Y, T
S

Power Transmission Lines Transient
Electromagnetic Fields—A Study of Scale
Modeling and the Effects of Ground Loss

by

Pooya Taher1 Gharagozloo

A Thesis submitted to the Faculty of Graduate Studies of
The University of Manitoba

in partial fulfillment of the requirements for the degree of

Master of Science

Department of Electrical and Computer Engineering

University of Manitoba

© 2009 by Pooya Taheri Gharagozloo




THE UNIVERSITY OF MANITOBA
FACULTY OF GRADUATE STUDIES

COPYRIGHT PERMISSION

Power Transmission Lines Transient Electromagnetic Fields—A

Study of Scale Modeling and the Effects of Ground Loss

Pooya Taheri Gharagozloo

A Thesis/Practicum submitted to the Faculty of Graduate Studies of The University of
Manitoba in partial fulfillment of the requirement of the degree

Oof

iMiaster of Science

Pooya Taheri Gharagozloo©2009

Permission has been granted to the University of Manitoba Libraries to lend a copy of this
thesis/practicum, to Library and Archives Canada (LAC) to lend a copy of this thesis/practicum,
and to LAC's agent (UME/ProQuest) to microfilm, sell copies and to publish an abstract of this
thesis/practicum.

This reproduction or copy of this thesis has been made available by authority of the copyright
owner solely for the purpose of private study and research, and may only be reproduced and copied
as permitted by copyright laws or with express written authorization from the copyright owner.




Acknowledgement

Accomplishment of this thesis is a milestone in my life; I owe my gratitude to those who

have made this thesis viable.

First, I would like to thank my advisors, Dr. Behazd Kordi and Dr. Ani Gol¢, for
providing me with an opportunity to work on this challenging project. I am especially
thankful for their invaluable guidance and financial support throughout my program. This

thesis could not have been presented in this form without their help.

I would like to direct my sincerest appreciation to the committec members, Dr. Greg
Bridges and Dr. Fariborz Hashemian, who kindly accepted to be on my committee and

took the time to go over my thesis.

I would also like to thank the Government of Manitoba for their partial financial

support in the form of Manitoba Graduate Scholarship.

I must confess that during my Master’s program, I learnt more about life and people
than I did about science and engineering. I am greatly indebted to my dear friends,
Alireza, Ehsan, Gelareh, Gol, Hamid, Maziar, Nadia, Reza, Sara, Sassan, and Sima,
whom were the ones that brought me to this revelation. I am very privileged to have

known them thus far and I wish to thank them for their friendship.

Most importantly, I would like to express my deepest thanks to my parents who have
always stood by me. Though far away, but their support has always been with me. Words

cannot convey the gratitude I owe them.

(i)




To My Beloved Parents




Abstract

In this thesis, the problem of calculating power transmission line induced or radiated
electromagnetic fields is studied by decomposing the line into a large number of small
segments, known as Hertzian dipoles. Since the presence of lossy ground makes the
electromagnetic field distribution very different from that of the same dipole over
perfectly conducting ground, different approaches should be followed for the lossy and
lossless ground assumptions. The contribution of each dipole on the total electric and
magnetic field is calculated using three analytical techniques. Two of these methods are
frequency-domain solutions for the problem of dipole radiation above lossy ground,
while the third method is a time-domain exact solution for the same problem based on the
assumption of perfectly conducting ground. The theoretical background and extent of
validity of each technique are reviewed in this thesis. The results derived by applying

each method are compared with those obtained using a commercial software package.

The time-domain solution for the problem of power transmission line electromagnetic
fields is obtained using Fourier and inverse Fourier transforms, which enables us to
obtain the electromagnetic waveforms associated with power system transients. The
effect of different parameters such as conductivity and relative permittivity of the ground,
the line-to-observation point distance, height, and sag of the transmission line is studied.

Further, the impact of downscaling of transmission line on different electromagnetic

parameters is analyzed, and the appropriate scale factor for each parameter is derived.
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Introduction

1.1 Motivation

Due to their expansive physical dimensions, transmission line networks are the most
critical components of a power system from an electromagnetic point of view. They act
as huge transmitting antennas, radiating low- and high-frequency electromagnetic ficlds
into the surrounding space. At the same time, they behave as receiving antennas,
absorbing electromagnetic energy radiated by external sources, such as indirect lightning
strikes, which is carried over long distances.

Radiated electromagnetic (EM) fields, which are of strong amplitudcs, arc produced
during normal and fransient operation of transmission lines. Transmission line radiation
interference can cause major problems for electronic devices installed in the vicinity of
transmission networks for measurement, protection, and control purposes. To ensure
normal functioning of the electronic equipment present in this electromagnetic

environment, the radiated fransient electromagnetic fields must be accurately calculated.
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Chapter 1. Introduction

Further, electromagnetic coupling is a strong source of interference. Mitigation of this
interference requires an understanding of parameters which affect the coupling. Recently,
there has been concern about possible health issues associated with exposure to the
electric and magnetic fields in the vicinity of transmission lines. It is this issue which has
brought considerable media attention to the power transmission line environment.

These issues underline the need for accurate evaluation of clectromagnetic fields
arising from exposure to power transmission lincs. Since the measurement experiments
have been proved to be quite expensive, electromagnetic radiation needs to be evaluated

through numerical calculation.

1.2  Problem Definition

Radiation in the air above conductive homogeneous ground from a finite-length power
transmission line has been considered by many researchers, initiated by Sommerfeld [1]
and [2]. There is a massive body of literature describing the performance of wire
conductors energized at low and high frequencics in the air and soil.

The goal of this thesis is to propose a generalized technique for calculating the
radiated electromagnetic fields associated with a power transmission line, located above
lossy ground. To achieve this goal, the huge amount of research on this topic is reviewed
and some of the validated techniques introduced in the literature are implemented and
merged together.

It is a well known fact that the presence of lossy ground makes the field radiated from

a transmission line very diffcrent from that of the same line in an infinite homogeneous
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Chapter [. Introduction

region or above perfectly-conductive ground [3]. Therefore, in this research different
approaches arc considered towards the lossless and lossy ground assumptions.

According to the Dipole Technique [4]-[10], any radiating body may be regarded as
being made up of a large number of short dipoles. Thus, the total radiated
electromagnetic field is the sum of all the contributions from each constituent dipole. The
dipole technique, also known as Hertzian Dipole Technique [5]-[7], requires only
knowledge of the cuirent density of the radiating body as a function of time and space.

In this work, for the case of perfectly-conductive ground, use is made of direct
solution of Maxwell’s equations. However, for the case of lossy ground, two main
frequency-domain approaches towards this problem, Complex Image Theory [11]-[15]
and King’s formulation [16]-[19], are reviewed and implemented. Since the
aforementioned techniques cannot provide an accurate value for the DC component of the
electromagnetic fields, the equations derived by Olsen [20] and [21] are implemented to
complete the formulation.

The validity of the results is verified using the numerical software package NEC [22],
which is based on the Method of Moments (MoM).

In the development of the mentioned methods, the calculation of the fields depends on
the knowledge of the current along the transmission line. Therefore, to find the current
distribution along the line, when excited by known current or voltage sources, the
Modified Finite Difference Time Domain (MFDTD) technique [23] and [24] is used,
which provides the required current information for each segment of the line.

Traditional electromagnetic field computation techniques assume that the current-

carrying power transmission lines arc straight horizontal wires. This assumption results in
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Chapter 1. Introduction

a model whose clectiromagnetic fields are distorted from those produced in reality,
especially when dealing with the transient fields. To overcome this deficicney, we take
the sag of the line into account in the field calculation process by considering the exact
shape of the catenary before decomposing the line into short dipoles [25] and [26].

One of the practical techniques in the study of power transmission networks is
fabricating a scaled model of the system and performing compatibility and susceptibility
tests under controlled conditions. The reduced-scale model should represent the full-scale
equipment realistically for eleciric effect measurement purposes. Thercfore, properly-
chosen scale factors should be applied for physical and temporal parameters. The impact
of geometrical scaling on electromagnetic parameters of a power transmission line is
evaluated by making use of the similarity theory [27]-[29]. Accordingly, different scale

factors for various fransmission line parameters are calculated.

1.3  Thesis OQutline

Chapter 2 of this thesis is devoted to calculation of the electromagnetic fields associated
with a power transmission line located above Perfectly Electric Conducting (PEC)
ground. In the first part of Chapter 2, the dipole technique is introduced. As it was briefly
mentioned before, this technique is based on decomposing the line into many small
segments and finding the total radiated electromagnetic field in the vicinity of the linc as
the summation of all the contributions from each dipole. The second part of Chapter 2
deals with the time-domain solution of Maxwell’s equation for the problem of a dipole in
free-space. This solution is combined with the image theory [3] to take the effect of the

ground into account.
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Chapter 1. Introduction

Chapter 3 reviews the massive volume of rescarch done on the subject of dipole
radiation above finitely-conductive ground. Next, two fundamental and experimentally
validated methods towards this problem are introduced and the formulas for the electric
and magnetic fields arc reviewed in detail. The first method reviewed in this chapter is
King’s proposed frequency-domain solution to Maxwell’s equations using a Fourier-like
transformation [16]-{19]. The mathcmatical manipulations and all the approximations
used in this method are discussed in detail. The second technique is the complex image
theory proposed by Bannister [11]-[14]. This technique is mainly based on solving the
integrals encountered in Sommerfeld’s solution using mathematical approximations. The
physical interpretation of such approximations and the validity of this method are
discussed in detail.

In Chapter 4, a parametric study on the scaling of different quantitics affecting the
behaviour of a transmission line is done and an appropriate scale factor for each
parameter is derived.

Chapter 5 presents the implementation details of different techniques introduced in
this thesis. The results obtained by applying these methods for different geometries and
different source excitation waveforms are shown and discussed.

Chapter 6 summarizes the work donc in this research and discusses the possible future
work to be accomplished.

The methods proposed by King and Bannister are based on complicated mathematical
manipulations. Appendix A and B of this thesis present the computational work done by

King and Bannister in detail.
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Chapter 1. Introduction

To study the effect of the conductor sag on the power transmission line

electromagnetic fields, the exact shape of the catenary is considered before decomposing
the line into short dipoles. The modifications applied to make the calculations more

accurate are discussed in Appendix C of this thesis.

(6)
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2.1  The Dipole Technique

One of the methods mainly used for calculating the emitted electric and magnetic fields
from an energized body is the dipole technique [4]-[10]. In this technique, the source is
assumed to be made up of a large number of short dipoles. The total radiated
electromagnetic field in the vicinity of the radiating body can be found as the summation
of all the confributions from each constituent dipole. All the constituent dipoles are
required to be much smaller than the wavelength of the current and voltage signals. In
antenna theory, such dipoles are called Hertzian, short, or infinitesimal dipoles [3].
Hertzian dipole is a radiating wire which is short enough so that the current passing
through it can be considered to be constant along its whole length. Hertzian dipole is a
theoretical concept and cannot physically exist [3]; however, a very short dipole antenna

1s a reasonable approximation.

(7)




Chapter 2. Electric and Magnetic Field Emission over PEC Ground

Due to its usability, the dipole technique, also known as Hertzian dipole technique, has
been used for finding the electric and magnetic fields from a transmission linc [8]-
[10]. In this application, the main idea is to decompose a transmission line into many
small segments. Each segment can be considered as a small dipole antenna. The dipole
technique requires only knowledge of the current density of the radiating body as a
function of time and space. The configuration of a decomposed horizontal wire is shown
in Figure 2.1 [9].

Hertzian dipole technique requires the segiments to be very short comparing to the
shortest wavelength of the transmission line current. Also the distance between the
observation point and cach of the constituent dipoles should be greater than the length of
the segments. Consequently, the main drawback of the dipole technique is the

considerable computation time of this approach for a valid implementation.

Hertzian Transmission Line
Dipole x=x'
L [ 70 [ [ o 1 —p] L] fel—x
............. \..“‘ X . . . "."’_,'
@
Observation Point
E':ZEi

Figure 2.1. Configuration of a horizontal current-carrying wire, decomposed into small dipoles.
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Two other techniques have been proposed to approach the problem of radiation from a
transmission line. The first technique is the ramp method [30], in which the transient
current waveform cairied by the transmission line, is decomposed into a number of ramp
functions. The total electromagnetic field is then obtained as the summation of the
responses to all the ramp functions. The accuracy of this model is heavily dependent on
the number of ramp functions used for the approximation [30]-[32]. This model’s
applicability is limited to simple radiating structures for which the ramp response of the
system is already obtained [30]-[32]. The second method is an analytical approach to
solve the Telegrapher’s equations [31]-[33]. This analytical technique has been applied to
both lossless [31] and [32], and lossy [33] power transmission lines. In this approach, the
line is approximated as an infinitely long structure and the ground is assumed to be PEC.

Despite the expensive time-consumption of the dipole technique, due to its general
form, it can be incorporated to find the electromagnetic fields in the vicinity of a lossy
sagged power transmission line with a finite length, located above lossy ground. This is
the main reason for choosing this approach in this thesis.

Ease of use and generality of the dipole technique have made it possible to apply this
method for a wide range of applications in power system and electromagnetic
interference problems. Some of the applications of this method which have been studied
in the literature can be listed as power system switching transients [10], high-frequency
radiation from interconnect cables [8], lightning return stroke modelling [1] and [7],
transients due to powecr clectronic converters [34], and electromagnetic radiation in high

voltage substations [9].

)
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It has been shown that as the dipole size approaches zero, the results of the dipole
technique will be the same as those given by the exact analytical model (if such solution

exists) [31] and [32].

2.2 Radiation from a Horizontal Dipole

As discussed in the previous section, in order to find the total electromagnetic field in the
vicinity of a power transmission line, first we necd to find the contribution of each
constituent dipole on the electric and magnetic fields. In this section, we derive the time-
domain electromagnetic field expressions associated with a finite-length dipole.

The conventional solution to find the EM radiation from a finite-length antenna starts

with the time-domain Maxwell’s equations for a single antenna in free-space [4]-[7],

V.E = p/Eo, 2.1
V.B = 0, 2.2)
VXxE = —9B/0t, 2.3)
VxB = + ( ! ) oE 24
- !’IO] CZ at, ( . )
where,
c? = 1/pyeq, 2.5)

and €, and iy are the permittivity and permeability of the air, respectively.
The convenient way to solve these four fundamental equations is to write the electric

and magnetic fields in terms of scalar and vector potentials and solve for the potential

(10)
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quantities first. From the knowledge of scalar electric potential, ¢, and vector magnetic

potential, A, we can find the electric field, E, and magnetic ficld, B, vectors as,

E = —V¢ — dA/ 0, 2.6)
and,
B = VXA, 2.7
where,
1 p(r't—=R/c)
P, t) = Tes fv 7 av, (2.8)
Lt—R :
A(r,t) = La) f udv, (2.9)
4 ), R

and, we choose

1
V.A+ (—2)— = 0, (2.10)
C

where R is the distance between the dipole and the observation point [4], [7].

Consider a horizontal small isolated dipole of length L, located at the point I’ in free-
space and carrying an arbitrary current i(r’, £) [7]. The electric field intensity, E, and the
magnetic flux density, B, at any arbitrary point, r, in the space may be derived in the
time-domain, from Maxwell’s equations in terms of the vector potential, A(r, £):

JA(r,t)

E(r,t) = — 5%

£
+c? f VIV.A(r, 1)]dz, (2.11)

where,

(1)




Chapter 2. Electric and Magnetic Field Emission over PEC Ground

L . g
Alr,t) = %[i (r',t—h—ﬂ)]/[r—ﬂ. (2.12)

I have used the usual notation of representing field points by unprimed coordinates

and source points by primed coordinates. Figure 2.2 shows the configuration of the dipole
and observation point in free-space [5].
Without loss of generality and just to make the calculations simpler, the dipole can be
assumed to be located at the origin and extended along the x-axis. The procedure to be
followed for finding the field expressions is the well-known method used by Uman [6]
and [7], which is re-derived for the Cartesian coordinate system. Deriving the field
expressions in the Cartesian coordinate system allows us to directly apply superposition

to the contribution of cach dipole.

Z
A Source
(Radiating Body)
L=1a, _ Hertzian
Dipole
......... [r-']
""""""""" Observation
Point
e S

S r

1. By

Figure 2.2. A horizontal dipole in free-space.
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The vector potential associated with a horizontal dipole located at the origin of

coordinate system, shown in Figure 2.3, is given as:

Li(t—R/c
A = 4A.A, = [%—L—R—L)-} a,. (2.13)
From Equation (2.7) we find,
a4, 4,
Hol — _?_ _a__
B=VXxA= an dx dy dz| 2.14)
i(t—R/c) -
R
Thus,
B - ol {0 |it—=R/c)] . a9 li(t—=R/c)
 4n |7V oz R azay R
_ ol (@ (1) (1)6i(t—R/c) R
= 4H{éz R i(t—R/c)+ R e a, (2.15)

_ .‘.‘O_L{% (1) i(t— R/c) — (%) w} .,

dy

41 R

Figure 2.3. Geometry of an x-directed horizontal dipole, located at the origin in free-space.

(13)
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Since,
R = (x* +y?+ 2912, (2.16)
it follows that,
a Y .
-a—}—][t(t—R/c)] = —-C—Rt(t—R/c), .17
and,
d .
E[i(t —R/c)] = i(t—R/0c), (2.18)

where primes indicate derivatives with respect to the whole argument, (t — R/c) [7].
Using the above equations, we can find the relation between the time and space

derivatives of the current as follows,

di(t —R/c) x\0i(t—R/c)

ax (EE) ac @19
dit — R/c) v\ Bit — R/C)
% =~ (—CTR-) — (2.20)
di(t — R/c) z~\0i(t—R/c)

97 - (E) T @20

To simplify Equation (2.15), we will also need the following relations for the space

derivatives,
ds1 X
A az)
d /1 y
5(_5) = ~% 2.23)

(14)
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d r1 z
—(—) = —— (2.24)

Now, by substituting Equations (2.19)-(2.24) into Equation (2.15), we can writc the

whole expression for the magnetic flux density vector, B, as,

B = _MGLZ{(%)i(t—R/c)-F( ! )ai(t"R/C)}ay

4 cR? at
(2.25)
toly (1Y (1 )ai(t—R/C) .
T {(RS)‘(t RIOH )™ a0 | &=

To determine the expression for the electric field intensity, we need to make usc of

Equation (2.11) [7]. We begin by finding,

VA =

dA, _ (ﬁDL)i[i(t—R/c)}

ax  \an/)3x| R
2.26
_ %[@) di(t ng/C)_(%)i(t—R/C)}- o
The integrand in (2.11) is given by,
v = 2 )5 @ e - el
(o ey
- % ()i~ r /c)}} a, 227

oL (0 |1\ Bi(t —R/c)
+7{5§[('§)*‘"—ax }

-l ie-rola,

(15)
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By expanding Equation (2.27), we will have

V(V.A) di(t - R/c) 02i(t —R/c)
pol /4w [( R3) 0z +(R) dxdz

+(3 )l(t-—R/C)-—- (_)al(t—R/c)] A,

dx
di(t - R/c) 3%i(t—~R/c)
#| ) E S ()
+ (3_3152) i(t=R/c)— (Rs) diC ;yR/C)] dy (2.28)

R R G
.

