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ELECTRIC POWER TRANSMISSION LINES

Abstract
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Washington State University
August 2011

Chair: Robert G. Olsen

The emergence of smart grid technology requires changes in the infrastructure of
the electric power system. One of these changes is the addition of sensors to the
transmission portion of the power system in order to determine useful information
about the system such as line sag and direction of power flow. Unfortunately, there
are a number of inhibitors to incorporating these additional sensors. These include
issues of initial cost and/or maintenance. Therefore, what is needed (especially in
sparsely inhabited areas) is new sensors that are inexpensive to manufacture, do not
compromise safety, can be installed without taking transmission lines out of service
and require low levels of maintenance.

The focus of this dissertation is on electromagnetic (EM) field sensors, a novel
type of sensor that can be used for monitoring the state of power lines. These sensors
do not require contact with the power lines; rather they utilize electric and magnetic
field coupling. Important states (such as voltage, current and phase sequence) and

geometric parameters (e.g., line sag) of the power lines can be monitored based on



inherent correlations between those variables and the electromagnetic fields produced
by the power lines. While similar sensors have been available for many years, the
unique feature of the sensors discussed here is that they utilize the relative phase of
the EM fields in the vicinity of the line to provide significantly better sensitivity than
has been previously available. In addition, they are inexpensive, easy to install with
live working techniques and require only a low level of maintenance.

Three types of sensors, point probes, and perpendicular and parallel distributed
sensors will be studied using basic reciprocity theory and developed to the point of
application.  Several field experiments were conducted for validation. Finally,

potential applications of the sensors for monitoring power lines are explored.
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CHAPTER 1

INTRODUCTION

Since the commercial electric power system started to serve our society in late 1800°s,
the transmission line has become a significant part of the system. After more than 100
years’ development, the modern power system is much more advanced than its
ancestor. When the first transmission line in North America was built in 1889, it was
only about 13 miles long and delivered power from Willamette Falls in Oregon City
to downtown Portland at a voltage of 4000 V [1]. Nowadays, high voltage
transmission lines can convey huge amounts of power over hundreds or even
thousands of miles from the generation center to the consumer center. Many kinds of
devices and sensors are installed to monitor the flow of power through the
transmission line and ensure that the power system is operated efficiently as well as
reliably. These sensors also play important roles in providing the protection for the
power system during abnormal operations and faults. The sensor itself is a testing
field for the state-of-art technologies. Many high-tech methods or concepts, such as
robotics, GPS technique, and radar imaging, have been adapted in developing the
sensors and significantly improve the performance of the sensor network for the
power system.

With all these efforts, however, power engineers still cannot help asking this
question: Is it enough to operate a reliable, smart as well as economically efficient
electric power system? Obviously, the answer is No. Here the focus is on the

transmission line system. Fig. 1-1 shows the basic structure of a power system,



containing the subsystem of, from left to right, power generation, transmission, and

distribution.

Not enough

sensors inSta||ea\§"'"'"""""'""""""""""""": -----
S\Transmission Lines .

Substation
Step-Down

Generating Station

Generator Step
Up Transformer

Fig. 1-1 Structure of a typical power system, usually not enough sensors are installed
for the transmission lines (Image source:
http://lwww.ferc.gov/industries/electric/indus-act/reliability/blackout/ch1-3.pdf)

As well known, the traditional sensors such as potential transformers (PT’s) and
current transformers (CT’s) are usually installed in the substations. However, on the
power transmission lines (shown in the dashed square in Fig. 1-1), which are often
spread out over wide areas, an inadequate number of sensors have been deployed.
There is useful information, such as line sag, direction of power flow, and
environmental electromagnetic field, that are not well monitored in these areas. In the
Department of Energy’s “Five-year program plan for fiscal years 2008 to 2012 for
electric transmission and distribution programs” [2], it is proposed to deploy at least
100 transmission-level sensors by 2009 to enhance the capability of real-time
monitoring of the power system. The “transmission-level sensors” in this report
include phasor measurement units (PMUSs), intelligent electronic devices (IEDs) and
sag monitors. It is reported that prior to 2009, more than 200 PMUs have been

installed in the North American power system interconnection with more to come [3].



