the form:

T = 2at (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 Electric Field Spatial Characterization

The fixed Tlocation, in the Northern hemisphere, of the auroral
current zone created by the geomagnetic storm results in a storm
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 of constant earth conductivity, the Tlocal 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 Tlatitudinal shift in blast 1location 1is 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 be necessary to compute a new
MICE/MHDEMP simulation for any scenario which requires a latitudinal
shift.

3.3.5 Earth Conductivity

For both environments, the local magnitude of earth conductivity at
or near the surface will determine the Tlocal 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:

K= (8)

where o = actual conductivity
O = assumed conductivity

For example, assume an electric field of 10 volts/km computed for a o

)
of 10'3 mhos/meter must be adjusted for a o of 10'4 mhos/meter.
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Using equation (8) the required correction factor is computed as
K=3.16 and adjusted value of the electric field is 31.6 volts/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 field
environment can reasonably be approximated as a very low frequency
(quasi-static) excitation for grounded systems. Previous research [6]
in the coupling of 1like 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 field allows the following simplifications:

° The long wavelength of the exciting field allows for a
reasonable approximation of the electric field at the
height of the conductor to be equal to the field at the
surface of the earth.

(] Since any vertical field component at the earth's surface
is neglected, the incident field at the conductor is only
the tangential field along the conductor.

° For any conductor section the very low frequency
(quasi-static) incident field eliminates any need to
incorporate capacitive and inductive conductor
parameters. The conductor is characterized solely by
resistive elements.
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The conductor excitation is in the form of a distributed, per-unit
length voltage source whose value is didentical to the incident plus
ground-reflected electric field tangential to the conductor at every
point expressed as:

v (y) = £, (y) + £, (y) (9)

The excitation is polarized only in the horizontal plane. The total
voltage source (Vo) for the length of conductor is computed by:

V= Svgly)dy = SIE () + £, () 1y (10)

Knowledge of the total series circuit resistance allows the response,
the corresponding quasi-static current, to be computed by Ohms Law.

3.5 MHD-EMP Excitation of A Multi-Conductor Line

As discussed in Appendix B, general field coupling to a multi-
conductor line will result in each conductor having a different voltage
source, depending 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 in 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 identical 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 field from conductor to
conductor are important and a surface ESP approach cannot be employed.

3.6 Transmission Line Sample Calculation

The concept of MHD-EMP power system excitation, and the computation
of the response current 1is illustrated in the following example.
Consider a hypothetical 161-kV single circuit (three-phase) 1line
connecting substations A and B. The spatial orientation of the 1line and
the MHD-EMP electric field environment 1is 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 magnitude is set equal to 20 volts/kilo-
meter for the entire line. The voltage source will be
modeled as an earth-surface potential (ESP).

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

® Time function f(t) as shown in Figure 8.

The above characterization is consistent with the MHD-EMP electric
field approximation discussed in Section 2 of this report. The 161-kV
line parameters are as follows:

8 Total length (L) of the T1ine is 170 kilometers.

[} Per-unit resistance of each conductor is 0.06 ohms/kilo-
meter. Total conductor resistance (R, ) is calculated by
the product of the per unit resistancé‘and the length of
the conductor. In this example RL is equal to 10.2 ohms.

The substation parameters are as follows:

(] At each substation the 1ine 1is terminated by a
two-winding transformer as shown in Figure 15. The
wye-delta winding configuration serves to isolate the
161-kV Tine from the remaining grid for a dc analysis.
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Each transformer wye winding resistance (R ) is equal to
0.18 ohms per phase.

[} At each substation there exists an additional termination
ground resistance equal to 1.0 ohms from the wye winding
neutral to a remote ground point.

The three-line dc model circuit is shown in Figure 16 of this
report. The effect of any shield wires has been removed from this
example calculation.

To facilitate calculation of the MHD-EMP field coupling to the
161-kV 1ine, the line has been partitioned into three segments as shown
in Figure 17. For each section, the line and the exciting field have
been transiated to their equivalent north-south and east-west
components. The excitation is computed for each section as shown in
Table 1.

Table 1
EXCITATION OF 161-KV LINE BY SECTION
Section Length(Km) E-Field(V/Km) Excitation(Volts)
1 28.0 ¢£90° 20.0 ¢270° (560)
48.5 £180° 0.0 2£180° 0.0
2 38.1 ¢270° 20.0 2270° 762
22.0 2£180° 2.0 2180° 0.0
3 50.0 £270° 18.8 £270° 940
50.0 ¢£180° 6.8 £180° 340

For each section, the Tocal excitation is the product of the line
length and the tangential electric field at this spatial location. Due
to the specific orientation of this Tline and the electric field
direction, the local excitation for Section 1 is assumed to be opposite
in sign with respect to the remainder of the Tline. The net total
excitation (V(t)) is the sum of the individual section excitations. 1In
this example V(t) is equal to 1482 f(t).
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For this example, the initial Tine 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 equivalent
single-1ine dc model 1is constructed as shown in Figure 18. The
resistance of each parallel 1ine conductor can be set to an equivalent
equal to Ry/3. The same logic 1is 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 neutral current IN(t) is computed using Ohms Law.
In this example IN(t) ijs equal to 268.5 amperes f(t). A graphic
illustration 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 s
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 models 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 development. 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
161-kV 1ine example, 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 model elements.
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4. MHD-EMP ASSESSMENT METHODOLOGY

4.1 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 stability is a concern, an
elapsed time of second(s) between the two environments is a significant
separation. The power system will 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} within the framework of an overall
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
single or multiple 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 coupling 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
(GIC) 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 applied 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: (1) information
gathering, the establishment of required data bases, (2) 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
definition.