-é—) i(t - R/c) + ( )l(t —R/c)

( )al(t - R/C)]
R3

By applying the relations between time and space derivatives found in Equations

{2.19)-(2.21}, it is shown that,

a%i(t—R/c) @ (—x) Bl(t—R/c)]

dyox By
R di(t —R/c) 3%i(t — R/¢) e
= ‘( )[(R3)———6_t—————+ (R)(CR)T}
62i(t—R/c) 0 di(t —R/c)
dz0x T 9z {( dt }
(2.30)

P A@ =

(16)
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azi(t-—R/c) d (—x) 8L(t—R/C)]

dx? T ox

3 al(t-—R/c) x*\di(t —R/c)
N (_EE) at (cR3) at @30

; a%i(t —R/c)
( ZRZ) atZ

Also, from Equation (2.12) we have,

0A L (1)ai(t—R/c) N
dt  4meyc? |\R ot % @-32)

Substituting (2.29)-(2.31) into Equation (2.28) yields,

V(V.A) [(3x

1
oL/ ‘é‘s"__)t(t—R/C)'}'(

3x2 1 \di(t—R/c)
cR* CcR? dt

i
2R3 X

)62L(t - R/c)}

4 i(t—R/C) + (Bxy) di(t —R/c)

at
(2.33)

+

cZR

L (sz it —RJO) + (3xZ) ai(t ;tR/C)

(e
()
( Xy )aza(t—R/c)} a,
()
(

Xz )621(t - R/C)}

+ cZR3

Now we can write the second term on the right side of Equation (2.11) as,

(17)
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t L 3x? 1 t
” )
c f_ V(V.A)dt = T EO{(-————S —~—3)L1(T—R/c)dr

3x 1 di(t —R/c)
+(m———)z(t—R/c)+( R?’) e }3x

41560 {(3;3)) ftz(r — R/c)dr + ( )L(t —R/c)

xy \Oi(t—R/c)) .
- (G2 TR,

L {(%) f:i(r —R/C)dr + (f%) i(t—R/c)

47ey {\ R®
xz \0i(t —R/c)} .
()"

Thus, substituting {2.32) and (2.34) into (2.11) yields

(2.34)

2

L (/3x2 1\ (¢ 3 1
E = 4%0{(%—5)] i(r—R/a)dH(—%————)L(t—R/c)
¢
x? di(t—R/c)
+ () e

L {(3 y)j t(T—R/C)dT+( )L(t——R/c)

4mey |\ RS

+( 2R3) di(t ‘;tR/C)} a,

L {(ﬁ) f;z(f —R/c)dT + (%) i(t - R/c)

dmeg |\ RS

+ (CZRB) di(t gtR/C)} i

(2.35)

(18)
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In Equation (2.35), the terms proportional to the integral of the current are called the
electrostatic fields. In Equations (2.25) and (2.35), the terms proportional to the current
are called the induction fields, and the terms proportional to the derivative of the cuirent
are the radiation fields [4]-[5], [7]-

It should be pointed out that the electrostatic, induction, and radiation terms will
respectively be the dominant terms in the near, intermediate, and far distances.

Equations (2.25) and (2.35) represent the field equations when the dipole is located at
the origin. If the dipole lies along the z-axis at an arbitrary coordinate 2, the field may be
obtained by substituting (z — z') for z in Equations (2.25) and (2.35). Similarly, if we
move the dipole to the point (x,y,z), the total field can be found simply by substituting

(x —x) forx, (y —y") for y, and (z — z) for z in Equations (2.25) and (2.35) [7].

2.3 Radiation from a Vertical Dipole

In Chapter 4 and Appendix C, it will be shown that in order to take the effect of sag of the
conductor into account, we can decompose each segment of the transmission line into
horizontal and vertical vectors as shown in Figure 2.4. This technique provides a more
accurate approximation for the fields radiated from a transmission line especially in the
transient case.

Consequently, we need to determine the expressions for the clectric and magnetic
ficlds, associated with a vertical dipole. For the case of a dipole, located in free-space,
this is simply achieved by applying a rotation of the coordinate system to the results of a

horizontal dipolc.

(19)
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Sagged

Conductor /
R . RS

Figure 2.4. Configuration of an arbitrarily-oriented segment of a sagged conductor, decomposed into
horizontal and vertical segments.

For a vertical dipole shown in Figure 2.5, the time-domain vector potential is given by,

INiI(t—R/c
A=A,4 = l(ion) ( - / )} a,. 2.36)

Following the same procedure used in the previous section, we can determine

expressions for the magnetic flux density and the electric field intensity [4]-[7] as,

B = B4, + B,a,, 2.37)
where,
e (TN EALEC N
b - B ros (G e
And,
E =E,a,+Ea, +E,a, (2.40)
where,

(20)




Chapter 2. Electric and Magnetic Field Emission over PEC Ground

E, = {(3—xz—)foti(r—R/c)dr+(%)i(t—}?/c)

 4mey |\ RS

(2.41)

( Xz )ai(t'—R/C)}

c?R3 ot ’

t
L = 4;} {(%—Z-)fo i(r — R/C)dT + (%)i(t*}?/c)

(2.42)

( yz )ai(t—-R/c)}

c2R3 at '

2 t 2
E, = 4;60 {(%—%)L i(t—R/c)dt + (?%Z"C%)i(t —R/c)

(2.43)

N z2 1 \adi(t —R/c)
c2R3 ¢?R Jt )

: z

4 P(xy2)

®

R .- :

g [

L=La, \ ---- !

L —‘.‘ .y : - y
........... a,!
es] } -...-.-..ﬁ&
ﬁy
ay

Figure 2.5. Geometry of a vertical dipole, located at the origin in free-space.
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2.4  Extension of the Results to the Case of an Arbitrarily-
Oriented Dipole

The clectromagnetic field expressions of a vertical infinitesimal dipole, located on the z-
axis were obtained in section 2.3. Now, consider the infinitesimal dipole shown in Figure
2.6, located at point P'(x,y, z"), with an arbitrary orientation defined by the unit vector:
n = cosad, + cosf 4, + cosy 4, [35].

In order to calculate the value of electromagnetic fields at a given point P (xy, Vo, Zo),
we need to derive a generalized form of the equations derived in the previous section.

The equation for line I is given as,

X=X VN —-Y  Z—zZ

= = = L. (2.44)
cosa cosf cosy

r Py

vV
e

Figure 2.6. Configuration of an infinitesimal dipole with an arbitrary orientation in free-space.

(22)
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The parametric form of the line equation can be derived as [35]:

x, = kcosa +x’

y, = kcosff+y.
z, = kcosy+z

Since n and NP vectors are perpendicular to cach other, we have

Xg—kcosa —x

n.NP = 0 - [cosa cosf cosy]|y,—kcosf—vy'| = 0.

zo —kcosy —z

From (2.46), we conclude,

k = (xg—x)cosa+ (yg—y)cosf + (zo — z) cosy.

Further,
ro= \/(x1 —Xp)% + (y1 — ¥o)? + (21 — 2p)?,
and,
h =Gy —x)2+ (3 —y)? + (2, — 2)% sgn(n.P'N),
where,
1 x>0
sgn(x) =40 x=0.
-1 x<90

As aresult,

nP'N = (x; —x)cosa+(y, —y)cos B + (z, —z) cosy.

(2.45)

(2.46)

(2.47)

(2.48)

(2.49)

(2.50)

2.51)

So the unit vectors in the new coordinate system can be mapped into Cartesian unit

vectors as follows [35],

(23)




Chapter 2. Electric and Magnetic Field Emission over PEC Ground

a, = n = cosad, +cosfa,+cosya, (2.52)
ar = NP xo—xlﬁ -|-y°_ylﬁ +—ZO_Zlﬁ (2.53)
" |NP| r ro 7 r 7 '

(2.54)

And the components of electric and magnetic field intensity vectors associated with a

dipole oriented along line L, are given as [35]:

Xg — X
E.(P,t) = cosaE,(P,t)+ E, (P, 1), (2.55)
E,(P,t) = cosf E (P, ) + Yo ;y LE,(P,D), (2.56)
Zyp— 2y
E,(P,t) = cosy E,(P,t) + E, (P, ¢t). 2.57)
Zy— Z —
H(Pt) = (& . Lcos B — 22 . M os Y)Hg (P, 1), (2.58)
xO - X ZO - Z1
H,(P,t) = ( cosy — cosa)Hy (P, t), (2.59)
— Xg— X
H,(P,t) = (yLr——Xl cosa — =L cos BYH4 (P, t). (2.60)

where Ej(P,t) and E,(P,t) are the horizontal and vertical components of the electric

field, and Hy (P, t) is the angular component of the magnetic field in the local coordinate

system at point P.
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Thus, the total electromagnetic fields at point P caused by a current flowing in an
arbitrarily-oriented wire can be calculated by dividing the wire into segments and adding

up the contributions of all segments.

2.5 The Ground Effect and Image Theory

The presence of an obstacle, especially when it is near the radiating element, can
significantly change the overall radiation properties of the radiating system. The most
common obstacle that is always present is the ground. Any energy from the radiating
clement directed toward the ground undergoes a reflection. The amount of reflected
energy and its direction are controlled by the intrinsic parameters of the ground [3].

To analyze the performance of an antenna near a perfectly-conductive surface, virtual
sources (images) are introduced to account for reflections [3]. As the name implies, these
are not real sources but imaginary ones, which when combined with the real sources,

* form an equivalent system. The orientation and direction of the image dipoles for the

horizontal and vertical dipoles are shown in Figure 2.7 [3].

Actual
I Sources
h
hi g =X
v A
g o---- ¢ Images

Figure 2.7. The image geometry of horizontal and vertical dipoles.

(25)
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It will be shown in Chapter 3 that the concept of image theory can be modified in
order to include the finite conductivity of the ground in the calculations.
Figure 2.8 shows the configuration of a line decomposed into small segments and its

image below the surface of a PEC ground [9].

TRANSMISSION
LINE
Lttt T — LT rividg

IMAGE

Figure 2.8. A decomposed transmission line and its image.
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Chapter 3

Electric and Magnetic Field
Emission over Lossy (

3.1 Introduction

The transicnt and stcady-state currcnts and voltages present in power transmission lines
produce strong electromagnetic fields with possibly unwanted effects. In the previous
chapter, an analytical time-domain method was suggested to predict the magnitude of
such electromagnetic fields when the line is located above hypothetical PEC ground.

In this chapter, we study the analytical methods for finding the electromagnetic fields
within the vicinity of a power transmission line located above lossy ground. To
implement these methods, first the dipole technique introduced in the previous chapter is
used to decomposc the line info a large number of small dipoles. Next, the clectric and
magnetic fields associated with each dipole are calculated when the dipole is placed over
finitely-conductive ground. Finally, the total ficld is found as the summation of the ficlds

emitted from each constituent segment.
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The presence of a finitely-conductive boundary makes the electromagnetic ficld
distribution very different from that of the same dipole in an infinite homogeneous region
or over PEC ground [16]. This fact was first acknowledged morc than 100 years ago by
Arold Sommerfeld [1] and [2], who derived the cxpressions for electromagnetic fields
associated with an infinitesimal clectric dipole located above a lossy half-space.
Sommerfeld derived general complex integrals for the corresponding Hertz potential,
from which the components of the clectromagnetic fields can be determined by
differentiation. The expressions for this traditional solution consist of integrals known as
Sommerfeld-type that cannot be evaluated in closed form, and due to their highly
oscillatory nature are difficult to calculate numerically {36].

Since then, this classic problem has received a significant amount of attention by many
investigators who have tried to obtain more explicit and easily implementable expressions
for the corresponding electromagnetic fields [16]. Consequently, sets of analytical
approximate formulas have been derived in restricted ranges of parameters and variables
[37]-[41]. These methods are mainly valid within a certain set of restrictive conditions on
the distance between the source and the observation point. These ranges are mainly
known as the quasi-static or near-field [42]-[44], the intermediate ficld [45], and the far-
field or asymptotic field [46].

In this study, I have focused on the two of the main approaches applied towards this
problem. In these solutions, electromagnetic integral expressions are transformed into a
form that keeps the generality of the original formulation while improving the

computational cfficiency of the problem from a numerical implementation standpoint.

(28)
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Formulas derived by King and Wu [16]-[19] provide a single continuous range over
all distances from quite close distances to infinity at all useful frequencies. This set of
formulas is obtained by solving the Maxwell’s equations subject to a set of boundary
conditions. The field expressions derived by King have been cxperimentally verified at
f = 1-10 Hz in the exploration of the Earth’s crust, at f = 25-100 Hz in the detection of
submerged submarines, and at f = 0.9-1.8 GHz to determine the ficld in the human head
due to a hand-held cellular fransceiver [19].

The second method, studied and implemented in this thesis, is based on the work done
by Peter Bannister [11]-[14]. As discussed in the previous chapter, basic antenna theory
entails that the fields produced by a wire of any length, when placed over PEC ground,
can be represented by the combined ficlds of the wire and its image {3}, A method known
as complex image theory [12] suggests that if the reflection medium is not perfectly-
conductive, the image of the source will be a line source in the complex space.
Physically, the essence of complex image theory is to replace the finitely-conductive
earth by a perfectly-conductive one located at the complex depth d/2, where d = 2/y,
and v, = [jouy(o, + jwe,)]Y? is the propagation constant in the earth [11]-[14]. o,
and €, are respectively the conductivity and relative permittivity of the ground.

During the past several years, complex image theory has proved to be quite useful in
determining the fields of antennas located near the earth’s surface for both single-layered
and multi-layered ground [13]. The only restriction on the use of this technique is that it
requires |n|? = 10, where n = y,/¥,, and y, and y, are the propagation constants in the
air and in the earth, respectively [14]. This condition is similar to the one required in

King’s formulation.

(29)
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Unlike the analytical time-domain method reviewed in Chapter 2 for the case of
perfectly-conductive ground, the two approaches reviewed in this chapter are frequency-
domain techniques. Thus, for time-domain applications such as calculation of transient
fields radiated from power transmission lines, we need to apply Fourier and inverse
Fourier transtorms to the current and field waveforms. In this chaptcr, a phasor notation

is used to represent the electric and magnetic field intensity vectors.

3.2 King’s Formulation

In the pioneering work of Sommerfeld [1] and [2], the electromagnetic fields associated
with a horizontal electric dipole are expressed in terms of derivatives of general integrals
of the Hertz potential. This formulation was also used by other investigators including,
Wait [37]-[40], and [47] and Bafios [41].

More recently, integrals for the components of the electromagnetic fields were derived
directly from Maxwell’s equation by King and Wu [16]-[19]. This last derivation is
| summarized here. Unlike earlier approximate formulas, the expressions derived by King

provide a single continuous range over all distances from quite close to infinity at all
useful frequencies. The near, intermediate, and asymptotic parts of the range join
smoothly and continuously [16].

King and Wu deal directly and systematically with the ficld itsclf and not the Hertz
vector [16]. Their set of formulas satisfies Maxwell’s equations and the required
boundary conditions consistently. The major limiting conditions on application of this
method are k2| > kZ and |k,p| > O(1), where p is the radial distance from the source

[19]. In the sequence of approximation steps, the direct and the ideal-image fields are
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separated. Some of the integrals are computed exactly by analytical means and large-
argument approximation for the Bessel functions are only applied to some of the intcgrals

[16].

3.2.1 Maxwell’s Equations and Their Transformed Form

Consider the x-directed horizontal clectric dipole shown in Figure 3.1, located at z = d
on the z-axis. The wave numbers of two regions are k; = w(ueé,)"?, where €; = ¢; +
Jo;/w and i = 1,2 [16]. Tt is assumed that both regions are nonmagnetic so that u; =
M2 = po. Maxwell’s equations in the two regions arc derived assuming exp(—jwt) time-

dependence:

>y

N

Region 2 {Earth)

Figure 3.1. Geometry of an x-directed horizontal dipole, located on the z-axis above finitely-
conductive ground.
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VXE; = jwB,, 3.1
and,
VX B; = pp(—jw&E; +8/y), (3.2)
where,
J = 808z — d). (3.3)

is the normalized volume density of current in the dipole. Equations (3.1) and (3.2) are to

be solved for E; and B;, subject to the following boundary conditions [16],

Elx(xryr 0) = EZx(xry: O): 3.4)
E1y(x;y: O) = Ezy(xl y: 0); (3.5}
kiE1,(x,3,0) = ky Ep,(x,¥,0), (3.6)

; Bi(x,y,0) = By(x,y,0). (3.7

The translational invariance of the boundary in the x- and y-directions suggests the use

of the transform,

1 A _
E(x,v,2) = Wj f e/ CMIE(E, 5, 2)dn dE, (3.8)

and a similar one for B(x, y, z) [16].
The transformed form of J, (x,y,z) is

L& nz) = 6(z—d). (3.9)

Following a massive amount of mathematical manipulations reviewed in Appendix A,

the integrals present in the transformed form of Maxwell’s equations can be evaluated
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approximately subject to the condition |k, /k;]* » 1 [16]-[19]. The components of the

electromagnetic fields at any point (p, ¢, z)} in the air are then obtained as below,

Whp . 2 2j
Elp (p: Qba Z) = 4-T[k1 cos qf) [e]kﬂ”} [;1_2_ + _}_{_;E

z—d\* [jky 3 3j
Y (32
N noon kn

. 2 . .