Obviously, compared to the scale of the power system, several hundred sensors are far
from enough to significantly improve the sensor networks for the transmission system
of the power grid. It is cost which limits the number of the sensors to be installed.
Those sensors are usually very expensive and require many of labor hours for
installation and maintenance.

Moreover, it has been the common understanding that the ‘Smart Grid’ will be the
future of the electric power system. To build a smarter power system requires reform
of the infrastructure, for which the sensor network is an important part. Instead of
changing all the existing grid at once, the better and more feasible idea is to gradually
replace the old components with new technologies and, at the same time, improve the
ability to access and monitor the conditions of the rest of the grid components so that
it operates more efficiently and reliably [4], [5]. This brings technical and economic
challenges to advancing the sensor networks. The types of sensors chosen for the new
sensor networks should have the following characteristics:

e Capable of picking up the desired signals under complicated background

conditions, accurately and reliably;

e Inexpensive for manufacture and maintenance;

e Easy and safe to install.

Especially for power transmission lines, which are geographically widely spread
in sparsely inhabited areas, the sensors should be inexpensive, easy to install with live
line work, and require a very low level of maintenance. Given these characteristics,

the sensors can be deployed in large numbers to significantly increase the density of



the sensor networks for transmission system of the power grid.

New sensors and sensing technologies have been developed for transmission lines.
For example, a conductor temperature sensor and a connector condition sensor are
introduced in [4]. The first sensor measures the conductor temperature and current
directly. The second one monitors the condition of the conductor connectors by
measuring temperature or resistance of the connector. Sensors based on fiber-Optic
and infrared imaging techniques have been used for measuring the leakage current
and contamination level of insulators on transmission lines [6] — [9]. [10] shows the
automatic visual power line inspection conducted by a robot equipped with cameras.
Real-time sag monitoring of the power line conductors is important for the dynamic
rating of power lines; they detect dangerous increases in line sag due to overheating or
ice covering, and prevent line to ground short circuit faults. Power line sag can be
measured by several types of sensors or techniques, such as satellite imaging [11],
power-line carrier (PLC) signal analysis [12], global positioning system (GPS) sensor

[13], [14], mechanical tension sensor [15], or space potential probe [16], [17].

1.1 Electromagnetic sensors for transmission lines

The sensors to be studied in this dissertation are ones that achieve the desired
measurements by means of electromagnetic (EM) coupling with the fields produced
by power transmission lines. Basically, these sensors (will be called the ‘EM sensors’
in the dissertation) are the receiving antennas that work with the EM fields due to the

power transmission lines. The first pair of transmitting and receiving antennas,



employed by Hertz in 1887, had a very simple design [18]. The receiving antenna was
simply formed by a circular loop of wire with a tiny gap. The EM sensors introduced
here inherit the characteristic of simplicity from Hertz’s antennas. It iS not necessary
to have complex structures, which means the manufacturing costs are low. In fact, a
simple conducting sphere or a loop of conductor can be used as an EM sensor for
acquisition of useful information from power lines. An EM sensor made of a
styrofoam sphere covered by aluminum foil and the supporting frames made of PVC
pipes are shown in Fig. 1-2. When grounded through an ammeter, this sensor can be
used to measure the space potential, i.e., the capacitive coupling, due to the power

lines. Details of this kind of sensor will be introduced in Chapter 2.

Sensor
sphere ¢

Power
lines

Fig. 1-2 An EM sensor made of styrofoam sphere covered by aluminum foils and the
PVC supporting frame

Since the EM sensors work with the EM fields due to the power line, the

measurements can be conducted in a non-contact manner, which means that the



sensors don’t have to have physical contact with the power line conductors and can be
placed relatively far away from the high voltage parts. This avoids concerns about
high voltage insulation, and further, reduces the manufacture costs of the sensor
system. The EM sensors with the corresponding meters, data storage, and even
communication system still cost much less than many other kinds of sensors in use,
such as PTs, CTs, or GPS sag monitors. Benefiting from the non-contact
characteristics of the EM sensor, the installation becomes simple and inexpensive.
Further, the power line doesn’t need to be shut down when the EM sensor is installed
because it is placed far enough (usually on the ground) from the power line conductor.