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 Analysis

System State Analysis

DC Transmission Analysis

Generator Analysis

Instrument Transformer Analysis
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® Instrumentation Control and Protective
Relay System Analysis

® Power Fuse Analysis
] Utility Communications System Analysis

The corresponding flowchart for each of these subsets is
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 multiple,
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 objective is achieved by the sequential
accomplishment of four tasks.

4.3.1 Data Base: MHD-EMP 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 Oak 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.
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Al Data Base
MHD-EMP Environment

Bl Data Base
Power System Grid

c1 Model
Power System Response
Networks

D1 Data Base
DC Branch Currents

Fig. 21(a). Flowchart for MHD-EMP
coupling and system response.
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Fig. 21(b). Flowchart for power
transformer analysis.
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Fig. 21(c). Flowchart for system

state analysis.
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F3 Data Base
DC Terminal
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DC Converter
Harmonic Filter

Fig. 21(d).
transmission analysis.
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Flowchart for DC
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L__ Generation I

Fa4 Data Base
Generator Design
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Generator Damage

Fig. 21(e).
analysis.

Flowchart for generator
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Fig. 21(f). Flowchart for instrument
transformer analysis.
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-
|

L

Fl

51

T T T r T T
Data Base D1 Data Base |
60 Hz Harmonic — —  DC Branch Currents
Generation
S | _ e —
\4

Fig. 21(h).

G5 Data Base
Power Fuses

H4 Assessment
Fuse Operation

Flowchart for power fuse analysis.



52

= =77

I Al Data Base |
MHD-EMP Environment
L - — - _
\

B2 Data Base
System Line
Communications

c2 Model
Line Communication
Response

D2 Assessment
Line Communication
Operation

Fig. 21(i).

B3 Data Base
System Radio
Communications

C3 Assessment
Radio Communication
Operation

Flowchart for utility
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The group of data bases will be used in Phase II of the Research
Program to perform preliminary 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 System Grid (B1)

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 following information:

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

) Spatial orientation and circuit length for
applicable transmission, subtransmission and
distribution networks.

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

° Location, winding resistance and winding connection
for all power transformer and shunt reactor 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: Power System Response Networks (C1)

In this task, the previously compiled data bases will be processed
into a set of equivalent dc power system response networks. The number
and complexity of these networks will be determined by the dc
open-circuit nodes in the power system grid.

Each network will consist of Tumped resistive branch elements and
distributed dc voltage sources. The network will then be solved to
compute the time varying dc branch currents. Additional discussion
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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 (D1)

This portion of the methodology concludes with the establishment of
a data base which contains a 1listing of the time varying magnitude of
all dc branch currents. The currents will be assumed to flow
simultaneously with the 60 Hz current in applicable conductors and
windings.

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:

® Possible insulation deterioration or damage due to
internal localized heating conditions.

] Harmonic generation due to transformer core
half-cycle 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 DI.
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 additional VAR
demand data base.

4.4.1 Model: Power Transformer Excitation (E1)

In this task, the dc excitation current is evaluated by transformer
excitation models into an equivalent value for combined excitation.
Tests on full-scale single-phase core-form transformers, as well as
analytical studies [15] have shown that the equivalent ac exciting
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current can be approximated by

qu = Iac + K Idc (1)
where
Idc = dc current per phase
K = proportionality constant
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 validate the
approximation and the value of K for MHD current levels. It is
instructive to note that for any appreciable dc 1level, the total
equivalent exciting current qu can be roughly estimated by neglecting
the I,c term in equation (11). 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.
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Table 2

APPROXIMATE RMS EXCITING CURRENTS FOR POWER TRANSFORMERS

Percent of Full Load Current

Nominal Winding Voltage 0.5% 1.0% 4.0%
(kv) (Amps)  (Amps) (Amps)
69 55 1 4
115 .82 1.66 6.63
230 1.66 3.31 13.25
345 3.5 7.0 28
500 6.15 12.3 49
800 8.2 16.4 65.7
1200 12.6 25.2 100.8

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 Tlevel (point B). For a high-voltage
wye-grounded winding whose 1.0 per-unit exciting current equals 7.0
amperes, (Iac)’ a corresponding value of Idc equal to 47.5 amperes (rms)
is required.

Equation (11) has been derived for two-winding transformers.
However, it can also be applied to autotransformers if an equivalent
value for Idc is first calculated to account for the unequal value of

current in the series and common windings. For this case, Idc is
obtained by the expression:
Idc = NIs + IC (12)
N+T

where:

IS = dc current in series winding

IC = dc current in common winding

N = the turns ratio of the series winding with

respect to the common winding (Ns/Nc)
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4.4.2 Assessment: Transformer Insulation Damage (F2)

To access the possibility of insulation damage due to overexcita-
tion, for any transformer, the value of qu obtained in task E] 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 (0.3 minutes)
may place the transformer at risk.