— plkire i_{_i_{_(z_{—d) J_f{_f___g__ 3J
s k) o o 1r ks

Zkl(z+d) Jjke 1
k, \ 7y r, T

(3.10)

i =__w'u0 3 Jkary jk_l_l_.. ]
F E1¢(pt d)i Z) 47Tk1 s 4) (e n le k1r13

_ eJams __Z_IEE(ZJ“d) e 1 ;
ko \ my 7 @11

2272 2 z+d\[(jk, 3  3f
+—1[ +- +( )(j——‘——-——— j)

k2 |nf kgrd Ty o 1 kg

(%)”e—mm]}),

2jkt )2
_l_fl(z)

k3p \p.
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w : z —d\ [k 3 3
Ho cos ¢ { —efkin (E)( ) {_Cl___i_ 13
47Tk1 T1 Ti Ti ?‘1 klﬁ
pon(2) (1) (1 _3 3
_H i, (£) jl 1
k2 T2 s TZZ
) el
-7 e /PF(P
ks ket )
T‘1 le
— ejkﬂ”z (Z + d (‘ﬁ — i)
Z
2 .
+3’£19m1r2 - + d) o 33
ez klrz 2 o ks
jk? (?’2)2( T )1/2 . ”
| +—=(=2) (=] e PEP)|},
! kzp p kﬂ"z ( )
z—d\ {jk 1
Biy(p, ¢, 2) = Ecosqb{ef"l’l( )(L}'_'"E)

— glkamz (Z_Z_d) ﬂi__l__
Ty i) T22

Elz(p; gb;Z) =

(3.12)

Bip(p,,z) = g—-smqb{eﬂcm

(3.13)

(3.14)
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Bi,(pp,z) = — g% sin ¢ (ef"z"z (E) (ﬂfl — _15)

I [ Tl
— plkar2 (_‘2) J_’i{ — ._1_.
IOVANS O
)k, \ 7 o T k) )
ki1 3j 3
k% Tzz kl?”z3 k%r;

z+d\*(jk, 6 15j
+( T ) R ks ’
2 2 2 172

where
2
_ (S+Z+D) ’ (3.16)
R
with
i I3 k?z kid
§ =2, - _192.; =2 p= 12 3.17)
Zkz 2k2 2k2 2](2
And,
1 L
F(P)y ==-(14+))—| ——=dt, 3.18
P) = (1 +)) fo(znt)uz (.18)

where the integral in the right hand side of Equation (3.18) is the Fresnel integral [48].
1, and 7, are respectively the distances from the clement of current and the perfect-

image element to the point of observation; that is:

n o= [(x=x)2+ (=) +(z—-2)%]2 (3.19)
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o= [(x—x)2+(y—y)+(z+2)2]V2 (3.20)

The accuracy of representation increases as the valuc of |k,/k,| grows larger. The
derived equations give the complete electric and magnetic fields subject to the inequality

ey /dei| > 1orlk,| = 3k, [17]-[19].

3.3 Complex Image Theory

As mentioned earlier, the expressions of the traditional solution to the classic problem of
field computation for an infinitesimal dipole radiating above a finitely-conductive plane,
consist of integrals of the Sommerfeld-type [2]. These expressions cannot be evaluated in
closed form, and due to their highly oscillatory nature are difficult to cvaluate
numerically [36]. A method known as complex image theory [12]-[15] is used to derive
explicit electromagnetic field expressions for dipoles of arbitrary orientation above lossy
surfaces. It has been shown that the formulation for a horizontal dipole contains an image
in the complex plane resulting in a diverging exponential term which is contribution of
the image [15]. Comparison of numerical results from complex image theory and the
original Sommerefld-type expressions shows good agreement as well as a speedup in
computation time of many orders of magnitude [45].

The total field in the half-space of the original source can be calculated as the sum of
the fields from the original and image sources in the homogeneous space. Image theory is
best known for the case of a perfectly electrically conducting plane, in which the image
of a dipole is another dipole [3]. However, if the reflection medium is not a perfectly-
conductive surface, the image of a point source will be a line source in the complex

plane. The form of the line source is given by the complex image theory [12].
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The physical basis of complex image theory is to replace the finitely-conductive earth
by a perfectly-conductive plane located at the complex depth d/2, where d = 2/y, and
V2 = [jwuo(o, + jwe,)]/2 is the propagation constant in the earth. Analytically, this
corresponds to replacing the Fresnel reflection coefficient, (uy — A1)/ (u, + A),
encountered in Sommerfeld integrals, by exp(—Ad), where A1 is the variable of
integration [11].

For low frequencies and measurement distances much less than a free-space
wavelength, it is permissible to neglect the displacement currents both in the air and in
the ground. The displacement current in the ground becomes more important at higher
frequencies [12] and [45].

The major disadvantage of the complex image theory is that it has mainly been applied
in the quasi-static range [15], [43], and [49]. More recently, it has been shown that the
use of complex image theory can be extended to any range to obtain new formulas for the
electric and magnetic fields produced by the four elementary dipole antennas, Horizontal
Electric Dipole (HED), Horizontal Magnetic Dipole (HMD), Vertical Electric Dipole
(VED), and Vertical Magnetic Dipole (VMD), for the air-air, air-surface, surface-air, and
surface-surface propagation cases [11]}-[14], and [45]. The only restriction on the use of
this technique is that it requires [n?] = 10, where n = ¥, /¥, [13].

The main reason for using the concept of an image is that it provides a simple picture
that enables one to write the total ficld above a conductor immediately without resorting
to the necessity of solving thc appropriate differential equations. In addition, in contrast
to the integral terms resulting from full analytical solution, the expressions obtained using

the image method are relatively simple.
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3.3.1 Finding the Finitely-conductive Earth Image Depth

Several methods are available for deriving the depth of a perfectly-conductive plane that
can be used to replace the finitely-conductive ground. The most general method is
equating the wave impedance, Z, at the surface (z = 0) for the two cases shown in
Figure 3.2 [12] and [13].

For case A, in transverse electric (TE) propagation,

2

) 3.21
V1—vE/vi (-21)

ZA:

. 1/2
where ¥y = —w?pgey, v = joug(o, + jwe,), andn, = (&) [12] and [13].

g+ jwey
For case B, we can write

Zg =~ nq tanh(yozy), (3.22)

where 7, = +Jig/€ ~ 1207 [12] and [13].

Perfectly Conducting Earth

Figure 3.2, Replacing the finitely-conductive ground with PEC ground, located at the complex depth
Zn
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For small values of y;2z, tanh(y,2z,) = y,2;, and

Zp = MY1Zy = JOpeZy (3.23)

Equating the two impedances results in

1 1
o= 1—v2/2 a 7.2
vod1—vE/vi vV

(3.24)

Since the image depth is equal to 2z, for TE propagation, the image depth dpg for a

wire on the surface of a finitely-conductive earth can be expressed as [12] and [13],

~ 2 _ 2/]/2
JE-vE  J1-1/n%

Arg (3.25)

subject to the condition that ]\!nz — 1| = 2.

Similarly, for transversc magnetic (TM) propagation, since

Zy =M [1 — ViV (3.26)

then,

2 2
dry = s 1-vi/vi = V_V 1-1/n?, (3.27)
2 2

subject to the condition that I\/nz - 1| > 2[12] and [13].
If |n?] > 10, Equations (3.25) and (3.27) reduce to

d = drg = dry = 2/7,. (3.28)

Another way to determinc the image depth is to compare the results obtained from the
image theory with the known analytical results. For z = 4 = 0, the HED Hertz vector is

exactly equal to
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21L

1, = _ (1 +yp)e P — (14 y,p)e 72P], 3.29

while the image-theory result is [12] and [13],

IL e_]’lp e_ylpi
I, = . - ) 3.30
o an(jweg) Ll p pi (30
where p; = (p? +d3;)V2.
When Re(y,p) > 1, Equation (3.29) reduces to
1 1L ( 2 ) (1471 p)e 7P
~ - € ’ 3.31
x 4‘71’(]0)60) }/22 ___ylz Yip ( )
while Equation (3.30) becomes,
1L d%;
. = 1 e, .
P 4MM%M42 (1 +y;pde (3.32)
Equating (3.31) and (3.32) results in
2

o~

drg » ———, (3.33)
V¥3 —vi

which is identical to Equation (3.25) [12] and [13].
Solution proposed by Wait and Spics [47] suggests that another way to determine the

image depth is to expand the function f(u,) = e*1¢ (%) in a Taylor series about
1 2

uy = 0, resulting in

U, — U 1 sudy?
27w [1+_(_i_) +l (3.34)

where d is given by Equation (3.28) [12] and [13].
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Introduction of the Taylor series in the exact equation yields an image at a distance
h +d from the ground plane [12], [13], and [47]. Higher order terms represent multi-
poles at the same distance [50] and [51]. Usually the effect of such terms may be
neglected due to their small values. It should also be pointed out that a high accuracy is
unwarrantable for many applications due to the uncertain value of the earth’s
conductivity [13] and [50].

Detailed schematic of the horizontal dipole, the ideal and complex image, the complex

depth, and the observation point are presented in Figure 3.3 [11]-[14].

RECEIVER
A
SOURCE
.
z
i
AIR

¥

V% S SN

EARTH
/2
IMAGE PLANE

Y
COMPLEX IMAGE

Figure 3.3. Geometry of the complex image theory for an infinitesimal dipele.
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3.3.2 Solving Sommerfeld’s Integrals Using Complex Image Theory

Complex image thcory was cmployed because the integrals encountered in the exact
solution could not be generally expressed conveniently in closed form [15].

For the semi-infinite conducting medium situation where both the source and
receiving antenna are located above the earth’s surface, the Sommerfeld intcgrals to be

evaluated are of the type

I = fo ’ (Zz ; ;) e AR (Ap)d2, (3.35)
where,
V1 = jwlugen)t?, (3.36)
V2 = [jouy(oy + jwe,)]V?, (3.37)
u, = (A2 +yHY?, (3.38)

and f,(Ap) is the Bessel function of the first kind, order zero, and argument Ap [15].

Complex image theory is based upon approximating the Fresnel reflection coefficient,
(uz — A)/(uy + A), by a suitable exponential function [11]-[15], and [47]. For an HED
source, when h and z are = 0, the Sommerfeld integral expressions for the HED Hertz

vector [11] are,

IL e Bo g1k co e—u1(2+h)
+2 f
o Wit

e = An(jwey) | Ry - R; —uzfo(ﬂp)ldﬂ. (3.39)
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and,
[Lcosg @ % 2(uy —uy) y
= — e T p-uglzdh)

z (4ﬂja)€0) apJ; Vi + iy Jo(Ap)AdA, (3.40)

where,
Ry = [p?+ (z — h)?]V2, (3.41)
R, = [p? + (z + WYZ, (3.42)
u, = (A +yHy2 (3.43)

The real part of u,, u,, and y, are all positive and a time harmonic dependence of
exp(jwt) is assumed.
From Equations (3.39) and (3.40) and utilizing the identity (u; —uy)(u; +uy) =

v% —y2 [11] and [14], we have

ILcospy 0 [e 7o ek
V.II = ( - )— -
dnjwey/ dp| Ry Ry
(3.44)
0 Zylze—ul(th)
————— s (Ap) AdA|.
fo viug +yiuy "

Following the procedure thoroughly reviewed in Appendix B, the approximatc

expressions for the components of Hertz potential vector are derived as [11],

]L e"YIRO e"YiRZ
I, = — , .
Y 4n(jweg) ( Rq R, ) .45)
ILcosg

[siny, e 1Rz — giny, e 71k
2 1

I, ~ ————"'—

+ y de VRi(sin? 1y, + A cos? )],

(43)
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v 1L cos ¢ (L +7:R0) e Vifo
T 4n(wey) Vifo) cos iy RE

e i

—(1+vyR)cosy, 2 (3.47)
1

2 cosip, e i

After deriving the expressions for the HED Hertz vector, the electric and magnetic

fields 1n the air can be obtained from

E = —yZIl + V(V.ID), (3.48)
and,
H = jwe,(V xIID), (3.49)
asfl1],
1L cos ¢ e V1ke
E = 2 -1 1 I » YA}
v = InGwey) [{(3 cos® Py — 1) (1 + y1Ry) — ¥1 R§ sin® 1Py} 3
e~ ¥if1
—{Bcosih; — 1)(1 +y,R,) — [y 2R sin? tpl}—@—
2 e i
+ 3 {[(3 cos?ip, — 1) (1 +y1Ry)] (3.50)
1
2R?

—_ _dT [1 — _J;__l_ e—Y1{R2—R1)]
2

+ n?yZR? [sin Y + (1 ;F”) F(W)A]H,

(44)
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ILsing e~ Y1Ro
Epy = ———|(1+ ¥Ry + ¥ERE) ——
¢ 7 an(jwe,) [( ViRo +viRo)
e”‘}’lRl
—(L+y:R + ViZRE)T
1
ZQ_YIRI ZR% R1
— ~¥1(Rz—R
+ TLZRE {(1+Y1R1A)+”‘&—2—‘ 1_}";;9 ¥i(Rz 1)]} ,
ILcos¢ _ e YiRo
E, = pr {(3 + 3y, Ry + YERE) siny cos g T
. e iRy
- (3 +3y1R + ﬁ|y12Ri7‘) sin 4 cos —
1
2 e ¥1i1
+ nZ (3 + 3y, Ry + ¥R siny, cos i, e
1
—rR -k
,| cospye ™2 cosye
- - 1 d
y1&2+d+z+h R tzth L Tnd
1 —I—h - e Y1R1
- 24 {1 - (—-———-—2 )F(W)] cosy, (yiRy) A
i
ILsing ' e NkRz ‘ e~¥1Ro
H, = e {(1 + y1R,) siny, R—zz — (14 y1Ry) sinpy R2
e 11k (1 +y,dA)e V1%
Ry(Ry+d+z+h) R(R+z+h) |

(45)

(3.51)

(3.52)

(3.53)




Chapter 3. Electric and Magnetic Field Emission over Lossy Ground

ILcos ¢ [(1 iR sing ¢ ~YiRo
= = Y1) sinyy
¢ 41 R(Z,

e 1k

= (1+ [ yaR) siny TRz
1

(3.54)
Zd 1 _— F e"}’le
(LT iy pemn -
Rl 2 Rg(Rz'f‘d'i‘Z'E‘h)
(1 + v d)e—Y1R1
Ri(Ri+z+h) |
IL sin ¢ e Y1Ro e V1Ra
H, = yy {(1 + y1Rg) cos iy ————RS‘_ —(1+v,Ry) cosi, Z | (3.5%)
where,
Ry = [P+ (d +z + Y2, (3.56)
{Sim‘bo = (z—h)/Ry (3.57)
cosPy = p/Ry ’
{Si“% = (z+ /R, (3.58)
cosyy = p/Ry ’
{Si“ Y, = (d+z+h)/R, (3.59)
cosy, = p/R, '
A= 1/n, (3.60)
oo Sny -4 3.61)
™ siny, + 4’
R 3.62
w= -1 Giny, + )% 3.2
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Fw) = 1—j(mw)Y2eWerfc (jw'/2), (3.63)

(3.64)

A=1- (%) [1— F(w)].

The results can easily be extended to the case of a multilayered earth, simply by letting
d = (2/y,)Q, where Q is the plane-wave correction factor employed to account for the
presence of stratification in the earth [11], [13], and [15]. The obtaincd expressions are
valid from the quasi-static to far-field ranges as long as |n?| > 10. The quasi-static and
quasi-near ranges are those for which |y, p| « 1and ly;p| € 1 < |y,p| [49].

It should be noted that when the ratio of oy to we, is of the order of (or less than)
unity, the image theory results start to deviate from the exact Sommerfeld integration
results [12] and [45]. In that case, the image solution is an asymptotic solution in the
sense that it requires a source-receiver separation large enough that the ignored fields are
negligible. One way to improve the accuracy is to add the first correction term,
correspondent to the multi-pole image located at the same depth as the single image [50]
and [51]. However, in applications regarding power system transients, the restricting
condition for validity of complex image theory is always satisfied.

The obtained formulas can be used to determine the effects of the ground loss on the
ground wave field intensity in the neighbourhood of a dipole. These formulas may also be
used to show the influence of the dipole location on the attenuation of different ranges of
frequencies. Equations derived in this section, are valid for infinitcsimal dipoles;
however, they are also truc for finite dipoles if the length of the dipole is much less than a

free-space wavelength and the measurement distance [11].
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It should be noted that the two media can be inverted and the air may be replaced by
the earth’s crust (of conductivity o, and dielectric constant €,) [13]. The same equations
can be utilized as long as [n3| = |y2/yZ| = 10 simply by replacing jwe, by o, + jwe,.

Although displacement currents were ignored in most of these analyses, they can be

included simply by replacing g, with o; + jwe; (as long as [n|? >» 1) [13].

3.4 Fields Generated by a Vertical Dipole over Finitely-
Conducive Earth

As mentioned in Chapter 2, to take the effect of the conductor sag into account, we can
decompose each segment of the transmission line into horizontal and vertical vectors.
Therefore, to obtain the total EM radiation from a sagged conductor, we need to
determine the fields associated with a vertical electric dipole.

Many approximate expressions are available for the clectromagnetic fields generated
by vertical dipoles over the finitely-conductive ground [11], [16], [39]-[41], [43], [46],
and [49]. In this section, we consider the solution proposed by Bannsiter based on
complex image theory [11], [12], and [45]. The obtained expressions have been compared
with the exact integrations of Sommerfeld integral by Zeddam [52]. The results show that
the equations derived by applying complex image theory can be used to calculate the EM
fields with an accuracy of higher than 95%.

Let us consider the geometry shown in Figure 3.4. The dipole is at height i from the
ground level and the current in the dipole is directed inrthe direction of z-axis. Following
the same procedure described in section 3.3.2, the clectromagnetic field components at

point P are given by [11],
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Region 2 (Ground)

Figure 3.4. Geometry of a vertical dipole, located on the z-axis above finitely-conductive ground.

ILcos¢ y o
Fo = 4m(jweo) (3 + 3y1Ro + ¥i Ro) sin h, cos g

e"le(}
3
RG
Pastis!