Usually, the result of the electromagnetic coupling from power lines are the
induced current or voltage on the EM sensors. The EM fields due to power lines are
determined by the variables such as line voltage, current, and line configuration,
which are all very useful pieces of information about the operation and control of the
power system. Inherent connections are consequently built between the induced
current or voltage and the states or parameters of the power lines. Then, these pieces
of information about the power lines can be derived, i.e., indirectly measured, by the
measurements from the EM sensor. This is the basic mechanism how the EM sensors
work. Therefore, the EM sensors have the ability to accomplish many tasks now done
by the traditional sensors. Different from the traditional measurements of EM fields
for which only the magnitudes of the fields are measured, the utilization of the phase
angle of the fields gives more strength to the EM sensors discussed here, if properly

designed. In addition, the EM sensors, with simple design and structure, require very



low level of maintenance, which results in that the sensors can be installed in various
areas, including those far away from the population centers. All these advantages
imply that the EM sensors have the potential to be deployed in large number in the
power transmission system and make the family of EM sensors a good choice for
advancing the sensor network for power transmission lines.

The designs of EM sensors vary between different applications. Each kind of the
EM sensor is designed to measure the desired variables or states. The types of EM
sensors to be studied in this dissertation are the point probes (capacitive coupling
sensors), perpendicular linear sensors (capacitive coupling sensors), and parallel

linear sensors (capacitive and inductive coupling sensors).

1.2 EM fields due to power transmission lines

As is well known, in the vicinity of an energized power transmission line there exist
electromagnetic fields. Though it is usually difficult (if not impossible) for humans to
directly perceive the existence of these fields, well-designed sensors can help to detect
and measure them. Fig. 1-3 illustrates the patterns of the transverse electric and

magnetic field fluxes of a two-conductor transmission line.



Fig. 1-3 Patterns of electric and magnetic field flux of a power transmission line
(Image source: http://amasci.com/elect/poynt/poynt.html)

The radial lines starting from the transmission lines are electric field lines, while
the concentric circles around the lines are magnetic field lines. In Fig. 1-4, under
energized high voltage power transmission lines, the fluorescent tubes with one end
driven into the ground were lighted, without any other sources, by the EM fields
(electric field for this case) produced by the power lines. Those tubes, in this case,

worked as the EM sensors indicating the status for the power lines of being energized.
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Fig. 1-4 Fluorescent tubes lighted by EM field surrounding power lines

(Image source: http://www.doobybrain.com/wp-content/uploads/2008/02/richard-box-
field.jpg)

To study EM sensors for power lines and derive the theory for them, it is
necessary to have good knowledge of the EM fields produced by the power lines first.
The EM fields due to the overhead power transmission lines can be formed by first
determining the EM fields due to an infinite long thin wire above the half-space earth
at the extremely low frequency (ELF) [19], [20], which have been extensively studied
for decades [21] — [28]. The simplified model of an infinite long single-wire

transmission line above the half-space earth is shown in Fig. 1-5.
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(a) Cross-section view (b) Side view

Fig. 1-5 Simplified model for single-wire transmission line above half-space of earth

In the model, the upper half space is free space, characterized by the permittivity
o, permeability uo, and conductivity oo, where oo = 0. The lower half space is the
lossy earth, homogeneous and isotropic, with the permittivity 5 = &rgeo, permeability
Ug = prgito, and conductivity oy, where &g and ug are the relative permittivity and
permeability, respectively. The single-wire transmission line is conducting with a per-
unit length resistance of r, (€/m). The line conductor, with radius ay, is horizontal,
extending infinitely in the z direction, and h, meters above the earth. The coordinates
of the line in the transverse plane is (X,, hp). It is assumed that the line is energized
and the charge density and current on it are denoted as p, (C/m) and I,. The current
can be written as
1, =1,e" (1.1)
Where I is the magnitude and y is the wave propagation constant, arbitrary for now.
The exact solutions to the electromagnetic fields due to the transmission line
shown in Fig. 1-5 can be formulated by solving the Maxwell’s equations and y can be

determined by matching the boundary conditions on the surface of the line conductor.