4.4,3 Data Base: 60 Hz Harmonic Generation (F1)

Another aspect of simultaneous excitation of power transformers is
the 1local generation of 60 Hz harmonics in the exciting current.
Spectral content of the current waveform has been empirically measured
for various Tlower Tlevels 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 generaliza-
tion for all types and designs.

Within the power systems community there 1is general appreciation
that the effects of 1increasing 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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() For the same neutral dc magnitude, a bank comprised of
three single-phase units is a greater harmonic generator
than a corresponding three-phase autotransformer
installation.

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

@ For the same neutral dc magnitude a three-phase
shell-form autotransformer is a more significant harmonic
current generator than a corresponding three-phase
three-legged-core autotransformer.

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
accomplished.

4.4.4 Data Base: System Additional VAR Demand (GT)

As a pre-requisite to system analysis such as 1load flow and
stability, the increased VAR requirements caused by transformer over-
excitation must be developed.

‘This data base can be established in two ways [7]. -The more
precise approach for a given transformer design is founded on the
harmonic content of the exciting current as follows:

Q=V \/’; 1? (13)

i=1
where:
Q@ = reactive power
V = RMS value of the applied 60 Hz voltage
Ii = RMS value of the ith harmonic component of
the exciting current
n = highest order harmonic value
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As an alternate approach, the reactive power could be approximated from
the following:

Q=V (Iexc + K Idc) (14)
where

Q = reactive power
v = RMS value of the applied 60 Hz voltage
e normal RMS exciting current at normal

operating voltage with no dc current per

phase
K = proportionality constant
Idc = DC current per phase

Previous research [7] has indicated that K=2.8 appears to be a
reasonable approximation. It will be necessary to validate this
approach for MHD-EMP Tlevel dc currents.

4.5 System State Analysis

It is expected that system reactive power requirements will
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 the
system change in "state" must be assessed from the following aspects:

] System Load Flow
0 System Short-Term Stability
] System Switching Surge

For each assessment several base-case steady state conditions for
the power system must be specified. The additional reactive power
demand would then be integrated into the system model to quantify
response.
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4.5.1 Data Base: System Load Flow and Stability

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 conventional
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 (H1)

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

() New real and vreactive power bus values and
corresponding power flows in each line.

° Load area net generation and load, losses, tie Tine
flows and net power export.

° Line losses.
° Buses with high and low voltages.
] Overloaded lines.

0 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 1in 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 current.
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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
following load flow changes as tabulated in Table 3.

Table 3

GM STORM LOAD FLOW
500-KV LINE SIMULATION

System Aspect System Change

System MVAR Increase = 90%
Bus Voltage *Decrease =~ 21%
System Load Decrease = 7%
Generation Decrease = 8%
System Losses 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 reject on
load shedding actions.

4.5.3 Model: System Stability (I1)

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, Tload, 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-line energization,
single and three-pole reclosing and other switching phenomena must be
investigated using existing analysis techniques.

4.5.4 Assessment: Change of System State (J1)

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 essentially 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.

ol Terminal harmonic filter performance
] Probability of terminal commutation failure

In each of the above assessments, the spectral content of the power
frequency harmonics (Data base F1) must be compared to the dc terminal
data base to ascertain possible impact.

4.6.1 Data Base: DC Terminal (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 (5, 7, 11, 13) and
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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 and Filters (G2)

The dc terminal assessment would quantify the probability of damage
to harmonic filters due to sustained overload. In the case of
protective systems which remove filters from operation during overload
states, the impact of filter absence must be addressed. Failure of
converter commutation must be viewed 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 harmonic current as seen by the generator windings. The second
harmonic (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 retaining rings with heat concentrated at shrink fit -
interfaces. The resulting 12R 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
bank.

4.7.1 Data Base: Generator Design (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 preliminary assessment consists of the comparison 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

Knowledge 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 simultaneous ac and dc excitation will result 1in 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.

4.8.1 Data Base: Instrument Transformers (G4)

The data base should contain the following information (1) bus
location of the instrument transformer, (2) operating characteristics
including saturation curves and time to saturation characteristics, (3)
configuration of secondary connection, (4) connected ratio, and (5)
burden. This information is used in conjunction with the harmonic data
base (F1) and the dc branch current data base (D1) to quantify
operational performance in terms of the modified nature of the secondary
waveforms.

4.8.2 Assessment: Current Transformer Operation (H2)

Based on the magnitude and time history of the dc branch current
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 Tower
secondary burdens will reflect better performance. The error will also
be investigated to ascertain the change in ratio error and phase angle
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 harmonics and harmonics caused by nearby
power transformers. An analysis must be made of the possible magnitude
of CT vremanent flux and reduced time to saturation under fault
conditions.

4.8.3 _Assessment: Voltage Transformer Operation (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.

4.9 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 dependability.