+ (3 4 3y, Ry + Ly2R?) sinap; cos i, =3
1

e ¥Vifa
3
Rl

2
~ (3 + 3y, Ry + y£R?) siny, cosyy (3.65)

~YiR ~Yily
, | cospye "2 cosy e
- 1 d
T {R2+d+z+h Rizin 0tnd

— 24 [1 — (%) F(w)] cosp, (¥2R?) e;:;l},

Ey = 0, (3.66)
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E = ILcos¢ (1 = 3sin 1) (1 +y4Ro) (3.67)
z = 4n(jwey) sin® 1, Yifip
212 e_]/lRO
+ ¥ R§ cos® i } 73
0
e 1"k
+{(1 = 3sin? )1 +y,Ry) + Ly R? cos? t/)l} 3
1
~-¥1R:
+ (1= 1) F(w) cos y (PP RD) —— |
1
Hp = 0, {3.68)
IL e_leD e_lel
Hy = —|[(1+ %R + {1+ Iy R —
@ py ( Y1Ro) cos g RS ( V1 1)‘30571[’1 Riz
(3.69)
e~ Nk
+ (1= fi)Fw) cosy (riR) ——|
1
| H, = 0. (3.70)
]&

3.5 DC Component of the Electric and Magnetic Fields

Neither of the two frequency-domain methods reviewed in this chapter provides an
accurate value for the DC component of the clectric and magnetic fields. Since the power
transient waveforms carry a zero-frequency component, we have to come up with an
analytical approach to deal with this problem.

In this thesis, to overcome this problem, use is made of the approximate formulas
suggested by Olsen [20] and [21]. Olsen has employed the image theory in the quasi-
static ranges to find the expressions for the extremely-low frequency (ELF) electric and

magnetic fields, including the zero-frequency field component. The obtained formulas are

(50)
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valid when the distance from the observation point is much less than the wavelength. The

components of the DC electric and magnetic fields at any point (x,y,z) duc to a linc

extended along the x-axis, are obtained using Equations (3.71)-(3.74). The line is located

at (v, z) = (0, h), with the schematic shown in Figure 3.5 [20] and [21].

E o= [ y B y ]
Y m@h/a)lz+h)2+y2 (z—h)2 + 2

5 1% [ z+h z—h }
27 @h/)z+ 2 +y2  (z- h)? + vl

—h
B = =2 [y

_ y
By = 2 [(z - h)? + yZ]’

(3.71)

(3.72)

(3.73)

(3.74)

where V and [ are the voltage and current on the wire, and a is the radius of the wire.

J]

777777777

Figure 3.5. Cross-sectional view of an overhead transmission line.
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Chapter 4

educed-Scale Modeling

4.1 Introduction

Scale modeling of power system equipment has been a popular tool to analyze the
behaviour of the system in the steady-state or transient modes. Downscaled models have
been employed in studies concerning transmission lines [53] and [54], electric fields in
substations and distribution networks [29], corona effects [55]-[59], and lightning
transients [28], and [60]-[62]. Recently, numerical techniques and software packages
have replaced the role of scale modeling. Nevertheless, the limitations on applicability of
such numerical codes and numerous parametcrs affecting the system’s response make it
impossible to fully trust the results derived using any software package. Thus, scale
modeling still maintains a certain validity to verify the theoretical and numerical studies

[29].
Some of the advantages of the reduced-scale modeling are [58] and [59]:

e It is cheaper and casier to do measurements on the reduced-scale systems.

e It collects a large amount of test data in a short period of time.
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e Analytical formulas can be examined easily.

o (Geometric and operating conditions can easily be tested.

e The effect of different quantities on the behaviour of the system can be
independently studied.

e Scale modeling enforces us to work with higher frequencies in which

calibrated ecquipment are cheaper and more common than equipment

calibrated for low frequencies.

The objective of this chapter is to show how the mcasurcments from a scaled model

can offer a preview on the behaviour of the full-scale system.

4.2  Similarity Theory

The basic concept of reduced-scale modeling is that an energized current-carrying
conductor produces an electromagnetic field, the magnitude and extent of which depend
on the geometry of the energized conductors and surrounding ground potential objects
[58] and [59]. The reduced-scale model should represent the full-scale system

realistically for the electromagnetic field measurement purposes.

In any recued-scale model, one or more physical quantities have to be reduced in order
to carry out the experiment. For the experimental results to be of use in determining the
condition in a real situation, some scaling factors for all the parameters need to be applied
in order that the results dertved from the model are physically similar to those in the full-
scale system. Further, an appropriate transformation algorithm shall be used to convert

the model results into the original case [27].

(33)
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Similarity theory [27] suggests that a geometric similarity between two bodies exists if
all of their homologous Iengths are in the same relation to each other. In another word,

for two systems to be geometrically similar, the following relation must be fulfilled:

l
R fi 4.1

by
The length in the original system is I, and I, is the corresponding length in the

model. f; is the geometrical similarity constant [27]. The common expression scale factor

is used in this thesis for the similarity constant.

According to the similarity theory, the response of the system to an excitation input
may be found by scaling the response of a gcomectrically similar system to an
appropriately scaled input, without any need to solve the governing differential equations

[27]-[29], [60], and [61].

4.3 Electromagnetic Differential Equations for the
Downscaled Model

As mentioned earlier, the similarity theory allows the derivation of scale laws from the
differential equations describing a physical process, without having to solve them. Due to
the linearity of Maxwell’s equations, scale laws for different parameters encountered in

these differential equations can be obtaincd using the similarity theory.

Considering Maxwell’s equations,

VXH = cE+ o 4.2
X =g Eat, (4.2)
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and,

oH
VXE = — -, (4.3)
Mot

in a given medium with conductivity (o), permittivity (€), and permeability (u), the
scale factors for length (p), time (y), electric field (@), and magnetic ficld (£) can be

defined as [29],

p=-= Y = (4.4)
y = t;”, (4.5)
o = %, (4.6)
B = {%?. 4.7)

where x, y, and z refer to the coordinate system, ¢ represents the time, and subscript m

refers to the scale model variables. In the scaled model, the fields are described by

JEn,
Vi XHy, = 0By + 6y At (4.8)
m
and,
dH
Vin XEp = —ity _mj 4.9
at

with 0,,,, €, and p,,, representing the characteristics of the scaled model medium [29].

(35)
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In the above equations, the symbol V, stands for differentiation with respect to the
model coordinates. It can be shown that the scale factor for the curl operator is 1/p [29];

thus,
1
Vn X H, = EVme: -V X H, (4.10}

and,

o
Vin X Ep = EV X E. @.11)

Differentiating E,, and H,,, with respect to time leads to,

JE,  adE
ot - yar (4.12)
and,
oH,, poH
T TS (4.13)
Substituting (4.10)—(4.13) into (4.8} and (4.9) results in,
B a JE
EV XH = o,aE + '}_,'Em E’ 4.14)
and,
a f 0H
—VXE = —fip— (4.15)

p y ot

(56)
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In order to represent the real system by the scaled model correctly, (4.14), (4.15) and

(4.2), (4.3) must be equivalent. Therefore [29],

vB
i €m = 'F;EE: (4.16)
ay
Hm = EEH: 417
B
O = o (4.18)

From the above definitions, the scale factor of any electromagnetic quantity can be

determined. If air is the medium in both systems, the following conditions must exist

291
€p = € = ;—;g- =1, (4.19)
ay
Hyy = U = oF = 1. (4.20)
Then,

a = B, (4.21)

Y =D (4.22)

Om = 0/D. (4.23)

That is, the scale factor for conductivity must be the inverse of that for length. Clcarly,

this condition is not satisfied if the same medium is used for both real-size and scaled

(57)
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systems. However, considering that air is a good insulator, the error resulting in not

taking into account its conductivity can be neglected [29].

4.4  Scale Factors for Different Electromagnetic Parameters

To obtain a complete list of the scale factors for all the parameters that we come across in

different EM problems, we consider following integral equations:
I = é H.dl, 4.29)
c
and,
V = fE dl. (4.25)

In the scaled model, current and voltage are described by,

I, = j{Hm.dtm = i(aﬂ). (pdl) = (a.p) £H.dl = (a.p)l, (4.26)

and,

4.27
- jEm.dim _ f(aE).(pdz) - (a.p)fﬁ.dz = (@.p)V. @27
According to the transmission line theory,
ad d
—V(x,t) = —RI(x,t) — L—1(x,t), (4.28)
dx Jt

and,

(58)
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Z%I(x, )= —GV(x,t)-C % V(x, t), @2
where R, L, G, and € are the per unit length (p.u.l.) parameters of the line [63].
Equations (4.28) and (4.29) in the scaled model turn into:
Gt = —Ronl Gl ) = Lo o G ), 30
%, It
and,
—‘?-—17,1 (s tm) = —Gn Vi O, tn) = G —-q—vm (s tm). @
ax,, 0ty
Substituting (4.26) and (4.27) into (4.30) and {4.31), yields
(%) % Vix,t) = —(a.p)R,, I(x, t) — (C:Tp) L %1(7& t), (4.32)
and,
(g}-}_p) 56; 1(0,6) = —(@.p)GpV (x,t) (%3) Co gz V(x,t). @39

In order to have a valid downscaled model, {4.32), (4.33) and (4.28), (4.29) must be

equivalent. Therefore,
1
Ry = ER’ (4.34)

Ly = L, (4.35)

(39)
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1
Gm = 561 4.36)

Cp = C. 4.37)
where Ry, L, Gy, and G, are the per unit length (p.u.l.) parameters of the scaled line.

To obtain the effect of scaling on the EM response of any electrical system, the
relationship between the parameters should be known. A brief list of familiar equations in

the transient clectromagnetic problems is given below [27]:

e  Ampere’s Law:

d (4.38)
éﬁ.dl = I+—fD.dA.
c dtJ,
e Faraday’s Law:
d (4.39)
jEE.dl = —— | B.dA.
c de J,
s  Current:
4.40
f Jo.dA = L. 40
A
e  Electric (Displacement) Flux:
(4.41)
f D.dA = .
A
e  Magnetic (Induction) Flux:
(4.42)

fB.dA = ¢.
A

(60)
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-]

Current Density:

j = oE
Electric Flux Density:
D = ¢E.
Magnetic Flux Density:
B = uH.
Ohm’s Law:
V = RI.
Voltage (Capacitive):
V = ! f Idt
- C
Voltage (Inductive):
V- Ld]
-t
Charge:
Q = CV.
Magnetic Flux:
b = v
R??ll

Intrinsic Parameters:

(61)
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(4.44)

(4.45)

{4.46)

(4.47)

(4.48)

(4.49)

(4.50)




Chapter 4. Reduced-Scale Modeling

{ 4.51)
R = —
ol
A 4.52
c = f;j #*.52)
[
[ (4.53)
Rm EE

Using Equations (4.21)-(4.23), (4.26), (4.27), and (4.34)-(4.53), and the choice of
scale factors (p) for the geometrical dimensions and (&) for the field intensity

magnitude, the scale factors for quantities of interest are derived and reported in Table

4.1 [27]-[29], [60], and [61].

The choice of gecometrical scale factor, p, depends on the available area for the
installation and also on the generation and measurement systems features. A very low
scale factor allows for the simulation of longer lines and stroke channels in small
laboratories. This procedure, however, implies the need of measuring systems with higher
frequency bandwidths. On the other hand, the scale factor for the electric and magnetic
field intensity, a, is defined considering the operational range of available field

measurement equipment [29].

(62)
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Table 4.1. Scale factors for clectric and magnetic parameters,

~ I{}’,a‘lfamefer’ - e e ‘ ~ Scale Factor -
4Léngth (l) | | | | P
Time (t) p
Electric Field (E) o
Magnetic Field (H) o
Resistance (R) 1
Capacitance (C) p
Inductance (L) 14
Impedance (Z) 1
Propagation Velocity (v7) 1
Frequency (f) 1/p
Conductivity (o) 1/p
Voltage (V) a.p
Current (1) ap
Current Derivative (dI /dt) o
Magnetic Field Derivative (dH /dt) a
Current Density (/) alp
Electric Charge (Q) a.p?
Electric Flux () a.p?
Magnetic Flux (¢) a.p?
Magnetic Resistance (R,;,) i/p

From the results of Table 4.1, we note that if p and « are known, the scale factors for

all quantitics of interest can be determined easily [29].

(63)
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it can be observed that increasing the frequency demands the size of the system to be
reduced by the same factor. It could however be hard to scale the conductivity of the
material with the same facior since we have to find another material for the conductors
and ground potential objects. Thus the attenuation of the current along the line can be

hard to simulate in a realistic way [29].

(64)
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esults

5.1 Introduction

In Chapter 2, antenna theory was employed to analyze the electromagnetic fields
associated with a transmission line when the line is located above PEC ground. In the
proposed technique, the line was decomposed into a large number of small dipoles and
exact analytical formulas associated with a horizontal Hertzian dipole were presented.

The effect of the PEC ground was taken into consideration using the image theory.

To take the finite conductivity of the ground into account, two analytical approaches
were reviewed in Chapter 3. The first approach, presented by King [16]-[19], solves the
transformed form of Maxwell’s equations under certain simplifying assumptions while
the second method, proposed by Bannister [11]-[14], applies the complex image theory to
the case of a horizontal electric dipole. In the Ilatter approach, the well known
Sommerfeld integrals [2] arc solved using simplifying conditions, valid for a wide range

of the frequency spectrum.
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In this chapter, the simulation results of the three methods reviewed in Chapters 2 and
3 arc presented and analyzed. A commercial simulation software package is used to
verify the validity of the reviewed set of formulas. Afterwards, the relation between the

electromagnetic ficld waveforms and the source-to-observation point distance is studied.

As stated carlier, the main drawback of the so-called dipole technique is the high time-
consumption [31]-[33]. This is duc to the fact that each constituent dipole should be small
enough so that the current passing through it can be considered constant at any time.
Further, for closeby observation points, we need a very short dipole so that the variation
in the distance between different points along the dipole and the observation point is
negligible. To analyze the effect of length of the dipoles on the final results, different
dipole lengths are chosen. Variation of the results and the calculation time are then

studied for different cases.

An algorithm for finding the radiation from a sagged conductor is proposcd and the
effect of sag on the electromagnetic radiation from the line is studied. Finally, the code
implemented for finding the clectromagnetic fields 1s merged with an FDTD code [23]
and {24], which provides the current distribution along a transmission line excited by a
known current or voltage waveforms. Using this combination, the ¢lectric and magnetic
fields associated with an overhead power transmission line can be found with a very good

precision as long as the excitation waveform is known.
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5.2 Verification of the Results Using the Numerical
Electromagnetic Code (NEC)

The idea of numerically calculating the clectromagnetic fields associated with transients
is not new. However, it has not been recognized as a popular practical method, partly
because the verification of the accuracy of the results has been difficult [64]. In this
chapter, a commercial numerical code is used as a comparison tool to verify the validity

of the methods reviewed in Chapters 2 and 3.

Numerical Electromagnetic Code (NEC) [22] is a commercial computer program for
analyzing the clectromagnetic response of wire structures such as antennas and
transmission lines. NEC is a frequency-domain computer code; therefore, to obtain the
time-domain response of any system using NEC, Fourier and inverse Fourier transforms
should be employed [64]-[66]. Time-domain excitation waveform needs to be
transformed into the frequency-domain by FFT. The transformed input waveform
multiplied by the NEC results is finally transformed back into the time-domain using

inverse FFT. The flow of the solution is shown in Figure 5.1 [64] and [67].

GEOMETRY DATA SOURCE WAVEFORM IN
(ELECTRICAL PARAMETERS) THE TIME-DOMAIN

INVERSE FFT

CURRENT WAYEFORM
IN THE FIME-DOMAIN

Figure 5.1. Tuning NEC for time-domain applications.
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Careful considerations should be taken in determining the time step, At, and the
duration of analysis, 7, (or the highest and the lowest frequency in the analysis) in the
Fourier transform of the input waveform. Therefore, frequencies of the frequency-domain

excitation waveform are coincided with the frequencies analyzed by NEC [64].

In this chapter, numerical clectromagnetic code is used as a verification tool for the
applied methodology towards finding the radiation of an overhead transmission line. In
the first step, the value of the clectric field intensity is calculated for three distinct
frequencies using King’s formulation and complex image theory. The obtained results are
compared with those derived from NEC. It can be seen that a very good agreement is
observed among the three calculation methods [68] and [69]. However, as frequency
increases, the results derived from NEC tend to deviate from those obtained from the two

analytical methods.

The simulated line in this case is a 100-m-long overhead line extended along the x-axis
with the height of 15 m, shown in Figure 5.2. The origin of the coordinate system is
located in the middle of the linc and the line is divided into 400 segments, each with the
length of 25 cm. The radius of the conductor is set at 5 cm. Both ends of the line are left
open-circuited and a uniform voltage source with the magnitude of 150 V is placed at the
first segment. The magnitude of the electric field is calculated at ten different observation
points (x =-10m, -8 m, -6 m, -4 m, 0,2 m,4 m, 6 m, 8 m, y =10 m, and z = 0) and for

three distinct frequencies (f= 60 Hz, f= 1 kHz, and /= 1 MHz).

The magnitude of the electric and magnetic field intensity vectors at the selected

observation points are calculated using King’s formulation, complex image theory, and

(68)
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NEC. Three distinct excitation frequencies are chosen such that the results of the
aforementioned methods can be compared in the low-, intermediate-, and high-

frequencies. The results are shown in Figures 5.3-5.5.

h=15m 6=0.1[S/m]|

g&=4
X

Figure 5.2. The geometry of a transmission line extended along the x-axis, located above finitely-
conductive ground.

T T T T
| | | |

——— King’'s Formulation
—E— Complex Image Theory | i

6.5 -----

[E] (V/im)

x-location (m)

Figure 5.3. The magnitude of the electric field intensity at different observation points located on the
ground, calculated at /= 60 Hz.
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(wyp) 131

x-location (m)

Figure 5.4. The magnitude of the electric field intensity at different observation points located on the

1 kHz.

ground, calculated at f°

——— NEC
1

(wyn) 3

x-location (m)

Figure 5.5. The magnitude of the electric field intensity at different observation points located on the

=1 MHz.

ground, calculated at f
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As it is seen in Figures 5.3-5.5, the results derived from NEC agree with those
obtained from King’s and Bannister’s formulations. It should be mentioned that the
current distribution along the transmission line used for King’s formulation and complex

image theory has been extracted from NEC.