The results are very complicated and beyond the scope of this dissertation. In practice,

10



the model of power transmission line is more complicated than that in Fig. 1-5
because of the factors such as unleveled ground, line sag, and height difference
between towers. Several analytical or numerical methods to calculate the E and H
fields for the more complicated models are introduced in [30] — [34]. Again, they are
beyond the scope of this dissertation. Fortunately, if the source energizing the line is
at power frequency, i.e., 60Hz, useful approximations can be made to significantly
simplify the solutions to the EM fields. The quasi-static approximation is probably the
most widely used one in electric power community. For the frequency of 60Hz, the
wavelength in free space /o is 5000km (about 3100 miles), much larger than the
length scales considered in most power applications. Given that, the spatial traveling
property of all the source and field quantities are very small and ignorable. This
means the waves of the electromagnetic fields can be assumed to be stationary since
the movement of the field distribution has been ignored. In such situation, the fields
share many characteristics with the static fields. That is why they are called the
‘quasi-static’ fields. Being quasi-static, the electric field and magnetic field are treated
as decoupled fields (although they are always coupled, in fact [35]) and separately
determined, like the static fields, by the charge and current on the transmission line,
respectively. The results of the quasi-static approximation are very good. The relative
error caused by the approximation is on the order of 10 when the distance from the
observation point to the power line is less than 100m. Finally, it is clarifying to note
that quasi-static fields are not equal to static fields, which are strictly time-invariant.

For a summary, several facts about the quasi-static approximation are listed below
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e Criterion: length scale considered << Jo;
e Spatial traveling of the fields ignored;
e E and H fields are treated as decoupled fields and separately determined,;

e ‘Quasi-static’ is not equivalent to ‘static’ (which is exactly time-invariant).

Given the charge density p, on the power transmission line, the quasi-static

electric field in the upper half space (free space) can be determined as [35], [36]

£ =P {(X—zxp)_(X—xzp)} (1.2
27z,| R (R)
' ome,| RE (R

where R = [(x - Xp)? + (y - hp)?]*? and R” = [(x - x,)° + (y + hy)?]"2 This result takes
exactly the same form of the field obtained by the image theory when the transmission
line is above the perfectly conducting earth. Thus, it is implied that the earth can be
assumed to be perfect conductor for the calculation of the transverse quasi-static
electric field. In practice, the voltage instead of the charge density on the power line is

readily known. The power line voltage V, can be related to p, by

27,
=—72 -V =cV 1.3
|n(2hp/ap) S 3

where ¢, = 2meo / In(2hy / ap) (F/m) is the per-unit length capacitance of the power line

P

conductor. For the case of lossy earth, the longitudinal electric field E; is nonzero and
sometimes needs to be taken into account when the inductive coupling is considered.
E, can be found by [26]

— )
E, ;—%(H%—JCJIH(R’/R) (L4)

2w 0
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where ko® = a)zso,uo and Jc is the Carson’s term, defined as

- 2 (= ~A(y+hy)
N :EJ.O (u—A)e cosA(x—x,)dA

where kg = w(uogq - juoogd®)” (Re(kg) > 0) and u = (2 — k)™ (Re(u) > 0). An
algorithm for numerical evaluation of Carson’s term is provided in [29]. For kR’ <

0.25, Jc can be approximated by

2k,

Je =In(k,R/2)+0.077 (y+hp)+17ﬂ (L5)

For the typical lossy earth, magnitude of kg is on the order of 103, Jc can be further
simplified as

Jo =In(k,R'/2) (1.6)
Inserting (1.6) into (1.4) and setting y = 0 (usually reasonable for power engineering

applications) results in

E

z

1N

%ln(R)[uln(kg/z)] (1.7)

27

E; is related to the current I,, which explains why it should be considered for the case
involving inductive coupling. Usually, E; is much smaller in magnitude than the
transverse electric field components.

The magnetic field in free space is found by [35] — [37]

nglp{(y—zm_ (y-+h, +a) } (182
Ho R (X=x,)"+(y+h,+a)
H ;—2Ip|:(x—xp)_ (X—x,) } (1.8b)
A R? (x=x,)’+(y+h, +a)’

where a = \/Eﬁge‘j”"‘ and &, = ,/2/(7za)ag) is the skin depth of the earth. This result

is not identical to that obtained by the image theory. But it still can be interpreted as
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that the second term in bracket represents the effect of a complex image, the image at
a complex depth «. If the earth is perfect conductor, a = 0. But for typical values of
earth characteristics, the magnitude of « is on the order of 1000m, which is very large
compared to the height of the power line conductor. The effect of the complex image
on the magnetic field can often be ignored since the image is so far away from the
observation point in free space. Therefore, for the magnetic field calculations at 60 Hz,
the earth can be treated as transparent.