4.9.1 Data Base: Instrumentation and Control Systems (I2)

This data base will contain the operating characteristics of
measurement instrumentation including transducers and metering systems.
Measured system parameters for assessment are voltage, current,
frequency, real and reactive power. The control system data bases
should include the operating characteristics for systems such as
automatic generation control, Tload frequency and voltage control
schemes. The abijlity of control systems to filter "bad" data must be
included in this documentation.
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4.9.2 Assessment: Instrumentation and Control System Operation (J2)

The assessment will quantify 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 analysis 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: Protective Relay System (I3)

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) corresponding instrument transformer(s).

4.9.4 Assessment: Protective Relay System Operation (J3)

The assessment will consist of the quantification of relay system
security and relay system dependability. A Toss of security is defined
as an undesired relay operation 1in 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, peak
reduction, rms value reduction or harmonic content. Relay systems of
particular interest include current differential protection, overcurrent
protection, undervoitage schemes and distance relaying applications
based on line impedance parameters.
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4.10 Power Fuse Analysis

The combination of normal power frequency current and the dc
contribution from the MHD-EMP event may result 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 time required for electrical
service restoration. The dc current may also impact system device
coordination.

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.

4.10.2 Assessment: Fuse Operation (H4)

The power fuse data bases will 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.

4.11 Utility Communication Systems Analysis

Utility 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 communication systems including point-to-point
microwave and base station/mobile radio equipment.

° Wire based communication systems which can take the form
of (1) power line carrier, (2) shield wire, (3) utility
owned twisted pair and coaxial circuits, and (4) leased
telephone line.
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In the case of wire communications, the MHD-EMP environment is
identical to that previously discussed for the power system grid. For
assessment of radio communication 1links only, additional environmental
definition concerning signal propagation in and through the atmosphere
and ionosphere will be required. As a practical expedient, a single
"reasonable worst case" environment could be defined for use with
several surface electric field environments.

4.11.1 Data Base: System Line Communications (B2)

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.

4.11.2 Model: Line Communication System Response (C2)

Based on the information gathered in the previous task and the
specified electric field environment, an equivalent dc network is
simulated and resolved for the individual dc branch currents. This
approach 1is qualitatively identical to that used in the power system
response network.

4.11.3 Assessment: Line Communication Operation (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 10 dB in intermodulation noise
was experienced at a dc line current of 435 milliamperes.

4.11.4 Data Base: System Radio Communications (B3)

In preparation for assessment of utility radio communications in an
MHD-EMP environment, the systems are categorized by (1) the frequency of
the carrier, (2) the normal signal to noise ratio and, (3) type of
function and/or information content.
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4.11.5 Assessment: Radio Communication Operation (C3)

The propagation of the above types of radio communication system
through the atmospheric environment 1is analyzed to determine the
probability of and the duration of Toss of communication channel. It is
expected that higher frequency communications 1links will 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 2850 kHz or 3.1 to 512 MHz may be
severely affected.

4,12 Summary

The MHD-EMP assessment methodology 1is consistent with the
techniques employed for power system analysis under geomagnetic storm
environments. The spatial variability of the electric field excitation
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 normal 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
herein.
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5. NETWORK MODELS AND ANALYSIS CODES

5.1 Introduction

The geographic extent of the power system grid, subject to
evaluation by the MHD-EMP assessment methodology, is explicitly
dependent 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
location for the high altitude nuclear burst. Previous MRC
simulations [3] indicate that the affected area may be several million
square kilometers. Within the continental United States, such an
expanse will certainly contain an extremely complex power system grid
operated by more 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
field.

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 allows 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.
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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 1illustrate the above concept, an example of a dc
response network developed from a scenario of power system grid is
presented in Figure 25(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 25(b)) consists of
appropriate dc resistance branches and dc voltage sources inserted at
each ground location.

In this simple example, 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 8 to
the ground terminations at bus 1 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 current source.

Any MHD-EMP power system assessment will entail the solution of

many dc coupling 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.
Maximum 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.
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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 10 V/km. Hence, 1lines 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 simple dc
network which contains frequency independent models. 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 utility studies. Typical dc component models are
presented as Figure 26. These models are discussed below.

5.3.1 Transmission and Distribution Conductors

Transmission lines, distribution feeders and cables are represented
by the lumped dc resistance of the conductors. The most accurate data
is established by the direct measured values of dc resistance. A
practical approximation can be derived by the application of a
correction factor (0.95 to 1.0 depending on the size and construction of
the conductor) to the relevant positive sequence resistance [8]. 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 example, for a typical three phase line, the
total Tumped resistance incorporated into the response network is
one-third of the value for a phase conductor.
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Table 4

TYPICAL CONDUCTOR 60 HZ RESISTANCES FOR DIFFERENT
VOLTAGE LEVELS

Voltage(kV) Construction 60 Hz Resistance(ohms/kilometer)
69 (Typical) 0.1875
138 "H" Design 0.0786
138 Vertical Design 0.0867
345 Horizontal Design 0.0419
500 Delta Design 0.0344
500 Vertical Design 0.0314
765 Horizontal Design 0.0153
765 Horizontal Design 0.0133
1200 Delta Design 0.0222
1200 Horizontal Design 0.0071

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.

4] DC resistance of transformer windings.