The main electrical consideration for using NEC is on the segment length, AL, relative
to the wavelength, A. Generally, AL should be less than about 0.14 at the desired
frequency [22] and [64]. As the frequency increases, the wavelength of the signal gets
smaller; thus, to have valid simulation results at higher frequencies, a smaller length

should be selected for each segment, which will result in higher computation time.

Such limitations on applicability of numerical software packages along with their high

time-consumption encourage us to employ a general technique to deal with the problem

of radiation from power transmission lines.

5.2.1 Time-Domain Application of NEC

In the next step, a time-domain problem is simulated using NEC. The transformation

between the frequency- and time-domain has become possible using FFT.

To compare the results derived from NEC with those obtained analytically, the current
distribution along the line, when a uniform voltage source is applied, is extracted from
NEC. This data corresponds to the impulse response of a linear time-invariant (LTI)
system with the excitation voltage as the input and the current distribution along the line

as the output. This frequency-domain spectrum is then multiplied by the Fourier

transform of the time-domain excitation waveform to find the frequency-domain current

(71



Chapter 5. Results

distribution data along the line. This data is employed by the MATLAB code written
based on King’s formulation and complex image theory to calculate the frequency-
domain electric and magnetic fields. Finally, inverse Fourier transform is applied to find

the time-domain waveform of the electric and magnetic fields.

Time-domain electric and magnetic fields derived by applying King’s formulation and
complex image theory are compared with the time-domain NEC results obtained by

applying inverse Fourier transform. The flow of this process is shown in Figure 5.6.

Time-Domain Excitation
Waveform

Frequency-Domain Field Data
Derived from NEC

E@)
(King’s
Formulation)

Current Distribution
Data in NEC
(Impulse Response)

Frequency-Domain
> Current Distribution

Data
Comple Image v R E(’?
Theory E(f) B (Complex Image
Theory)

Time-Domain Excitation
Waveform

Figure 5.6. The process of calculating time-domain field waveforms using NEC, King’s formulation,
and complex image theory.
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The excitation voltage signal in this problem is a Gaussian waveform given by

_(t—10_6)2
V.(t) = 150 X e 2x1071%  The time- and frequency-steps are respectively selected as 50

ns and 9.77 kHz and the simulation is run for 1025 time and frequency samples. A plot of
Ve (t) and its Fourier transform are shown in Figure 5.7. The length and height of the line
are respectively selected as 1 km and 20 m. The line is horizontally oriented along the x-
axis, starting at x = -500 m, ending at x = 500 m, and divided into 1000 segments. The
radius of the conductor is set at 5 cm. The permittivity and conductivity of the ground are
chosen as €, =4 and o = 0.1 [S/m]. The frequency spectrum of 0 to 5 MHz is covered by

the excitation waveform.
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= = = —om = i e Jm = e = om i = g i o e e o e e = e e J=: = o i i = o e e
S : : : ! : : : : : !
: 1 1 ] 1 | ] ] ] I |
.O 50_ s s b e s s ol et e 1 e \_ L s e |\ | R L ___1]
i : | : ! | : : : 1 |
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Figure 5.7. Time-domain waveform of Gaussian waveform and its Fourier transform.
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As shown in Figure 5.7, the excitation waveform carries a very large DC component.
Three components of the electric field vector in the Cartesian coordinate system are
calculated using NEC, King’s formulation, and complex image theory. The transmission
line is excited by the voltage source at its first segment and is left open-circuited at the
last segment. The current distribution along the transmission line is found using NEC,
which takes the ending reflections into account. The current distribution data is then used
by King’s formulation and complex image theory to find the electric and magnetic fields
in the vicinity of the transmission line. Figure 5.8 shows the time-domain current
waveform passing through the first, middle, and the last segment of the line. Figures 5.9-
5.11 show the xyz components of the electric field intensity vector calculated at (x = 10

m,y=10m, z=1m).

g 001 | ! : | | ; : : : 1
I | | | | | I I ] ]
E 0 ' | 1 | | I
8 b1 ! : ! ! ! First Segment
o 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

0.01

-0.01 !

Current (A)
=)
=)
£
=%
& - =
)
(7]
®
Q@ o
3
©
3
ad
1 __

Last Segment

i |
I I
| |
L 1
o o5 1 15 2 25 3 35 4 45 5

Time (s) x 10°

Current (A)
o
| == _

-

Figure 5.8. Time-domain current waveform passing through the first, middle, and the last segment of
the excited transmission line.
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Figure 5.9. The x-component of the electric field intensity, calculated at (x
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Figure 5.11. The z-component of the electric field intensity, calculated at
(x=10m,y =10 m, z=1 m).

As seen in Figures 5.9-5.11, all the three components of the electric field vector,

derived from the three studied approaches, are in a very good agreement with each other.

The same example is simulated with a different excitation source. The second
waveform is the derivative of Heidler function [70], with the formula given by

Vo (t/T)" (_ t>' (5.1)

t ) i t——— —_—
A A T TR W

where V, = 13.1 x 103V, 7, = 2.2x 107 %s,7, = 107%s,n = 0.93,and n = 2.

The excitation waveform and its Fourier transform are shown in Figure 5.12. Time-
domain current waveform passing through the first, middle, and the last segment are
shown in Figure 5.13. The components of the electric field intensity vector at (x = 10 m,
y =10 m, z =1 m) are presented in Figures 5.14-5.16.
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Figure 5.14. The x-component of the electric field intensity, calculated at

10 m, z=1 m).
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Figure 5.16. The z-component of the electric field intensity, calculated at
x=10m,y=10 m, z=1 m).

All the three components of the electric field vector, calculated using the three studied
approaches, are in very good agreement with each other. The lowest nonzero frequency in
this simulation is 9.77 KHz and the simulation is run for 1025 time and frequency
samples. If a lower frequency step had been chosen for the simulation, an inaccuracy in
the value of x-component of the electric field vector, calculated using King’s formulation,
would have been observed. In the evaluation of integrals encountered in King’s approach,
the assumption that the distance between the source and the observation point is not too
short is implicit [19]. Specifically, if k, =~ (jwpo;)'/? is the wave-number of the earth
and p is the radial distance between the source and the observation point, to approximate
the integrals with the closed expressions given in (3.10)-(3.15), the condition that

|k,p| > 1 should be satisfied at all frequencies [19]. This condition is not satisfied for

|
|
‘ (79)
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very low frequencies. For example, at 60 Hz and distance of interest of 15 m, |k,p| =
6.53 x 1072 [19]. By looking at the electric field expressions derived by applying King’s
formulation, presented in Chapter 3, we can see that the only component of the electric
field that is determined entircly by the magnitude of k,p is E, [19]. Violation of the
required condition at low frequencies affects the accuracy of the results derived for the x-

component and the magnitude of the electric field intensity.

As observed in Figures 5.9-5.11 and 5.14-5.16, the complex image theory can be
employed to predict the magnitude of the electromagnetic ficlds in the vicinity of a power
transmission line. The obtained results are in a good agreement with those obtained from
NEC. However, NEC’s simulation-time to run this example was in the order of 5 hours,
comparing to the 30 min time-consumption using complex image theory. The only

condition for applying complex image theory is |n}? > 1.

5.3 The Validity Range of King’s Formulation and Complex
Image Theory

The only restriction on applying complex image theory is |k,/k,|? > 1. The same
condition should be satisficd for applying King’s set of formulas. To determine the range
of frequency for which this condition is satisfied, the value of |k, /k;|* for a wide range
of frequency is calculated and shown in Figures 5.17 and 5.18. The value of ground’s
conductivity is once chosen as 0.001 [S/m] and once as 0.1 [S/m], which are typical
values for dry and wet soils. Relative permittivity of the ground takes three different

values of 1, 5, and 10.
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x 10

Frequncy (Hz)

Figure 5.17. The value of |k, /k,|%, calculated for three different values of ground’s relative

0.001 [S/m].

permittivity and for the ground’s conductivity of o

x 108

Frequncy (Hz)

Figure 5.18. The value of |k, /k,|?, calculated for three different values of ground’s relative

0.1 [S/m].

permittivity and for the ground’s conductivity of o
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As it is seen in Figure 5.17 for ¢ = 0.001 [S/m] and €, = 1 or 5, the value of |n|? =
|k,/kq|? is bigger than 10 for the frequencies smaller than 2 MHz. However, for the

same value of ¢ and €, = 10, the range of valid frequencies gets as wide as 0-10 MHz.

Figure 5.18 shows that for a typical wet soil with the conductivity of o = 0.1 [S/m]
and €, = 1 or 5, |k,/k,|?> = 10 is satisfied for frequencies in the range of 0-200 MHz.

For €, = 10, the valid frequency range gets wider and becomes as wide as 0-1 GHz.

Another condition should be satisfied for application of King’s formulation, which
demands the value of |k,p| to be bigger than 1. This restriction puts a limit on the valid
frequency range and source-to-observation point distance. Figures 5.19 and 5.20 show the
value of |k,p| for a wide range of frequency and three radial distances of 10 m, 50 m,

and 100 m. The ground’s parameters are fixed at €, = 5 and o = 0.001 and 0.1 [S/m].

kol

Frequncy (Hz) 6

Figure 5.19. The value of |k,p| calculated for three different observation points and the ground’s
conductivity of & = 0.001 [S/m].
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Ik,ol

Frequncy (Hz) - 104

Figure 5.20. The value of |k,p| calculated for three different observation points and the ground’s
conductivity of o = 0.1 [S/m].

As seen in Figures 5.19 and 5.20, the second condition for applying King’s
formulation is not satisfied for low-frequency ranges especially for dry soil. According to
Figure 5.19, for ¢ = 0.001 [S/m] and p = 10 m, the value of |k,p| is smaller than 1 for
the frequencies smaller than 1 MHz. However, for ¢ = 0.1 [S/m] and p = 10 m, the value
of |k,p| gets bigger than 1 for frequencies bigger than 10 kHz. Therefore, for very close

observation points the validity of King’s formulation is questionable at low frequencies.

5.4 Electrostatic, Induction, and Radiation Field Waveforms

In Chapter 2, it was stated that the electromagnetic field expressions associated with an
energized element are comprised of three components: electrostatic, induction, and

radiation [5]-[7]. The field at any point consists of all the three terms; however,

(83)
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depending on the distance between the source and the observation point, one or two of
these terms will have the main contribution on the total field. The electrostatic field is at
its highest value when the observation point is in the near-field range. As we get far from
the source, the contribution of the induction and radiation terms becomes more
significant. The induction term has a major contribution in the intermediate ranges while
the contribution of the radiation term becomes significant at far-field [7]. The definition
of the near-, intermediate-, and far-field ranges depends on the excitation frequency [3].
Nonetheless, for time-domain applications, where a wide range of frequency exists, there

is no explicit definition for the range of cach term.

By looking into the Equation (2.35), it is obsecrved that the induction term has a direct
relationship with the current waveform, while the electrostatic and radiation fields vary

with the integral and derivative of the excitation waveform, respectively.

In this section, the transition of the field waveforms for different observation points
and distinct excitation signals are studied. The simulated line is a 500-m-long overhead
line, extended along the x-axis with symmetry with respect to the yz-plane and located at
the height of 20 m over the ground. The line is decomposed into 5000 segments, each
with the length of 10 cm. The ground is assumed to be lossless which makes it possible to
make use of Equations (2.25) and (2.35). The observation points for this example are
located along the y-axis where the x and z coordinates are fixed at -250 m and 0, and y
takes distinct values of 0, 100 m, and 5000 m. A currents source is placed at the first
segment of the line while both ends of the line are open-circuited. The excitation current

_(t«3><10“7)2
is a Gaussian waveform with the equation of {;(¢) = 150 X e 107 | The current is

(84)
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assumed to propagate along the line with the speed of light and without any attenuation in
its amplitude. The effect of reflection from the two open ends of the line is not
considered. The input current waveform, its derivative, and its integral over time are
shown in Figure 5.21. The time-step is set to 50 ns and the simulation is run for 500 time

samples.

The contribution of each of the electrostatic, induction, and radiation terms on the total
magnitude of the electromagnetic fields is shown in Figures 5.22-5.27 for three different
observation points, located at (x =-250 m, y = 0, z = 0), (x=-250m, y =100 m, z = 0),

(x=-250 m, y = 5000 m, z = 0).
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Figure 5.21. A Gaussian waveform, its derivative, and its integral.
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Figure 5.24. Electrostatic, induction, radiation, and total electric field waveforms at
(x=-250 m,y =100 m, z = 0).
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Figure 5.25. Induction, radiation, and total magnetic field waveforms at
! (x=-250 m,y =100 m, z = 0).
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Figure 5.26. Electrostatic, induction, radiation, and total electric field waveforms at
(x=-250 m, y = 5000 m, z = 0).
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' (x=-250 m, y = 5000 m, z = 0).
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As seen in Figures 5.22-5.27, the contribution of electrostatic term is at its maximum
in the near-ficld region. As the observation point gets far from the line, the induction term
will have the main contribution on the total electromagnetic fields. In this example and
with the chosen excitation signal, the source-to-observation point distance is not large
enough for the radiation term to have a significant contribution on the total electric and
magnetic field intensities. Generally, in power system applications, the radiation term
plays a minor role in the electric and magnetic emission from the line, compared to the

clectrostatic and induction terms.

5.5 The Accuracy of the Dipole Technique

The main drawback of the dipolc technique is the expensive time-consumption of this
method which roots from the scgmentation of the line into a large number of small
dipoles [31]-[33]. In order to have a relatively good accuracy in the calculations, the
length of cach dipole should be small enough so that the assumption of constant current
on each segment sounds reasonable. In a qualitative clarification, the length of the dipole
should be small compared to both the wavelength at all the working frequencies and the

distance between the source and the observation point.

The main features of the field waveforms that get affected by changing the length of
the dipoles are their extremum values. To study the effect of the number of dipoles on the
accuracy of the calculation results, the maximum value of the electric and magnetic field
vectors’ magnitude are calculated for a 2700-m-long transmission line, when the number

of dipoles takes the values of 1000, 1350, 2000, and 4000. The line is excited by a
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_(t—2x10_8)2
Gaussian current waveform with the equation of i(£) = 150X e  zx0"177 | The

current is assumed to propagate along the line with the speed of light and without any
attenuation in its amplitude. The simulated line is extended along the x-axis with
symmetry with respect to the yz-plane and located at the height of 20 m over the ground.
The clectric and magnetic fields are calculated at (x = 10 m, y = 10 m, z = 0) using
complex image theory. Table 5.1 shows the dependence of the calculated electric and
magnetic field values on the number of dipoles. The total time consumed by MATLAB to

run the code for different cases is also shown in Table 5.1

The highlighted row of the table is chosen as the base for the comparison. The
difference in the calculation results for different dipole lengths are presented in the

percentile format.

It is shown that even when very small segments are used in the decomposition process,
the percentage of difference for the magnitude of electric and magnetic ficlds docs not
exceed 1% and the rate of the difference is growing smaller at each step. This shows that

a decision of trade-off between time and accuracy needs to be taken for each simulation.

Table 5.1. Time-consumption and difference in the value of calculated maximum electric field
intensity for different dipole lengths (Al = 67.5 cm is selected as the base for the comparison).

Number of Computation
segments [E| IH] Time
Al=675cm | 4000 | 0% | 0% | 90minl557s
Al =135m 2000 7.01%107% 6.68x107°% | 44 min 22.00 s
Al =2m 1350 2.36x107% 121x10"% | 31 min 11.24 s
Al =27m 1000 3.02x107% 2.76%107% 21 min 48.62 s
(90)
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5.6 The Effect of Ground’s Conductivity on the Electric and
Magnetic Fields

Many investigators have used the approach proposed by Uman [5]-[7], to deal with
practical problems such as radiation from high voltage substations [9], power electronic
switches [34], transmission lines [8], and power system transients [10]. The first
assumption for applying this method, which was reviewed in Chapter 2 of this thesis, is
the infinite conductivity of the ground. This assumption is very idealistic and might result

in significant amount of error when dealing with practical examples.

To study the impact of ground’s conductivity, ¢, on the magnitude and waveform of
the clectric and magnetic fields, complex image theory is employed. The excitation

_(t:—z><10“3)2
current is a Gaussian waveform with the equation of i;(t) = 150 x e = 2x10777 | The

input current and its Fourier transform are shown in Figure 5.28. The simulated line is a
100-m-long transmission line, extended along the x-axis with symmetry with respect to
the yz-plane and located at the height of 20 m over the ground. The line is decomposed
into 4000 segments, each with the length of 2.5 cm. The relative permittivity of the
ground is fixed at €, = 4 and ground’s conductivity changes from 0.001 [S/m] to infinity.
The transmission line is excited by the current source at its first segment and is left open-
circuited at both ends. The current is assumed to propagate along the line with the speed
of light and without any attenuation in its amplitude. The effect of reflection from the two
open ends of the line is not considered. The electromagnetic ficlds arc calculated at (x =
10 m, y = 10 m, z = 0). The results of this implementation are presented in Figures 5.29-

5.36.
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o = 0.01 [S/m]
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Time (s)

Figure 5.30. Time-domain waveform of the y-component of the electric field intensity, calculated at

0) for different values of ground’s conductivity.
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Figure 5.31. Time-domain waveform of the z-component of the electric field intensity, calculated at

10 m, z = 0) for different values of ground’s conductivity.
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Figure 5.36. Time-domain waveform of the magnitude of the magnetic field intensity, calculated at
(x=10 m, y =10 m, z = 0) for different values of ground’s conductivity.

The results presented in Figures 5.29-5.36 show that all of the six components of the
electric and magnetic field vectors change significantly when the value of o is changed
from 0.001 [S/m] to infinity. Even for highly conductive surfaces, the transversal
components of the electric field intensity depend on the value of ground’s conductivity.
Since horizontal components of the electric field have major roles in electromagnetic
coupling between horizontal transmission lines, the exact values of these components

should be calculated accurately.

Figure 5.37 shows the x-component of the electric field intensity, calculated above two
highly conductive surfaces, compared to the field calculated for an infinitely conductive

ground.
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Figure 5.37. Time-domain waveform of the x-component of the electric field intensity, calculated at
(x =10 m, y =10 m, z = 0) for three highly conductive surfaces.

5.7 The Effect of the Conductor Sag

Most of the methods employed for calculating the electric and magnetic fields assume
that the current-carrying power transmission lines are straight wires. This assumption
results in a model whose electromagnetic fields are distorted from those produced in
reality [25] and [26]. The influence of the overhead line’s geometry is noticed for the
calculation of the electric and magnetic fields, especially in the vicinity of the half-span

where the field becomes significant [25] and [26].