The results given in (1.2), (1.7), and (1.8) provide a simple way to calculate the
quasi-static fields due to the power line. They will be used in all the simulations of

this dissertation.
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CHAPTER 2

POINT PROBES

2.1 Introduction

The point probe is a basic type of electromagnetic (EM) sensor which can be used for
the field measurement of power transmission lines. Since the point probe usually has
relatively simple construction as well as theory, it is a good starting point for the study
of the electromagnetic sensors for the power transmission lines. In this chapter, some
assumptions for the model of the point probe, on which the following analysis and
discussion are based, are first made. Then the theories describing the interaction
between the point probe and the power lines are analyzed by applying the reciprocity
theorem for electrostatics. As results of in-depth understanding of these theories, some
practical applications of the point probe in the power transmission system are
proposed. Finally, the chapter is completed by some lab tests and field experiments for

validation of the theories.

A simple point-probe system can be formed with a volume of conductor placed
some height above the ground under a power line and grounded by a conductor wire.
Generally speaking, the point probe is not necessary to be perfect conductor. A human
standing or a car parking under a power line can also be treated as point probe under
certain circumstances. But for convenience of analysis, the point probe is assumed to
be perfect conductor in this chapter. In order for good accuracy of measurement, the

volume and the dimension of the point probe should be reasonably small, compared to
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the scale of the transmission line configuration (such as height of the line), so that the
probe can be treated as a ‘point’. This makes sure of that the probe brings not much
perturbation to the field to be measured and gives relatively accurate information of
the interested field quantity.

As already discussed in last chapter, the electromagnetic field (EMF) induced by
the power line has its own characteristics, one of which is the quasi-static
approximation. For a quasi-static electric field, for instance the electric field generated
by the power lines, the ground can be assumed to be perfect conductor. Since the
point probe only has capacitive coupling with the power lines, i.e., only the electric
field is involved, the ground in the model of the point probe used in this chapter is
assumed to be perfect. A summary of the assumptions made for the point probe model
is listed below

(a) The probe is a volume of perfect conductor.

(b) The dimension of the probe is small, Dprohe<< Hp (height of the power line).

(c) The ground is perfect.

(d) One point probe is only grounded by one grounding wire (to avoid
introducing the magnetic coupling into the model).

Based on these assumptions, the model of the point probe which will be used

through this chapter is defined and illustrated in Fig. 2-1.
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Single-wire power line
x V,
Probe

N

Y I

Perfect ground
Fig. 2-1 A general model of the point probe.

In Fig. 2-1, under a single-wire power transmission line with a height of H,
(meters), a small volume of conductor with arbitrary shape is placed h meters above
the perfect ground. The conductor is connected to the ground by a conducting wire.
Note that the shape of the probe is not specified here and it can be arbitrary. However,
for convenience again, some symmetrical shapes such as sphere, cylinder or circular

plate may be applied when the quantitative analysis is carried out.

2.2 General theory of point probes

When a point probe is put in the interested area, what quantity is really measured by it?
To answer this question, the analysis based on the reciprocity theorem is applied.
Consider the following two different cases. For the first one, the power line in the
model shown in Fig. 2-1 is energized with a voltage of V, and the point probe is left
floating by open the grounding wire at the terminals M and N. The EM field of the

power line causes the free charges to redistribute in the conductor probe and lifts the
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potential of the probe. The voltage at the terminals MN, which is called the open-
circuit voltage and denoted as V,, is the potential difference between the probe and
the ground. Because the point probe works like a receiver this case is called a
receiving state and shown in Fig. 2-2(a). For the second case, Fig. 2-2(b), the
transmission line is removed and some testing charges of amount Q° are placed on the
probe and cause a surface charge density p’(F) on the surface S of the prob. The
superscript ‘b’ stands for case (b) and the subscript ‘s’ stands for ‘surface’. These
charges give rise to potential V° at the field point outside the probe conductor. The
probe works like a source and this case is called a source state.