Select models developed per the above criteria are contained in
Figure 26. The existence of a delta winding configuration will always
result in an equivalent dc open circuit. With the exception of
autotransformers, any ungrounded winding will result in an equivalent dc
open circuit. In the case of the ungrounded autotransformer, the series
winding only will be represented. All transformer configurations which
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contain grounded windings can be represented by a lumped resistive
element, per phase. Grounded autotransformer applications 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 directly measured. 1In
the absence of such data, approximate 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 equal. 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 1is based
upon the ratio of series to common terms. The individual winding
resistances are approximated by assigning half the short circuit
resistance to the series winding and the referred remaining half to the
common winding.

5.3.3 Shunt Reactors

Shunt reactors are required in the analysis of the circulating MHD
induced currents since they provide a path to ground. The model
consists of the dc resistance of the shunt reactor and can be calculated
or approximated given the manufacturer's data. Reactance, as in the
case of transformers, is not presented in the model. The three phase
model consists of a resistance equal to one-third of the phase
resistance.

5.3.4 Capacitors

Series or shunt capacitors are open circuits for the dc and quasi
dc currents and hence they are left out of the system model. In fact,
series capacitors act to sectionalize the power system and block the
passage of the circulating induced currents.
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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 current due to geomagnetic storms can result in a neutral shift
which prevents the re-sealing of the arrester. This aspect of arrester
performance will be investigated as part of Jjoint 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 this resistive element. In
many cases, this terminating resistance is a significant percentage of
total circuit resistance.

Previous studies for geomagnetic storm environments [7] have
specified a value of 1 ohm for the resistance at each ground connection
in lieu of measured data. Sensitivity analysis 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 "reasonable" worst-case assessment must
include practical estimates of soil conditions on a site-specific basis.
For example, an analysis which includes an arid topology may require an
estimate of several ohms per termination. In this case, the assumption
of a terminating 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 circulating current.

In the case of high impedance grounds, where the 60 Hz impedance is
established by a reactor, the effective dc resistance associated with
that reactance would 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 conceptual flowchart 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 System Response Network Analysis

The calculation of circulating induced currents due to the MHD-EMP
environment requires only a distributed source, dc system
representation. The mathematical solution is straightforward, but the
code must be able to represent a large network in a single analysis.

One good candidate for this analysis 1is the Electromagnetic
Transients Program (EMTP) [10,11]. 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 modules. 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 calculation of system harmonics and reactive
power data bases required by subsequent analysis codes.

5.5.2 System Load Flow/Dynamic Simulation

There exists a number of load flow/dynamic simulation programs in
common use within the power system analysis community. One such set of
these programs is the Westinghouse WESTCAT™ System Planning and Analysis
package. This library of power system analysis programs incorporates
detailed 1load 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 WESTCAT™ package also contains a short-circuit program,
eigenvalue analysis, and network equivalent capability.

5.5.3 Switching Surge Analysis

The effects of Tlong 1line -energization, single -and three pole
reclosing and other switching operations in the MHD-EMP environment can
be investigated by the use of the EMTP program. This program has been
used by Mohan [12] and others to perform similar studies for geomagnetic
storm environments.

5.5.4 Power Fuse Analysis

For lower-voltage distribution systems, the simultaneous presence
of ac and dc current may affect the proper operation and coordination 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 distribution systems will clarify the need for such a
tool.

5.6 Summary

For MHD-EMP assessment, the ac power system grid topology can be
simulated as a set of dc equivalent networks. Thus, the initial system
response, transient induced branch currents, is approximated as a slowly
time-varying dc phenomena. The reasonability of this approach is
supported by:

(] The very-low frequency content of the electric field
excitation.

() Strong similarity between MHD-EMP and geomagnetic storm
environments.

Il Validation of this technique, for geomagnetic storm
simulations, based on measured values of the magnitude
and spectral content of the induced current and the
associated impact on system parameters.
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From a perspective of balanced uncertainty, preliminary investigation
indicates that any errors introduced by a dc simulation in lieu of a
very Tlow 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.
Preliminary assessments will reveal any requirements for a larger
capacity code.



84

S9P0) UBWSSISSY dWI-QHW 404 F4eYOMOL4 |enidasuo)

LN3NSS3ISSY
N3ALSAS

NOLLYINWIS
OJINVNAQ

vivad
JINVYNAQ

NOILVINNIS
MO Qv0l

ANIWSSIASSY
AN3INdINDG3

SUN3NNND
HONVYE 00

[

ST300W
AN3IWdIND]

L2 614

NOLLATOS
NYOMLIN 00

viva

LYYHOMOT4d 3002 Vvil9l0



85

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
quantitative risk assessment, an extensive methodology 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
coupling response, methodology development and system analysis, the
following conclusions are reached:

1. 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.

2. For power systems analysis, the MHD-EMP environment can
be defined as a spatial and time dependent, surface
tangential, transient electric field. Additional
definition for vradio frequency propagation will be
required for those assessments which include utility
radio communication systems.

3. Spectral analysis 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.

4. Previous MHD-EMP environmental formats are not of a form
that can be directly used in power systems analysis. To
facilitate this type of assessment a suitable approximate
environment may be expressed 1in terms of three
independent parameters: (1) spatially dependent
magnitude of the electric field e(x,y); (2) spatially
dependent direction of the electric field e(x,y); and (3)
a time-dependent, spatially invariant function f(t).
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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 case of multiple weapons' bursts.