For a brief review on the geometry of transmission line’s sag, one can refer to the

Appendix C of this thesis.
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In this section, an algorithm for calculation of the electric and magnetic field
distribution near to the sagged overhead lines is presented. In this work, the approximate
parabolic formula given in Equation (5.2} is assumed to match with the geometry of the

overhead transmission line [26].

22\ 2
7= s(—) +h. (5.2)

By knowing the relationship between the height of the sagged conductor and the
transversal component (x-coordinate), the location of each segment of the line and its
slope will be available. Each segment of the line is then broken into vertical and
horizontal components. Each of these components may be treated as vertical/horizontal
dipoles. Thus, the field expressions derived in Chapter 3 can be employed to find the total

field at any arbitrary point in the vicinity of the transmission line.

The main simplifying approximation in this work is the assumption of the straight wire
current distribution for the sagged line. In other word, it is assumed that the slope of each
segment is small enough so that the current passing through it will have the same value of
the current passing through a straight segment [25]. The decomposition procedure is

visualized in Figure 5.38.

The electric and magnetic fields due to each dipole are calculated by applying the
complex image theory, using Equations (3.50)-(3.55) and (3.65)-(3.70) derived in

Chapter 3.

In this section, the line shown in Figure 5.38 is simulated and the clectric and

magnetic field intensity vectors are calculated for seven sag values. The simulated line is
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a 100-m-long transmission line extended along the x-axis. The conductivity and relative
permittivity of the ground are fixed at ¢ = 0.001 [S/m] and €, = 4. Seven values for sag,
(s=0,05m,1m,2m,3m,4m, and 5 m), are selected and the electric and magnetic

fields are calculated at (x = 10 m, y = 100 m, z = 0).

The line is excited with a current waveform with the cquation of i(t) = 300 X

2
(£-2x1078)

21078 —¢ o . . . .
(W) X e 2x10-17 _ The input current and its Fourier transform are shown in

Figure 5.39. The current source is placed at the first segment of the linc while both ends
of the line are open-circuited. The current is assumed to propagate along the line with the
speed of light and without any attenuation. The effect of reflection from the open ends of
the line is not considered. Time-domain electric and magnetic field waveforms,

calculated using complex image theory, are presented in Figures 5.40 and 5.41.

il

tﬂ\.t — :

5 A= 25 em dfy
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I =100m

v
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Figure 5.38. Geometry of the decomposed sagged conductor.
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Figure 5.39. Time-domain waveform of the derivative of Gaussian waveform and its Fourier
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Figure 5.40. Magnitude of the electric field intensity for different values of sag when the observation

10 m, y = 100 m, z = 0).
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Figure 5.41. Magnitude of the magnetic field intensity for different values of sag when the
observation point is located at (x =10 m, y =100 m, z = 0).

Figures 5.40 and 5.41 show that for the selected observation point and excitation
waveform, the extremum values of the electric and magnetic field vectors highly depend

on the value of conductor sag.

As it was mentioned before, the majority of the works done on the topic of
electromagnetic radiation from power transmission lines have used the straight wire
assumption for the overhead lines. In order to study the effect of the sag on the
calculation process quantitatively, the percentage of the error in the maximum
electromagnetic field components produced by straight wire approximation is tabulated

for four different observation points and six different sag values in Tables 5.2-5.9.
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Table 5.2, Percentage of error in the calculated electric field intensity due to not taking the sag of the
conductor into consideration for an observation point located at (x =10 m, y= 0,z = 0).

s=0.5m 6.27x107% | 3.31x107%% | 1.33x107'% | 1.33x107%
| s=1m 1.29%107'% | 3.45%107% | 2.64x107% | 2.64x10"%
s=2m 2.74x107'% | 5.87x107% | 5.24x107% | 5.24x107%
s=3m 4.35%107"% | 2.81x107% | 7.78x107'% | 6.84x10"%
s=4m 6.13x107% | 6.33x107% | 1.02x107% | 3.93%10"%
s=5m 8.08x10"% 1.12 1.27 9.80x107"%

Table 5.3. Percentage of error in the calculated magnetic field intensity due to not taking the sag of
the conductor into consideration for an observation point located at (x=10m,y =0, z=0).

i B | B D e | Ml
s=0.5m 4.50x107% | 3.43x107% | 1.06x107% | 2.82x107%
s=1m 2.41x107% | 7.09%107% | 2.12x107% | 6.01x107%
s=2m 1.80x107% | 1.51x107'% | 4.22x107% | 1.35%10"%
s=3m 4.69x107% | 2.42x10"% | 6.30x107'% | 2.27x107%
s=4m 8.91x107% | 3.44x107'% | 8.36x10"% | 3.33x107%
s=5m 1.45% | 4.56x10"% 1.04 4.57%107%

Tabhle 5.4, Percentage of error in the calculated electric field intensity due to not taking the sag of the
conductor into consideration for an observation point located at (x=10m,y=10m,z=10).

o B LB Ermar | |Emax
s=0.5m 1.06%107% | 1.38x107'% | 4.80x107% | 4.81x107%
s=1m 2.18x107% | 3.08x107% | 9.49x107% | 9.51x107%
s=2m 4.55x107% | 5.62x107% | 1.85x107% | 1.85x10"%
s=3m 7.12x107% | 9.02x107% | 2.70x107% | 2.70x107'%
s=4m 9.90x107% 1.41% | 3.48x107% | 3.49x107'%
s=5m 1.29% 2.08% | 4.19x107% | 6.64x107'%
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Table 5.5. Percentage of error in the calculated magnetic field intensity due to not taking the sag of
the conductor into consideration for an observation point located at (x =10 m, y=10m,z=0).

e e
s=0.5m 1.70x107%% | 6.60x107% | 7.91x107%% | 6.87x107%
s=1m 7.57%10%% | 1.35x107'% | 1.58x107'% | 1.42x107'%
s=2m 3.19%107'% | 2.82x107'% | 3.13x107'% | 3.03x107'%
s=3m 7.29%107% | 4.42x107'% | 4.67x107'% | 4.83x107'%
s=4m 1.31% 6.15x107% | 6.15x107'% | 6.83x107'%
s=5m 2.05% 8.01x107% | 7.67x107'% | 9.04x107%

Table 5.6. Percentage of error in the calculated electric field intensity due to not taking the sag of the
conductor into consideration for an observation point located at (x =10 m, y =100 m, z = 0}.

L EG | B | B | Eeal
s=0.5m 1.07% | 7.05%107%% | 9.48x107% | 9.46x107'%
s=1m 2.18% 4.01x107% 1.96% 1.95%
s=2m 4.61% 2.98% 4.15% 4.14%
s=3m 7.61% 7.75% 6.60% 6.59%
s=4m 10.8% 14.7% 9.32% 9.34%
s=5m 14.2% 23.9% 13.0% 13.1%

Table 5.7. Percentage of error in the calculated magnetic field intensity due to not taking the sag of
the conductor into consideration for an observation point located at (x =10 m, y =100 m, z=0).

R R TR R
s=0.5m 5.10%107% | 7.66x107'% | 7.35x107% | 7.64x107%
s=1m 4.74x107% 1.56% 1.47% 1.55%
s=2m 2.44% 3.23% 2.95% 3.21%
s=3m 5.90% 5.03% 4.44% 4.98%
s=4m 10.85% 6.94% 5.93% 6.85%
s=5m 17.3% 8.98% 7.43% 8.85%
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Table 5.8. Percentage of error in the calculated electric field intensity due to not taking the sag of the
conductor into consideration for an observation point located at (x =10 m, y =300 m, z=0).

B B B Bl
5=0.5m 2.08% | 2.65%107% | 1.28% 127%
s=1m 4.24% 151% 3.03% 3.02%
s=2m 8.80% 6.95% 9.32% 9.40%
s=3m 13.7% 16.3% 18.8% 18.8%
s=—4m 18.9% 15.5% 33.7% 33.9%
s=5m 24.4% 4.70% 53.3% 53.6%

Table 5.9. Percentage of error in the calculated magnetic field intensity due to not taking the sag of
the conductor into consideration for an observation point located at (x =10 m, y =300 m, z = 0).

| Hepae | By Hange | Hum|
s=0.5m 4.43%107% 1.22% 1.35% 1.21%
s=1m 2.13% 2.49% 2.70% 2.46%
s=2m 9.27% 5.18% 5.40% 5.05%
s=3m 12.0% 8.05% 8.08% 7.81%
s=4m 5.50% 11.2% 10.8% 12.6%
s=5m 29.2% 14.7% 13.4% 18.4%

The results presented in Tables 5.2-5.9 show that the error due to not taking the sag of
the conductor into account for the magnitude of clectric and magnetic field has its highest
value when the observation point gets far from the line. The amount of this error in

calculation of electric and magnetic fields can be as high as 50% and 20%, respectively.

This observation can be justified by knowing that as the distance between the source
and the observation point incrcases, the electromagnetic fields due to a horizontal dipole
vanish much faster than those of a vertical dipole. As a result, as the observation point

gets far from the transmission line, the impact of the small vertical dipoles on the total
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electric and magnetic fields becomes more observable. Figures 5.42 and 5.43 show the
dependency of the electric and magnetic field intensities on the source-to-observation
point distance for horizontal and vertical dipoles. The horizontal and vertical dipoles are
placed at (x = 0, y = 0, z= 15 m) above the ground with €, =4 and ¢ = 0.1 [S/m]. The
magnitude of the electric and magnetic fields corresponding to 50-cm-long
horizontal/vertical dipoles are calculated at different observation points. Both of the

dipoles are excited with a current waveform with the amplitude of 100 A and frequency

of 100 kHz.
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Figure 5.42. Variation of the maximum electric field intensity with the distance.
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Figure 5.43. Variation of the maximum magnetic field intensity with the distance.

5.8 Application of MFDTD in Finding the EM radiation
from the Line

In all of the examples mentioned earlier, the current distribution along the transmission
line was assumed to be given. In other word, it was assumed that the excitation waveform
propagates through the line with the speed of light and without any attenuation in its

amplitude. This is true only for the case of a lossless transmission line.

In practical cases, finding the current distribution along the line is of crucial
importance. To find the current on each segment of the decomposed line using the
aforementioned dipole technique, we need to solve the well-known Telegrapher’s

equations given in Equations (5.3) and (5.4):
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d
—1I(x,5) + Y(s)V(x,s) = 0, (5.3)
ox
and,
d
EEV(x,s) + Z(s)I{x,s) = 0. (5.4)

FDTD technique can be applicd to solve the system of the equations given in (5.3) and
(5.4). In this thesis use is made of a recently implemented Modified FDTD (MFDTD)
technique [23] and [24] to acquire the data regarding the current distribution along the
line. In this technique, the frequency dependence of the per unit length parameters of the

transmission line has been taken into account [23].

Using this technique, the magnitude and phase of current passing through each dipole
can be obtained by knowing the excitation waveform. Thercafter, by merging the dipole
technique and complex image theory, time-domain electric and magnetic field waveforms
at any point in the vicinity of the transmission line can be found with a very good
accuracy [68] and [69]. This algorithm can be applied for finding the radiation due to
lightning, switching transicnts, power system over-voltages, and any other kind of

transients associated with transmission lines.

In this section, a multi-conductor transmission line with the length of 10 km is
simulated using MFDTD technique. The current distribution along the line is then
extracted to find the electric and magnetic fields in the vicinity of the line. The

geometrical properties of the simulated line are shown in Figures 5.44 and 5.45 [23].
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c=0.1 {S/m]
g=4

Figure 5.45. Geometry of the simulated multi-conductor transmission system.

As shown in Figure 5.45, the second and third conductors arc short- and opcn-
circuited at the sending and receiving ends, respectively. The receiving end of the first

conductor is also short circuited. The excitation voltage waveform is a transient

2
' i 2(225x1076-p)  (t225x1070) _
waveform with the equation of Vi(t) = %x e T The input

voltage and its Fouricr transform arc shown in Figurc 5.46. Figurcs 5.47 and 5.48
represent the electric and magnetic field components at an observation point in the air,

located at (x = 10 m, y= 10 m, z=0).
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Figure 5.48. Transient magnetic field intensity waveform, calculated at (x =10 m, y = 10 m, z = 0).

5.9 The Effect of Downscaling on the Electric and Magnetic
Fields

In Chapter 4, the importance of the scale modeling and the scale laws were briefly
reviewed. According to the statements made in Chapter 4, in order to be able to expand
the results obtained from a reduced-scale model and predict the behaviour of the full-
scale system, appropriate scale factors should be applied to each parameter of interest. In
Table 4.1, the scale factors for most of the parameters that we come across in transient

EM problems were illustrated.

The assumption that the intrinsic parameters of conductors and the surrounding
surfaces, (0, €, 1), do not change during the scaling process will bring some error and
inaccuracy in our calculations. Based on the discussions made in Chapter 4, if a

(110)
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geometric scaling factor of p is applied to a transmission line system, the conductivity of
the conductor and reflective structures should be scaled with the factor of 1/p to have an

ideal downscaled system.

According to the results derived from complex image theory, the effect of lossy
ground on electromagnetic radiation becomes more significant when the height of the line
is reduced. Since in the scaled model the line is very close to the ground surface, the

effect of the ground’s conductivity becomes significant.

To analyze the effect of scaling on the electric and magnetic ficlds associated with a
transmission line, the example shown in Figure 5.49 is simulated using NEC. To
determine the amount of error caused by choosing the same intrinsic parameters for the
ground, the scaled model is simulated once when the value of ¢ is not scaled and once
with the scaled value for g. The original line is a 100-m-long horizontal line extended
along the x-axis and excited by a voltage source of amplitude 150 V and frequency of 60
Hz. The line is decomposed into 500 segments and the radius of the conductor is set to 5
cm. The line is located above lossy ground with the intrinsic parameters of €, = 4 and

o = 0.01 [S/m].

Figure 5.49. A model of an overhead transmission line.
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The scaling factors for all the parameters of interest are given in

Table 5.10. The electric and magnetic fields at the ground level for eleven distinct
observation points are found for the original and scaled systems. The xyz components and

the total magnitude of the fields are illustrated in Figures 5.50-5.57.

Table 5.10. Scale factors applied for different parameters.

Parameter o Scale Factor
Length (1) ' 1/16
Electric Field Intensity (E) 1
Magnetic Field Intensity (H) 1
Frequency (f) 16
Conductivity (o) l and 16
Voltage (V) 1/16
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Figure 5.50. The x-component of the electric field intensity for the full-scale and downscaled
transmission systems, with and without scaling the ground’s conductivity.
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Figure 5.51. The y-component of the electric field intensity for the full-scale and downscaled

transmission systems, with and without scaling the ground’s conductivity.
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(113)




x 10°

Chapter 5. Results

= Full-Scale Line

~—6— Scaled Model with ¢ = 0.16 [S/m]

| —B— Scaled Model with ¢ = 0.01 [S/m] [F----r--- -

(w/n) 31

11

10

5
Observation Point

Figure 5.53. The magnitude of the electric field intensity for the full-scale and downscaled

transmission systems, with and without scaling the ground’s conductivity.
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Figure 5.54. The x-component of the magnetic field intensity for the full-scale and downscaled

transmission systems, with and without scaling the ground’s conductivity.

(114)




Chapter 5. Results

|
r-----

|
|
|
Lo — -

T
1
|
|
1
\\\\\ i S P sssslasandssas
1 | I | 1 |
1 | I l I I
1 | I | | I
| | 1 | I |
S 4 L S S I, -
[ | | RSP | |
1 I | I 1 |
1 I m m i | I
| | num | | |
| | Rl hemal | - 59 | I
\\\\\ = = = bl | R e R
| I S v | | 1
| I ool ! I 1
| I i I 1 I
| I o I I l |
||||| [ 4 [ - ) 'O R U, PRI
I 1 | I | |
| I lhllhl | | I 1
| 1 S S | | |
| | e w w I I I I
I 1 C = =1 I |
IIIIII - I I e S
” HER-5- I ” | |
| 1 0o 0 9|, I | [
| [ = S = I l [
I | 1 1 l [
\\\\\\ e = e = e =
-8 — | r bl -
| 1 6 L9 I i
! | = 0 ® | I |
| [ 3 0 O | |
ﬁ% [ T I B I | |
e - - -4 — P
I 1 I I 1 1
i 1 I I l 1
| I | | I 1
| 1 I I l [
| | | I | I
\\\\\,Je<ll_| T Z L Y E
I 1 | I | l I
I 1 I | I | I
I 1 | I | 1 i
| 1 | I | i |
[T SEgEsEETFEEERSSosERREEaRgasuespEEs
,*W 1 I | | | |
| 1 1 i | 1 I
I 1 I | I 1 I
| 1 [ I i 1 i
| 1 | | L | 1
[=2] [--] N © n <t [32] N =
e & & © © e 6 & &
] 0 (3] [ 3] (3] (3] (3] o
A
(wpw) [HI

11

10

5
Observation Point

Figure 5.55. The y-component of the magnetic field intensity for the full-scale and downscaled

transmission systems, with and without scaling the ground’s conductivity.
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Figure 5.56. The z-component of the magnetic field intensity for the full-scale and downscaled

transmission systems, with and without scaling the ground’s conductivity.
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Figure 5.57. The magnitude of the magnetic field intensity for the full-scale and downscaled
transmission systems, with and without scaling the ground’s conductivity.

The results show that for obtaining more accurate results, we need to use a different
material for the ground plane in the scaled model. The scale factor chosen for this
example was 1/16. If we want to have a smaller model, the line will be closer to the
ground plane and consequently, the effect of finite conductivity of the ground will
become more significant. In that case, the error due to not scaling the conductivity of the

ground becomes considerable.