The open-circuit voltage Vo in case (a) is important for obtaining the Thevenin’s
equivalent of the model and easy to measure. Thus, Voc is to be found first and to
what quantity of the excitation field (i.e., the field due to the power line) it is related is
to be examined.

Single-wire power line

Vsp
Probe Probe
pe ps

) 1

M
h NT Voo h
Y ] — _

(a) (b)

Fig. 2-2 Two states of the point probe for applying the reciprocity theorem: (a)
receiving state, (b) source state.

For the receiving state model, although the net free charges on the probe must be

zero for the probe’s disconnecting with the ground, the non-uniform distribution of
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the surface charge (with a density of pZ(F)) generates an electric field canceling the
excitation field due to the power line and keeping the total E field to be zero inside the
probe conductor. On the outside, the induced surface charge causes a potential of V2.
The space potential due to the power line in the absence of the probe is denoted as
Vg . Itis clear that the total potential at each field point in the area is the superposition
of V& and V? at that position. The open-circuit voltage Vo representing the total

potential on the probe surface can be written as
V : +VS?3 :Voc
Thus

V=V3i-V,_ (onS) 2.1)

oc

Similarly, in Fig. 2-2(b), the potential is constant over S. Applying the reciprocity

theorem for electrostatics to this particular problem gives that [38]
<f> PP (F)V2dS = d} P (F)VPdS (2.2)
S S
Inserting (2.1) into (2.2) yields
o (Vo —Vip)dS =V° o2 dS =0 (2.3)
S S

Equation (2.3) can be equal to zero because the probe is ‘floating’ in case (a) and the

net induced free charges on it are always zero. Then
45 b B bysa
ps Vocds - <ﬁps VSPdS
S S
Because V. is independent of the position variable, pulling it out of the integral on

the L.H.S. results

19



v -2 ol Vads (2.4)

oc b
S

From (2.4), the open-circuit voltage can be looked as the weighted average of the
unperturbed power line space potential over the surface of the point probe with the
weighting coefficient to be the charge on the probe surface. If the space potential and
the density of the testing charge are known on the probe surface, the open circuit
voltage V. can be calculated.

Consider the case for which the probe conductor is small enough, such that the
space potential over S can be approximated as a constant and pulled out of the integral

in (2.4). Then the open circuit voltage can be rewritten as

V=2 o0 dS = 22.Q, =V (25)

Q] Q

On the most right hand side of (2.5) is just the power line space potential Vg, due
to the transmission line which equals to the open circuit voltage of the probe. Thus the
question asked at the beginning of section 2.2 has been answered by (2.5): placing an
point probe under a power line and measuring the open-circuit voltage of the point
probe results in the unperturbed space potential’s being measured at the position of
the probe.

If the close the open terminals MN in Fig. 2-2(a) there will be an induced current
flowing through the grounding wire. This current can be easily measurable and can
also be calculated by finding the Thevenin’s equivalent circuit for the probe model in

Fig. 2-2(a). Fig. 2-3(a) shows the Thevenin’s equivalent circuit.
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Fig. 2-3 Thevenin equivalent circuit for the point probe model:

(a) equivalent circuit; (b) Circuit to determine the Thevenin equivalent impedance

(input impedance looking into terminals MN).

The source voltage in the Thevenin’s equivalent circuit is just the open circuit
voltage, Vo The equivalent impedance is the input impedance Z . looking into
terminals MN. The circuit includes three capacitances for this case, Fig. 2-3(b),
because the electric coupling dominates. C. is the self capacitance of the power
transmission line, Cp is the self capacitance of the probe with the presences of the
transmission line and ground and Cy stands for the mutual capacitance between the
line and the probe.