5. 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.

6. The system response network contains dc resistive models
and time varying dc distributed voltage sources. The
jnitial response of interest 1is quantified as the time
varying dc induced currents flowing simultaneously with
normal 60 Hz currents.

7. The existence of these dc branch currents is the basis
for subsequent power system analysis. Over-excitation of
electro-magnetic equipment such as transformers may
result in direct damage to this equipment as well as
power system operational upset.

8. Existing power system analysis digital codes, such as
EMTP and WESTCAT™, can be modified and/or directly
incorporated into the MHD-EMP assessment methodology.
These, and simiiar programs, are currently used in
geomagnetic storm/power system assessment.

This investigation of the MHD-EMP phenomena has revealed several

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:

1. Detailed development of an MHD-EMP environmental
definition directly suitable for power systems analysis.
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
Oak Ridge National Laboratory with assistance from the
Phase I research team. Final definition would be
incorporated into the overall scenario definitions
supplied by ORNL to the research team.

2. Additional emperical and analytical investigation of
power and instrument transformer response to simultaneous
ac and dc excitation. This research should include
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actual equipment testing and vresponse simulation.
Critical parameters include quantification of direct
damage, harmonic generation, 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 networks, may result in
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.
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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 discussion is shown as Figure A-1. On the
surface of the earth there is an 1impressed magnetic flux density,
denoted as Bx’ oriented in the x direction. The earth is assumed to
have an electrical conductivity of o mhos/meter, and a permeability n
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.

Within the earth, the electric field is described by the following
equation:

V2E = o of (A1)
at

in which the displacement current term has been neglected [Al1]. Because
the earth is imperfectly conducting, it can support a volume current
density, and this is related to the electric field by:

J = of (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:

2

0 J N
—* =wo =

¥4
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Considering time harmonic (Fourier transformed) signals, this
relation can be expressed in the frequency domain as:

52J

—2-1 = jwuo Jy (A4)

Y4

which may be solved to yield the spatial distribution of induced current
in the earth as:

3,(2) = A o268 =iz/s (A5)
y

where § is the skin depth defined as:

§ = ¥Y2/wuo (A6)

and A0 = Jy(o) is the value of the volume current on the earth's
surface.

The integral of the volume current from -« to 0 in the z direction
provides the equivalent surface current Ky and is given as:

_ [° ) A_S
Ky = _4 Jy(z) dz = +oJ (A7)

At the earth's surface, the volume current density is related to
the Tocal electric field as:

Jy(o) = Ao = oEy(o) (A8)

and thus the surface current can be expressed as:

_ _ o8 -y (A9)
v TEn &y Zg
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where Zsis the equivalent surface impedance of the earth.

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

Ky = H, (A10)

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

B.=u_H (A11)

E (w) = —— jwB_(w) (A13)

which is of the form:
Flw) = G(w) H(w) (A14)

In the time domain, it is possible to express this through the
convolution operator * as:

t
F(t) = g(t) * h(t) = { a(t - 1) h(1) dr (A15)

where g(t) and h(t) are the Fourier transform pairs of G(w) and H(w)
respectively. The following Fourier transform pairs [A2] are noted:



1 ) 1 (A16)
Youjw You Vrt
and
juBy (w) D a_gitg (A17)

Inserting these into equation (A15) yields the following expression
for the time dependent electric field in terms of the magnetic field

oB

‘ X (t1) dt! (A18)

¢ 1
Your 0/ ¥t - t'

E,(t) =

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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Fig. Al. Orientation of the electric (E ) magnetic (BX) and
current vectors at the earth-air (Z=0) iNterface.
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APPENDIX B

ELECTRIC FIELD EXCITATION OF ABOVE-GROUND CONDUCTORS

B.1 Introduction

This appendix serves to discuss the MHD-EMP excitation of
above-ground conducting lines from an electromagnetic (EM) field point
of view. In previous discussions of 1low frequency field coupling
arising from geomagnetic storms [B1,B2] 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
this to determine the induced current. This alternate approach of
viewing the coupling problem is discussed in detail. The appendix
concludes with a discussion of the equivalence of the geomagnetic storm
coupling approach to the excitation of conductors using an
electromagnetic field perspective only. The equivalence is possible due
to the quasi-static (very low frequency) nature of both MHD-EMP and
geomagnetic storm phenomena.

B.2 General EM Field Interaction with Conducting Bodies

As a starting point, consider the general scattering problem
illustrated in Figure B1. A perfectly conducting body having a surface
denoted by S is located in free space and is illuminated by an incident
plane-wave electric field, denoted as EIC This incident electric 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 field on the body surface (i.e., the incident plus the
scattered field) is zero. The relation between the induced body current
J(r') and the incident electric field Einc(r) may be expressed [B3] via
an integral equation of the form
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where the function K(F',r) is the free space Green's tensor for the
radiation problem, and represents the vector electric field at position
r due to unit current elements at position r'. As discussed [B3], this

Green's function is defined as: A T s The e B

Juu - 1

o 1 k[P
K(Y‘, Y") = w I+-k—2—VV

— (B2)
jr-r'|

In this and in the expressions to follow, w is the angular
frequency, k = w/c and Hy is the permeability of free space.