5.10 The Effect of Relative Permittivity of the Ground

The only parameter which was not scaled in the example presented in the previous
section was the relative permittivity of the ground, €,. To find out whether any change in

the value of €, has any impact on the value of electric and magnetic fields, five different
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values for relative permittivity, €, = 1, 5, 10, 15 and 20, were chosen for the ground. The
transmission line previously simulated in section 5.6 is simulated with these distinct
values for ground’s relative permittivity. The line is excited by the transient waveform
shown earlier in Figure 5.28. The conductivity of the ground is fixed at o = 0.1 [S/m].
The time-domain waveforms of the field vectors’ magnitude are presented in Figures 5.58
and 5.59. As it can be seen, the change in the shape of the electric and magnetic field
waveforms is insignificant. However, the maximum value of the electric and magnetic
fields depend on the value of relative permittivity. The change in the maximum value of
the xyz components and the magnitude of the field vectors with respect to the case of

€, = 1 are presented in the percentile format in Tables 5.11 and 5.12.
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Figure 5.58. Time-domain waveform of the magnitude of the electric field intensity, calculated at
(x =10 m, y = 10 m, z = 0) for different values of ground’s relative permittivity.
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Figure 5.59. Time-domain waveform of the magnitude of the magnetic field intensity, calculated at

Table 5.11. Variation of the electric field intensity with the relative permittivity, compared with the
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(x=10 m, y =10 m, z = 0) for different values of ground’s relative permittivity.

case of €. = 1.

Exmax . |Ehiaxl -
4.33% 1.48% 4.00% 2.77%
13.2% 6.03% 12.1% 7.28%
22.6% 11.6% 22.7% 11.2%
31.3% 17.3% 36.8% 14.3%

Table 5.12. Variation of the magnetic field intensity with the relative permittivity, compared with the

case of €, = 1.

i Vi i [Hpax|
g, = 6.96x107% 2.77% 3.37x107'% 2.77%
€ =10 2.71% 7.22% 1.59% 7.21%
e =15 5.35% 11.0% 3.44% 11.0%
e =28 8.21% 14.0% 5.60% 14.0%
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5.11 Variation of the EM Fields with Height of the Line

Overhead transmission lines with different voltage levels and in different locations are
built with different heights. To see how any change in the height of the transmission line
affects the electromagnetic field levels in the vicinity of the line, the transmission line
previously simulated in section 5.6 is simulated with six distinct values for its height,
h =5 m, 10 m, 15 m, 20 m, 25 m, and 30 m. The line is excited by the transient
waveform shown earlier in Figure 5.28. The time-domain electric and magnetic fields are
calculated using complex image theory. The conductivity and relative permittivity of the
ground are respectively fixed at ¢ = 0.1 [S/m] and €, = 4. The field waveforms
calculated at the ground level in the middle of the line are shown in Figures 5.60 and

5.61.
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Figure 5.60. The magnitude of the electric field intensity at (x = 10 m, y = 10 m, z = 0) for different
transmission line heights.
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Figure 5.61. The magnitude of the magnetic field intensity at (x =10 m, y = 10 m, z = 0) for different
transmission line heights.

Figures 5.60 and 5.61 show that the magnitude of the electric and magnetic field

intensity vectors increases drastically when the observation point gets close to the line.

In Chapter 3, by making use of the complex image theory, analytical expressions for
electromagnetic fields were presented so that the effect of the finite conductivity of the
ground is taken into account. In the downscaling example presented in this chapter, it was
stated that the effect of finite conductivity of the ground becomes more considerable
when the line gets closer to the ground. To support this claim, the effect of finite
conductivity of the ground (¢ = 0.1 [S/m]) is compared for four different cases, 7 = 5 m,
10 m, 15 m, and 20 m. The amount of error produced by the PEC ground assumption in
the maximum value of electric and magnetic field components are specified in Tables
5.13 and 5.14.
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Table 5.13. The percentage of ervor in calculation of the electric field intensity due to not taking the
finite conductivity of the ground into aceount, for different transmission line heights.

h=5m 100% 100% 51.5% 51.9%
h=10m 100% 100% 26.7% 27.3%
_ h=15m 100% 100% 9.40% 9.98%
’ h=20m 100% 100% 2.64% 2.02%

Table 5.14. The percentage of error in calculation of the magnetic field intensity due to not taking the
finite conductivity of the ground into account, for different transmission line heights.

- o by L Bl Hal
h=5m 100% 51.5% 100% 51.6%
h=10m 100% 25.9% 100% 26.0%
h=15m 100% 8.10% 100% 8.12%
h=20m 100% 4.03% 100% 4.02%

From the results shown in Tables 5.13 and 5.14, it is clear that PEC ground
assumption brings significant computational error in the calculation of the clectric and
magnetic field intensities. Moreover, the results show that the effect of finite conductivity
of the ground on the electric and magnetic field valuecs becomes more significant as the
line gets close to the ground plane. Therefore, careful consideration should be taken in

choosing the ground surfaces with appropriately scaled conductivity in downscale

modeling studies.
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Concluding Remarks

6.1 Overview

Calculation of the electric and magnetic fields in the vicinity of power transmission lines
has been subject of research and study for more than a century. In this thesis, the large
body of research on this issue was reviewed and divided into two categories. In the first
category, the ground is treated as a perfectly-conductive surface, while the second
category is based on the assumption of a finitely-conductive ground. To solve this
problem, use was made of the Hertzian dipole technique introduced in Chapter 2. In this
technique, the transmission line is decomposed into a large number of small dipoles. The
length of each dipole is so small that the current passing through each dipole can be
assumed to be constant along its length at any time. Also, the distance between any dipole

and the observation point is much larger than the length of each dipole.

Using the dipole technique, the problem of calculating electromagnetic radiation from
power lines was reduced to the problem of field calculation due to a horizontal dipole.

Three analytical approaches were applied to solve this problem. In the first approach, the
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exact analytical expressions for the electric and magnetic fields in the space due to an
infinitesimal dipole in free-space were re-derived. The combination of this method and
image theory enabled us to formulate the electromagnetic field expressions associated

with an overhead transmission line located above perfectly-conductive ground.

The other two approaches implemented in this thesis were the frequency-domain
formulations proposed by R. W. P. King and P. R. Bannister. Both of these approaches
lead to approximate formulas for the electric and magnetic fields in the vicinity of a
horizontal dipole located above lossy ground. The method proposed by King solves the
transformed form of frequency-domain Maxwell’s equations subject to the specific
boundary conditions. However, Bannister tries to formulate the same problem using the
complex image theory by approximating the Sommerfeld integrals. The restriction on the
application of these techniques is on the proportion of the wave number in the air and the
ground. While Bannister’s method is only limited to the cases were k? < |kZ|, King’s
approach puts another limitation on the applicability of the formulas, asking for |k, pl to
be bigger than one; where k; and k, are the wave numbers in the ground and air and p is

the radial distance between the source and the observation point.

These two frequency-domain approaches do not provide valid answer for the zero-
frequency component of the electromagnetic fields. Hence, to overcome this deficiency, a
set of simplified formulas for the extremely low frequencies derived by R. G. Olsen was
employed to calculate the electrostatic fields due to the zero-frequency component of the

excltation waveform.
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Most of the previous works dealing with the problem of radiation from transmission
lines treat the overhead line as a straight wire. Neglecting the sag of the conductor leads
to computational error, especially in the transient analysis. To take the effect of sag of the
line into account, an algorithm was suggested to approach this problem. In the proposed
technique, a parabola is assumed to represent the catenary of the line. The dipole
technique is then applied to decompose the transmission line into small segments. Each
scgment is then broken into horizontal and vertical components. The contribution of each
segment is found using the frequency-domain approaches reviewed in Chapter 3. In this
technique, it is assumed that the existence of sag does not change the current distribution

along the ling significantly.

The last step in any theoretical study is validation of the obtained formulas
experimentally. Performing the experiments on a full-scale transmission system is costly.
That’s why scale modeling is a popular verification tool in power system analysis.
Nonetheless, geometrical scaling of physical dimensions demands scaling of all the
temporal and physical parameters such as field intensities, currents, and voltages with
appropriate scale factors. Chapter 4 of this thesis was completely devoted to deriving
such scale factors. By making use of the linearity of Maxwell’s equations and by
applying the similarity theory, scaling factors for all the parameters encountered in the

transient electromagnetic analysis were derived analytically.

6.2 Summary of the Simulation Results

NEC-4, which is a numerical software package based on method of moments, was

employed to verify the validity of the methods reviewed in Chapters 2 and 3. The results
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show that the magnitude of electric and magnetic fields calculated using NEC, match

with those calculated by applying King’s formulation and complex image theory.

Next, using the exact analytical approach explained in Chapter 2, the variation of the
electromagnetic field waveforms as the observation point gets far from the transmission
line was studied in detail. It was observed that the expressions for the electromagnetic

fields include three main components, each dominating in a different distance region.

In many of the studies regarding the problem of radiation from power transmission
and distribution apparatus, the ground is treated as a perfect conductor. To study the
amount of error brought into calculations by assuming perfectly-conductive ground, the
effect of ground loss was analyzed by use of example. According to the simulation, the
magnitude of the electric and magnetic fields are altered drastically when the value of the
ground’s conductivity is changed. Also, the transversal component of electromagnetic
fields (x component) changes significantly with any change in the conductivity of the

ground.

Using the segmentation technique reviewed in Chapter 2, the impact of conductor’s
sag on the electric and magnetic fields was studied mn detail. It was observed that ignoring
the existence of sag in the calculation brings error into the calculation of electric and
magnetic fields. Interestingly, the error in the calculation of the fields increases when the
observation point gets far from the line. This observation was justified due to the fact that
the electric and magnetic fields associated with a horizontal dipole vanish much faster

with the distance than those of a vertical dipole. Therefore, the vertical components of the
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segmented line play a major role in determining the value of the electric and magnetic

fields in the far-field region.

To obtain the full waveform of the electromagnetic fields aroused by a transient
excitation such as lightning or switching transient phenomena, the current distribution
along the line should be available. Current and voltage values at any point of the line can
be obtained by solving Telegrapher’s equations, if the excitation source 1s known. In this
thesis, a modified finite-difference time-domain (MFDTD) technique was employed to
solve Telegrapher’s equations. Merging the MFDTD method with the dipole technique
enables us to find the transient currents, voltages and electromagnetic fields after any
kind of perturbation, given that the excitation source is known. As an example of this
application, a multi-conductor transmission line was simulated using MFDTD technique
and the obtained current distribution along the transmission line was extracted to find the

xyz components of electric and magnetic field waveforms.

To verify the scaling factor table derived in Chapter 4, a full-scale transmission line
and its reduced-scale model were simulated in NEC-4. The results of this simulation
showed that in order to increase the accuracy of downscale modeling, a conducting
surface with a much higher conductivity value than that of the original ground plane
should be employed. In this case, the measurements obtained from the reduced-scale

model can be extended to predict the behaviour of the full-scale transmission system.

6.3 Future Work

The theoretical work done in this project can be utilized for prediction of the

clectromagnetic fields associated with overhead transmission lines in the transient or
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steady-state modes. Although the theorctical expressions were verified using the
numerical electromagnetic code (NEC), the impact of experimental and physical
parameters affecting the response of the transmission systeimn, such as humidity, wind, and
corona, were never faken into account. To have a clear knowledge on the extent of effect
of such parameters, fabrication of a downscaled model and performing experimental
measurements on this model is necessary. The experimental measurement can then be
compared with the numerical and theoretical results. Using the scale factor database
presented in Chapter 4, experimental results can be employed to predict the behaviour of

the full-scale transmission system.

The whole focus of this work was on the overhead transmission system. A similar
procedure followed in this thesis can be employed to find the electromagnetic behaviour
of buried power cables. This can be achieved by applying minor changes in the field
expressions derived in Chapter 3. The combination of the new set of formulas and dipole
technique will lead to derivation of the electric and magnetic field values associated with
power cables at any point in the ground or air. As a result, the effects of the encrgized

electric cables on the environment and adjacent equipment can be studied.

The effect of line insulation and stratified ground on the emitted fields from the power
transmission lines were neglected in this thesis. To find out the impact of shielding on the
transmission line radiation, the set of formulas derived by King can be extended to
include the effcct of shiclding on the emitted fields. Moreover, the electromagnetic effect
of a multi-layered ground can be taken into consideration by modifying the complex

image theory.
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In the proposed algorithm for calculation of the radiated fields due to a sagged
conductor, it was assumed that the existence of sag does not change the current
distribution along the line. Although this sounds to be a legitimate assumpiion, the
MFDTD technique used in this thesis can be modified to predict the current distribution

along a sagged transmission line.

Finally, the procedure explained in this work can be used to study the electromagnetic
effects of the power transmission lines on other instruments in the vicinity of the
transmission system. As an important application, the coupling between power lines and
communication lines, pipelines, and railroads can be studied. Also, the theoretical results
presented in this thesis can be cxtended to find the fields emitted from other power
system apparatus such as high voltage substations, grounding systems, and power
electronic converters. Moreover, the health issues associated with power transmission
lines in the low- and high-frequency ranges can be studied using the theoretical and

numerical results derived in Chapters 3 and 5.
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Appendices




ing’s Formulation

This Appendix provides the mathematical calculations followed by King and Wu [A.1]-
[A.3], leading to the electric and magnetic field expressions for a horizontal dipolc above

lossy ground.

A.1  Maxwell’s Equations and Their Transforms

Consider the x-directed horizontal electric dipole shown in Figure A.1, located at z = d
on the z-axis. The wave numbers of the two regions are k; = w(poé;)V?, where
€ = €;+jo/wand i =1,2. 1t is assumed that both rcgions are nonmagnetic so that

Uy = Uy = Uy Maxwell’s equations in the two regions are derived assuming exp{—jwt)

time-dependence:

VXE; = jwBy, (A.D
and,
VXB; = uo(—jwé&E; +8/y), (4.2)
where,
Je = 8(x)6(y)6(z - d), (A.3)
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Appendix A. King’s Formulation

is the normalized volume density of current in the dipole. Equations (A.1) and (A.2) are

to be solved for E; and B;, subject to the following boundary conditions,

Eix(x%,5,0) = Ep(x,y,0), (A
Eiy(x,y,0) = E(x,,0), (A.5)
kiE1,(x,y,0) = ky Ey,(x,,0), (A.6)
B1(x,y.0) = By(x,vy,0). (A7)

The translational invariance of the boundary in the x- and y-directions suggests the use

of the transform

1
(2m)?

E(x,v,z) = f f ej(fxﬂ}y)ﬁ(gj 7 z) dn dé, (A.8)

and a similar one for B(x, v, z}.

z
A .
P C\‘, v z)
L -------------------- ay
........................ p y

N
AN
Q
N
N

Region 2 (Earth)

Figure A, 1. Geometry of an x-directed horizontal dipole, located on the z-axis above finitely-
conductive ground.

(141)




Appendix A. King’s Formulation

The transformed form of J, (x,y,2) is
L& nz) = 8(z—d). (A.9)

The transformed Maxwell’s equations in Cartesian coordinates are,

ik 9§ iwB ALl
jnEiz = 5-Liy = joB, (A.10)
I 5 i iwB ALl
'a_ZEix — J¢E;, = jwByy, ( )
JéEy = jnEy = joBy, (A.12)
inB 95 jki g (A.13)
jnBiz = o-Biy = =7~ E + o8z = ),
9 i¢B jki (A.14)
a_Z'le"'fEBiz = ""'(:)—Eiy;
s . jk? NE
j€Biy — By = ——Ey. (A.15)

With these equations, the y- and z-components of both E; and B; can be expressed in

terms of Ey, and By, The results are

_ 1 _ I -
By = 'Tc_z_—szz(“anix +Jw5;5’ix): (4.16)
3
_ 1 . _ _
E, = }{'?.'__Ez(f‘fgz‘Eix +nw3;x), .17)
L
= 1 jki 9 = (A.18)
Bi}’ = k2 — Ez _?g‘g‘ix - EnBix ’ '
I
_ 1 k?n - d (A19)
B, = %2 — g2 Eix ]fEEBLx o
t

The substitution of (A.16)-(A.19) into (A.10) and (A.13) leads to the following

ordinary differential equations for £y, and By,
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d? _ wpg(ki — &%)
2 _ LHASAS] A.20
(a—z—f-}-}/i)Efﬁf = ____._j_k.iz___.__(j‘(z__dl ( )
d? _ ,
(dzz + 7’12) By, =0, (A.21)
where,
vi = ki-& -0 (A22)

A.2  Solution of the Differential Equations
First consider the Equation (A.21) for B, with i = 1 and z > 0. The general solution in
region 1,z > 0, is
By, = Cje™InZ 4 e/n? (A.23)
where, from (A.22) with ke; = B + jaq,
1= Bf—af =8 -n"+ Zjalﬁi)i/z' (A.24)
When &2 +n? > p? — af,
v = JE +n7 = BE +ad)If (p) — jg (e, (A-25)
where p; = 2a,5,/(?+n?—pB2+a?) is positive and real, and f(p;) =

cosh G sinh™? pl) and g(p;) = sinh G sinh~? pl). It follows that,

+iyiz = Fz(E2 + 0% — BE + aB)2f(py)
(A.26)
+jz(§2 + 12 — Bf + a) 2 g(py).
Clearly, with z > 0, exp(—jy,z) — o0 as z — co, which is an unacceptable solution.

Therefore, C; = 0, and,

Elx = Clej}"lz; zZ 2 0- (A\.ZT)
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This solution was obtained for é2 + n? > pZ — a?; by continuity it also holds when
£ < i -

When the same sequence of steps is followed for region 2, z < 0, and the boundary
condition B;, = B,,atz = 0 is applied, it follows that,

By, = Cie™Ire%; z < 0. (A28)

The differential equation (A.20) for E,, is homogeneous and a solution is obtained
just as for Byy. It is

sz - Cze—jhz; z < 0. (A.29)

The §-function on the right side of the Equation (A.20), makes the solution for Eiy,

z > 0, more complicated. The particular solution for the equation s,

2 2
oo _9HlE =8 ea (4.30)
1XP Zylkf »

so that,

a’#o(k% - 52)

ejvilz—dl. z> 0. (A31)
2Y1kf

Elx = C"e—jY1Z + Cej}’lz —

As in the solution (A.23) for By, the constant C’ must vanish since exp(—jy,2z) — o

as z — oo. The boundary condition E;,, = E,, atz = 0 gives

wlu(}(klz. - EZ) oirid (A3
2y, k3 ’

so that,

Wiy (klz - 52)

Elx = Czej)ﬁz - ]y1k% erEd Sin ylz; O S z S d) (‘\.33)
_ wiy(k? — &2 .
Eix = | G —Msinyld e/nz; d <z (A.34)
)
Jy1ki
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The solutions (A.27) and (A.28) for B, and (A.29), (A.33), and (A.34) for E, satisfy
the boundary conditions 1, = Ey, By, = By at z = 0. The continuity of E,,, kE,,
By, and B, remains to be assured. Since these four additional boundary conditions are not
independent, only two need to be enforced in order to determine the arbitrary constants
C, and C, in the formulas for E, and B,. Specifically, the conditions E,, = Fi,

By = By, atz = 0 lead to the following system of equations:

Y1 Y2 1 1
(kf—$2+k§—fz) (kf—ez‘kg—fz)fn

1 1 Yaki V2k3
PP 272 5160~ T 2
F—¢ 5 — & ky —¢§ fey —¢&

With y2 = k? — £? — n? and extensive manipulation, the constants C; and C, are
Yi i n P i 2

(s
0
Czw _ [ d}' (A.35)

K2—k3) __
C, = _%__Zlyﬂeayld, (A.36)
yilkd = &) + v, (ki — &%) iyid (A.37)
= - 1
G2 MN WHo€ "
where
M=y +vy; and N = ky, +kZy,. (A38)

When these expressions are substituted in (A.27)-(A.29), (A.33), and (A.34), the
solutions B;, and E, i = 1,2, are obtaincd. The further substitutions of By, and E;, in

(A.16)-(A.19) provide Eyy, Ey,, By, and By,

A.3 Components of the Electromagnetic Fields
The six components of the electromagnetic field in cylindrical coordinates are obtained in
the form of infinite integrals when the Fourier transforms derived in (A.8) are substituted.

In region 1, the EM field components are given as
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Wity .
Eip = 47Tk12 cos ()b [L (klz jO(Ap)

A2 .
T o (4p0) —]z(ﬂp)]) }’fieJhIZ—a[AdA

# [ (B2 00tae) 1)

kZp ‘
- -21]/— Uo(Ap) + /2 (Ap)}) eJ'Vl(”d)/'ldAl,
1

Wity | ®
Eip = in_k;-SWPUO (kffo(&p)

2

A .
) Uo(Ap) + J; (ﬂp)]) }’i—lenﬁlz—dlﬂd;{

# [ (B2 0000 + 1)

kip .
——Jo(4p) — J2(Ap)] et aqa),
2y,

Jwig

By = 285 cosg | (el 4 Qe ), (lp)d,
1 0

Ho . * —
By, = —ﬁsmqb[ifo Jo(Ap)edril==2 34

# [ (30000)+ Gp

- -g Uo(Ap) = J2 (Ap)]) el (Z”)Ad/l],
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By = —————z:[ cosd)[i J;mje()tp)efhlz—dmd,l
“rQ
+ —e(p) — 2 (4
fo (5 Voi0) = 2 (30)]

- 3UsCip) + o)) e 0aa

_ JHo
1z Am

where

Y2—%1

Vit+vs

_ k12]/2 - k%h
K2y, + k2yy

p = (xz +y2)1/2,
= tan-1(2
¢ = tan (x)'

and,

12

j 21 . —
Jn(/‘{P) = E‘T‘;f ejApcoseejang'
0

is the integral form of the Bessel functions.

———sinqbf (e/mlz=dl — peinEtd)yriy (Ap)A2dA.
0

{Ad3)

(A.44)

(A.45)

(A.46)

(A.47)

(A.48)

(A.49)

This completes the formulation of the clectromagnctic field at all points in the upper

half-space when the source is a horizontal dipole with the unit electric moment located at

a distance d from the boundary surface.

The integrals appeared in Equations (A.39)-(A.44) can be evaluated approximately

with the condition |k,/k{|? > 1orlk,| = 3k,. After complicated mathematical
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manipulations, the six components of the electric and magnetic ficlds at any point

(p, ¢, z) in the air over the earth can be obtained as,

Wity ikary 2 2
—+
4k, cos ¢ {e o ke

N (z — d)?‘ jk, 3 3
o no 12 kg
- 2 /. .
— el ._2__ + __2}_ + (Z + d) __f_k_1 _ _?_ _ 313) {A50)
2 kgt 7y rno 1 k7

2k4 (z + d) j_k_l_ _i
kz Iy TZ T'Zz

Eip(p: o, z) =

_ pitars _Ef‘_l(z T d) Jlo 1 (A.51)
ks, g T, 1y
2k2[2  2j  qz4+d\*(jk, 3 3j
ozt j3+( ) e 1n 3)]

+ =] |— e ITF(P)¢ ),
k;P p kir, )
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WHo o (pN(Z—d\[jki 3 3j
Elz(p,qb.Z)=4nk1€05¢{—€”‘1“(;)( )(—1——2-* 3

4. gfkar2 (E_) (Z + d) J_.]fl - _3_ — 3 (A.52)
') i) Iy T'22 k1T23

. 3 1/2
_ 2, 2) Bs) (5) e_jPF(P)B'
ko ) 2 ?‘22 ea Niey

{A53)
+2klejkr2 _%__;. 2j (z—[—d)z jla 3 3}')
k 2 rzz k 1 TZS T2 i) rzz k 1 ?‘23
u TZ)Z( - )1/2 'fPF(P)]}
— (= e
kzp(p kit
_ Ho jkar (Z_d) jla L
Bip(p, $,z) = 47{COS¢{6 v " P
— gl (Z + d) (Jﬁ _ __15)
T
& ? " (A54)
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, iy, 1
By, (p,$,2) = ‘%:; sin ¢ (eﬂwa (ﬁ) (Lz _ _2_)

n/i\n  n
_ pltar (f_) jky 1
2 > 7‘22
L pelkarz (ﬁ) ﬁ(z + d) jlka 3 3 (A.55)
) (ky\ 1y T2 k)

k2[1 3 3

k2|r2  kyr? kit

z+d\ (jlk, 6 15)
+(r ) 1 ks ’
2 2 2 112

where,
_ S(SLZ_J’_’?_)Z (A.56)
R r
with,
Gy _ Ko, _ Kz _ kid (A57)
2k2° 2k2" 2k, 2k,
And
1 P it .
F(PY = —{1+7)— ——dt, (A.58)
(P) = 50+ fo e

where, the integral in the right hand side of Equation (A.58) is the Fresnel intcgral [A.4].
r,; and 7, arc respectively the distance from the element of current and the perfect-image
element to the point of observation; that is

no= [G=x) 4 =)+ (2= 2D (459

= [x—x)V+ G —y)+(z+2)]V2 (A.60)
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The accuracy of representation increases as the value of [k;/ le,| grows larger. The
derived equations give the complete electric and magnetic fields subject to the inequality

lkey /by ] > 1or {ky] = 3k;.
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bannister’s Formulation

This Appendix provides the mathematical calculations followed by Bannister fo calculate
the EM field expressions for a horizontal electric dipole, located above lossy ground

[B.1]-[B.4].

For an HED source, when h and z are > 0, the Sommerfeld integral expressions for

the Hertz vector are

1L e o prika © o=y (z+h)
- - +2 | ———Jo(Ap)Ada), B.1
* 47{]'(:)60[ Ry R, fo U+ 1y Jo(1p) (B.1)
and,
ILecosgy 0 (% 2(up —wy)
= — — T 1(Z+h) /‘i Adﬂ,
z (4‘7Tjw60) ap_]; 'yzzul + }’12u2 € ]O( p) 3 (B.Z)
where,
Ry = [p? + (z — h)]*2, (B.3)
Ry = [p? + (z + W)}V?, (B.4)
u, = (A2 +yHve, (B.5)
u, = (A2 +yH? (B:6)
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Vi = (—w?uee)?,

vz = [jopelo; + jwe)]V2,

(B.7)

(B.8)

The real part of u,, u,, and y, are all positive and a time harmonic dependence of

exp(jwt) has been assumed.

From Equations (B.1) and (B.2) and utilizing the identity (v, — u)(uy +1w4) =

vs —y#, we have

iL cosqb) d [e‘““ﬂ e "Ry

V. = ( — -
dp| Ry Ry

drfweg

© 9 2 e—ui(z-l—h)
[ = Jop)2da|
0

2 p)
ViU F YUy

For [n|? > 1, it has been shown that,

Uy — U _
= e uldJ
Uy + Uy
and,
Uy — Uy 2uy -
uz + u1 ul + u2
where,
_ 2
d = /]/2‘

Applying Equations (B.1) and (B.5) and Sommerfeld’s integral,

—YiR1

R,

o A
&=fe%mem~m=
0 Uy

resuits in,
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where R, = [p? + (d +z + R)?]¥/2. This equation is valid at any range from the
Source.

Since y2/y% = 42 = 1/n?, (B.9) can be rewriticn as

-¥1R -¥iR
VI ~ (ILCOSd’)i ¢ L) (B.15)
Anjwey/ dp\ Ry R,
where,
9 Ze-ul(zHl)
Ipyy = f %—-—a—jg(ﬁp)ldﬁ. (B.16)
o Yauptyii
Since

1 1 (1 ___1__) _ 1 Au, (B.17)

Uq + AZUZ Uq Uq Uq + Azuz Hq ul(ul + AzuZ)’

from Equations (B.13) and (B.17) wc have,

e f‘” Huge G4 (B.18)
0

I = 2A% AdA|.
DIV 4 [ R, (i +A2u2)]0(lp) d

Since |n?| > 1 (]4%| « 1), we can set the function uy in the second term of the

Equation (B.18) equal to ¥;, the propagation constant in the earth. Thercfore,

Ay, = Ay, = yi4, (B.19)
and,
e k1 ] ylﬂe‘"i(”“)
Iy = 242[ _f Jo(Ap)AdAl. (8.20)
b Ry o +v14) oMP

For |n?] » 1, the Fresnel reflection coefficient for vertical polarization is

_ sinyp, —4 (B.21)

F - ]
™ siny, + 4
where siny; = (z+ h)/R;.

It has been shown that, when |n?| > 1 and |yoR,| > 1,
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e“}’lRl

Jo(Ap)AdA =~ (1—;—&) (1 - FW]—— (B.22)

o Ylﬂe_ul(z+h)
p= j hae T
o W (uy +v14)

where F(w) = 1— jlaw)Y2e Verfc (jwl/?), is the Sommerfeld surface-wave
attenuation function, and w = —% (siny, + 4)%, is the Sommerfeld numerical

distance [B.S]. Therefore, from Equations (B.20) and (B.22),

242 11fs 1-1 A2 Ae~ V1R
I z————-—1—(-—-—)1_ }z____..._, (B.23)
DIV R, { 3 [1—F(w)] R
where,
1—-h siny, + 4 F(w) ,
_ il _ 1 (B.24)
A=1- (———) 1-F = .
2 [ )] siny, + 4
Thus, from Equations (B.15) and (B.23),
V.0 ~ (”‘ cos 4))_6_. e et 24%4e T\ (B.25)
dnjwey/ 0p\ Ry Ry Ry

When |n2] > 1and |4siny ] K1,

g [Ae N1 e k1 e k1N gA
( ) = _A(l + lel) CcoSs "Pl + ( )BTO‘

ap\ Ry R? Ry
e k1
~ —A(1+ v R)cosy, 2 (B.26)
1
e_}'1R1
~ _(1 -+ lelA) COSs lpl —"‘E‘z“—
1
where cosip, = p/R;. Therefore, from Equations (B.25) and (B.26),
ILcos ¢ g V1Ro e~ 1ifa
~ o= dmjwe, (1 + y1Ro) cos ¥y R2 — (1 +y4Ry) cos 1!"1“%?’
(B.27)

2 cos, e Ve
n2R:

(1 +v1R4)),

From Equation (B.17), utilizing the identity (uy —u)(uy 1) = ¥# —yi, we have
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uz - u‘l 1 AZ (8‘28)

Yauy + Yits gy Fuy) u(ug + APuy)

Thercfore, (B.2) reduces to

IL cos ¢ © 2e7t(zth)
1 (———-—-—) f — [y (Ap)AdA
z Amjweg ap[ o wilug + uz)ja( 2

o ~uq(z+h) 5
— 242 f — j,(Ap)AdA (5.29)
o U (uy + Azuz)]O( 2

Hlcosg
— I
(4715](060) dp C Y

where,

b 2u1 A
I, = ~uy(z+0) ] (Ap) —dA, (B.30)
21 J’u (u1 n uz) € Jo(2p) )

and,

—1L1(Z+h)
e = 28 | oty oA
(B.31)

o0 —uq(z+ih) 2p
zZAZJ —  J,(Ap)AdA = — = dP.
o iy + Y1A)]O( 2 Ya

After some manipulations, we have

dly _, cos Poe e (14 yod) cos g e 1R (B.32)
dp R,+d+z+h Ri+z+h ’

and,
9l cosp,e Rz (1+yd)cosyy e V1f1 (B.33)
9p Ry,+d+zth R, +z+h ’

where siny, = (d+z+h)/R; and cosyh, = p/R,.

Therefore, from Equations (B.24), (B.29), (B.32), and (B.33),
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L cos¢ [sint, e V12 — siny, e r1fa

27 Amjwegp (B.34)

+ yyde V1 Ri(sin? i, + A cos? )]
After deriving the expressions for the HED Hertz vector, the electric and magnetic
fields at any point in the air can be obtained from E = —y{M + V(V.II) and H =
jwey(V X IT). The components of electric and magnetic fields in the cylindrical

coordinate system are given in the following equations:

IL cos ¢ _ R
p = Injweg l{(B cos2 g — 1)1 + yoRo) — YERE sin? Py} 7
i e ViR
—{Bcos? Py = DL +y,Ry) = [¥iRE sin® P} —
1
2e 11k )
R {[(3 cos? ¢, — 1)(1 + v, Ry)] (B.35)
neng
2
— E_}_z_l_ {1 — &. e"}'l(Rz—Rl):l
d? R,
1-1
+ n?y2R? [Sin P, + (__E_H) F(W)A]H’
ILsing¢ e "kRo e ViR
(B.36)
2~ Y1iR1 R,

+ (1 +y,R,A4) + E_R_% 1 — =g n1{R2-Ry)
J4RAS PE R, e )

2p3
n*R;3
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z

ILcos ¢ ' e~ Vifo
= e, [(3 + 3y, Ry + yERE) sinpy cos g =
e V1

— (3 + 3y, Ry + I[jY2R%) siniy cos Py =3
1

2 202 ) e“]/lRl
+ 5-2-(3 + 3y, R, + yyRf) sin, cosyy 3
1
costp, e fz  cosip, e s
— v X - (1+7.d)
R,+d+z+h R +z+h

R}
ILsing ) g~ "1k2 . e Y1Ro
Hy = p [(1 + y1Rz) siny, RZ — (1 +y1Rg) sin %bo_:%_
e V1R (1 +y,dA)e 1k
R,(R,+d+z+h) RR +z+h) |
ILcos¢ _ e Y1Ro
Hy = — o (1 4+ y,Ry) sinpy R2
_enfe yid 1) _
- (1 + 1 YlRl) siny, RZ R, ( 2 )F(w)e ik
e ViRz (1+ Y1 d)e"Y1R1
Ry(Ry+d+z+h) R(R +z+h) ][
ILsing e Y1Ro e~ Y1R2
2= T an (1 +y1Ro) cos iy _1‘%— — (1 +y1R;) cos i, T]:

where siny, = (z — h)/Ry and cosyy, = p/Ry.

(B.37)

(B.38)

(B.39)

(B.40)

The obtained set of formulas can be used to determine the effect of the ground

constants on the field intensity in the vicinity of a dipole. These formulas may also be

used to show the influence of the location of the dipole on the attenuation of EM waves at

different frequencies. These equations are valid for infinitesimal dipoles; however, they
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are also true for finite dipoles if the length [ is much less than both the free-space

wavelength and the measurement distance.
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C.1 Introduction

Traditional electromagnetic field computation techniques assume that the current carrying
power transmission lines are straight horizontal wires. This assumption results in a model

whose fields are distorted from those produced in reality {C.1].

Precise analytical modeling of electric and magnetic fields produced by overhcad
power lines is important in several research arcas such as health effects of extremely low
frequency (ELF) elcctromagnetic fields and design of power line proximity detectors and

measurement equipment [C.1] and [C.2].

Whenever analysis of the power line is concentrated in closc proximity to the
conductors, the straight wire approximation must be critically reviewed. The effect of the
catenary on the amplitude of the clectric and magnetic fields may be significant in some

casecs [C.1] and [C.2].
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In this appendix, an algorithm is proposed for modeling the electric and magnetic

ficlds produced by the sagged power transmission lines.

C.2 Representation of the Conductor Sag

The exact shape of a conductor suspended between two poles of equal height can be
described by parameters such as the distance between the points of suspension, L, the sag
of the conductor, s, the height of the lowest point, b (normally in the mid-span), and the

highest points above the ground, H, as shown in Figure C.1 [C.1].

A catenary symmetric with respect to the z-axis in the xz-plane is specified by the

following equation

1
z = Ecosh(ax), (c.n

i

3
R

Figure C. 1. Geometry of a sagged transmission linc.
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The parameter a is given by

] (C.2)

and z, is the distance between the catenary coordinate system origin and the ground level
which can be found from [C.1],
H+ 2z, L
m - cosh (—Z(h T Za)) = 0. (C.3)
Although a precise representation of the catenary shape is given by (C.3), it may be
not the most effective expression for practical applications. In order to reduce the
computation time, alternative formulas approximating the true catenary are recommended

[C.1]. Most often, several first terms of the series expansion of (C.1)

3.4

1 ax? a®x
7= —4 —

a 2l 4!

are used. The first two terms of (C.4) represent a parabola. In this case, however, the
points of suspension of the true catenary and those of the parabola will not coincide,
although the difference is minor. Another approximate representation of the catenary is

used in [C.2],

2x\” .
zZ=5 (T) + h. (C.5)

For the representation given by (C.5), the origin of the coordinate system is located at
ground level. When the relative sag (s/L) of the power line conductor is small, the
correlation between the parabola approximation and the catenary equation is very high

and the error is well within practical level of precision [C.1].
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C.3 Segmentation of the Line

In order to take the effect of sag into account, we decomposc cach segment of the
transmission line into horizontal and vertical vectors. This will provide a more accurate
approximation for the transient fields radiated from a transmission line. The schematic of
the decomposed segment of wirc is shown in Figure C.2. The fields duc to cach

component can be calculated using the set of formulas given in Chapter 3.

Sagged
Conductor

Figure C. 2, Configuration of an arbitrarily-eriented segment of a sagged conductor, decomposed
into horizontal and vertical segments.
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