Note that in equation (B1) the term E%nC(F) denotes only the
tangential component of the incident electric field on the body surface.
The normal component is not needed for the determination of the
scattering behavior of the body. Generally, the determination of the
current distribution J(r') in the above equation 1is impossible to do
analytically, and numerical methods such as the method of moments [B4]
are used.

B.3 Effect of Ground On EM Coupling

When the conducting body is located near another body, say over a
conducting ground plane, it is necessary to modify the integral equation
in equation (B1). As indicated in Figure B2, the tangential electric
field on the body is now composed of not only the incident field, but
also a component which has been reflected from the ground plane. As
discussed [B5], since the incident field is a plane wave, it is possible
to use plane wave reflection coefficients to represent the reflected
field from the ground plane. This reflected field may be added to the
incident field to provide the total incident field on the body.

For the vertically polarized incident electric field shown in
Figure B3(b), the total electric field components at a height h above
the earth are given by



99

ginc pref

>

ﬁinc \\\\ "/ Eref

. -

- -

777777777 77777777 SROUND

a. Horizontal Polarization

Einc

_inc @4\ gref A
H
. N
kN ~ Rref

-

[T7T 777777777777 777 GROUND

b. Vertical Polarization

Fig. B3. Vector directions for vertically polarized
and horizontally polarized incident and reflected fields.



100
Ez(h,y) _ E1'nc e-jkycos VY €os ¢ [] 5 Rv e-jk2hs1n w] cos ¥ (B3)

o e-jkycos VY coS ¢ [] B Rv e-jk2hsin w]

|
m
ade

Ey(h,y) = sin ¢ cos ¢  (B4)

where RV is the reflection coefficient for vertically polarized fields
and is given by:

1
3

R - € (1 + EBE')S1n Y - [ € (] EEE' - coszw]

y 2 (85)
€ (1 + w——-)s1n v - [er (1 & EEE')' cos w]

1
2

The angles ¥ and ¢ describe the directions of incidence of the
incident field, and are shown in Figure B4. The term €, represents the
relative dielectric constant of the earth, such that e = RO

Similarly, the total field components for the horizontally

polarized incident field shown in Figure B3(a) are given as

E,(h.y) = 0 (B6)
E (h,y) = E1'nc e—jky cos P cos ¢ (1 + Rh e-jk2hsin w) sin ¢ (87)
where the reflection coefficient Rh is given as:
1
. 2 B
siny - (e (1 + 22 )- cosy
Rh = ( r\ Jwe ) > ;i (B8)

s - (w1 55)- 5)

In addition to the modification of the dincident field for
determining the induced body currents, it is necessary to modify the
kernel of the integral equation. This 1is necessary because the
radiation property of an elemental current moment is affected by the
presence of the ground plane. As illustrated in Figure B5, a current
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element J(v') is located above the ground and the electric field is
observed at a point r. If the ground were removed, the expression for
the electric field is simply that given by the free space Green's
function of equation (B2). 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 Figure B5.

For the case of a lossy ground (one having a finite conductivity)
the general expressions for the electric fields become rather
complicated, involving integrals over an infinite range which must be
evaluated numerically. As discussed [B7], the electric field produced
by a current element positioned above the ground plane may be expressed
using a vector potential m and the following equation:

E=W‘1‘r+k21'r (B9)

For a vertically oriented current element (one the z direction),
located at the position z = h as shown in Figure B6, and having a moment

Id%, the vector potential has been shown [B7], to also be only in the z
direction and takes the form:

~ s -jk|r-r'| -jk|r+r! |
s =g JWH
Ty =2 In Ide — :
[r-r'] |r+r!|
i ZJk / 1 (%) -B(z+h)§g22\' (B10)
B

For a horizontally oriented current element in the x direction, the
potential has both x and z components, and is expressed:
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A e B-B
-z gi-cos ¢ }{ 11(Ap)e'8(2+h) —§~—£i kzdk (B11)
k 0 n 8_BE

In both of these expressions, the terms 8 and Be are constants for
the air and the earth regions respectively, and are solutions to a
propagation equation which must be determined numerically. The term n
is the complex index of refraction, defined as:

n2 = ¢ +39 (B12)

The parameters ¢ and p relate to the position of the field
observation point, as shown in Figure B6.

The above expressions may now be used to construct the Green's
tensor for the lossy ground. This simply consists of computing the x,
y, and z components of the electric fields which are produced by x, y,
and z directed current elements, 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 . | Relis 7YY+ R (P 7 | dF = EIPC(F) + E7T(R) (813
éof (r') [ e(rs r') + g(r- r') | dr ¢ (F) +EC(F) (B13)

where the kernel 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 domain 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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B.4 Application to General Field Coupling to Long Conductors

The preceding concepts may now be applied to the case of a long
conducting wire over a ground plane, as shown in Figure B7. In this
case, it is desired to calculate the currents flowing in the wire, as a
function of the incident field. Other 1investigators [B8,B9] have
studied the behavior of such currents and it has been demonstrated that
at Tow frequencies the integral equatijon (B13) may be solved in an
approximate sense by using a simple transmission line model. As shown
in Figure B8, the 1line above the ground is modelled as a lossy
transmission 1ine whose per-unit-length series impedance is
approximated [B5] as:

= Zi + Zg + jul (B14)

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

Ho

jol = ju 5> cosh™ (g) (B15)

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

Jy J, (Jy 2)
;= - Tme ITv.al - (B16)
wo o 1Ww

wher‘e'yw is the complex propagation constant in the wire material, and
is expressed as:

Y, = iju(ow + Jjue,) (B17)

The term Zg is the ground impedance given by:
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, (1) .
Jrqg Hy ' (dvg2h)

Z = - : (B]8)
9 Aoy T (g g2n)
where:
_ A =
Yg Vqu(cg Jweg) (B19)

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 perfectly
conducting ground:

2ﬂ€0
jwC = jw - (B20)
cosh ' (h/a)
and the other series admittance element is approximated [B5] as:
2
Yg " Yg (B21)
29

The excitation of this 1line is in the form of a distributed
per-unit-length voltage source, whose value is jdentical to the incident
plus ground-reflected electric field tangential to the wire:

Vo (y) = E{"C(y) + ELT(y) (B22)

At the ends of the line, where the load impedances are located,
there are additional lumped voltage sources representing the effects of
the electric field tangential to the load conductors (i.e., the electric
field normal to the earth surface). For lines which are typically very
long, the contribution of these sources to the overall response is
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typically neglected, so that only the horizontal electric field plays an
important role in the excitation of the line. However, as has been
demonstrated by Vance [B5], when the incident field 1is 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 horizontally polarized—incident fields,
and this excitation is zero.

Thus, as in the case of a general scattering body over the ground
plane, the effects of the lossy ground on this transmission 1ine
manifest themselves through a modification of the current propagation
relations (by the addition of a series resistance and the shunt
conductance in the transmission line) and in a modification of the
source excitation of the line.

B.5 Coupling of Quasi-Static Fields to Lines

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, because of the very low frequency nature of the MHD-EMP
environment, all inductors may be considered to be short circuited, and
all capacitors can be treated as open circuits. When this is done, the
per-unit-length equivalent circuit of the power line reduces to that in
Figure B9. The resistive element in this circuit represents the loss in
the conductor itself, plus any ground loss which may be present in the
problem.

When a 1ine of length L is attached to grounded loads at each end
of the Tline, the low frequency equivalent circuit shown in Figure B10
results. The resistances R] and R2 represent the effective dc
resistances of any load equipment placed on the end of the 1line, plus a
contribution of the footing (or grounding) resistances at the ends. The
resistance Rt is the total line resistance and is given by:

Ry = RL X L (B23)
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and the total voltage source is:

Vo = f [EMw) + €] ey (624)

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 voltage of the line.

Using this approach, the total quasi-dc current flowing in the line
and in the terminating resistances can be expressed as:

v

I = @ (B25)
(Ry + Ry + Rp)

In summarizing this calculative method for the quasi-dc problem,
it is possible to say that the important excitation quantity for the
line is the total tangential electric field along 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.

B.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 is 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 [B10], 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 model of the single wire
line in Figure B9 to a multiconductor line, the equivalent section of
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Fig. B9. Quasi-DC differential section of
transmission line model for above-ground conductor.

Fig. B10. Quasi-DC equivalent circuit for total line of
length L, having load resistances of R-| and R2 at each end.
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line shown in Figure B11 results. Each conductor can have a different
per-unit-lTength resistance, depending on the size and composition of the
conductors. In principle, each conductor has a slightly 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 negligible, so that all sources on
the conductors in Figure B11 are identical, and equal to the tangential
electric field at the wire location. Because the electric field above
the ground plane is a very slowly varying function of the height above
the ground due to the low frequency (long wavelength) nature of the
fields, this excitation is essentially equal to the tangential electric
field on the ground surface.

Representing each load at the ends of the multiconductor 1ine as a
simple resistance, the overall circuit model for a length of multi-
conductor line is shown in Figure Bl2a. Note that in this model, the
excitation voltage source in each line is the same as the others, and is
given by equation (B24). Given a knowledge of the various load and Tine
resistances, the individual conductor currents and the common mode (or
bulk) current on the 1ine may be computed using a simple dc analysis.

It is useful to compare this calculative approach to the electro-
magnetic coupling problem to that presented for the geomagnetic
storms [B1,B2]. The electric and magnetic fields in and above the earth
surface are calculated, based upon an assumed known distribution of
auroral currents. Unlike the presentation here, the model for the
earth [B1] 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 electric field on the conductors
themselves and using these as the excitation sources, the electric 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 field approach described in this appendix for quasi-dc
excitations can be demonstrated in Figure B12b. From the voltage shift
theorem [B11], it is seen that the identical voltage sources located in
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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. This 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."

— — —This approach-is correct,-as-long as the volitage sources in each of
the individual phase conductor are identical, as is true in the case of
quasi-static MHD-EMP excitation. However, in the case of higher
frequency excitation, such as that encountered in the high altitude EMP
(HEMP) spectrum where the phase differences of the incident field from
wire to wire become important, the ground potential concept breaks down.
In this case the tangential components of the electric field on the
wires must be used to determine the induced currents.
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