Once the Thevenin’s equivalent circuit is determined, the induced current (in

phasor form) is obtained by dividing the open circuit voltage by the input impedance.
Voc
7 (2.6)

Using (2.5) in (2.6) yields the relationship between the current and the space potential

a
SP

Iind =

2.7)

N

in

Since C. and Cy are negligible if the distance between the line and the probe is far
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enough (which is usually true for power transmission line and the point probe), the
input impedance of the probe is mainly determined by the capacitance of the probe,
Cp. In addition, when the height of the probe h is large compared to its dimension (at
least 5 times of the largest dimension of the probe), the capacitance of the probe can
be approximated by its self-capacitance to free space [39], [40]. Finally a simple
expression of the induced current is obtained as

Tog = J0Co Ve (2.8)
where Cgs IS the self-capacitance of the point probe in free space without the
presences of the power line and the ground. For a spherical conductor with a radius of
a, its self-capacitance in free space is [40]

C =47rs,a (2.9)

self
where g is the permittivity of free space. Usually, the self-capacitance of the point
probe is very small, which makes the coupling between the point probe and the power
lines is a high-impedance capacitive coupling. Therefore, the earth resistance of the
grounding system of the point probe can be neglected. According to (2.8), the induced
current is the product of the admittance of the probe’s self-capacitance and the space
potential due to the power line. This provides us a means to find the space potential by
measuring the induced current of the point probe. In practice, by connecting an
ammeter between the probe and the ground, this induced current can be easily
measured. Using the measurement and (2.8) gives the space potential at the probe’s

position.

All the analysis above is based on the model with a single-wire power
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transmission line to be the excitation source. If the three-phase power transmission
line is the case, the analysis for each phase is similar to the previous one and the total
induced current of the probe should be obtained by the superposition of the results for

all the three phases. Then the total space potential is determined by (2.8).

2.3 Applications of point probe

2.3.1 Power line voltage monitoring

From the previous analysis, it is known that the point probe only picks up the electric
coupling from the power line and there is no magnetic coupling involved. As
discussed in Chapter 1, for the electromagnetic field produced by an energized power
transmission line the quasi-static approximation usually applies. The quasi-static
electric field is basically determined by the equivalent charges (i.e. the voltage) and
the configurations of the power line [17], [36]. This is also true for the space potential,
which is related to the electric field. Therefore, the most straightforward application

of the point probe is to monitor the voltage of the power line.

Fig. 2-4 depicts the configuration of a typical horizontal, 230kV, three-phase
power transmission line. Here, the ground is assumed to be perfect conductor and the

radius of the line conductor is 0.01m.
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Fig. 2-4 Configuration of a 230kV, three phase, horizontal transmission line

When a set of rating positive sequence voltages is applied on the line, the profiles
of space potential both in magnitude and phase are shown in Fig. 2-5. It is noticed that
the contours, both for magnitude and phase, have symmetries to the central vertical

axis.

Phase angle (Positive sequence)

(o o]
T

Mo

. 5
{meters)
(@) magnitude (kV) (b) phase angle (degree)

Fig. 2-5 Space potential profiles for positive sequence voltage

The total space potential at a field point is the superposition of the space

potentials caused by the three phase lines. And the space potential caused by each
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phase is proportional to the voltage of that phase. So, the total space potential changes
linearly with the magnitude of the applied voltage on the power line.

According to (2.8), if a grounded point probe is placed in the vicinity of the
power line, the space potential at the location of the probe can be determined by
measuring the induced current of the probe, illustrated in Fig. 2-6. The probe is placed
on the central axis of the cross section of the three-phase line. Consider (2.8) and the
analysis in last paragraph, the magnitude of the induced current changes linearly with

that of the applied voltage on the power line, too.

A B C
o) o (o

probe

| i

Ammeter

Fig. 2-6 Single probe placed under the three-phase power line

Fig. 2-7 shows the results of a simulation to find the relationship between the
power line voltage and the induced current in the point probe. The models of the
power line and the probe are the same as shown in Fig. 2-4 and Fig. 2-6, respectively.
The probe is a spherical conductor with radius of 7.6 cm (3 inch) and is 3 meters
above the ground. The applied voltage of the power line changes in between #10% off

the rating voltage (230kV).
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Fig. 2-7 Applied voltage (in percentage of the rating voltage, 230kV) on the power
line vs. induced current in point probe.

It is obvious from Fig. 2-7 that the induced current is linear to the applied voltage
on the power line, which indicates that the magnitude of voltage on the power line can
be monitored by the induced current of the point probe. However, the space potential
also depends on the configurations of the power line. The changing of the positions of
the line conductors may change the induced current. The sag of the power line (i.e. the
height change of the line conductor), for instance, will affect the induced current. To
avoid this kind of effect, the place to put the probe should be chosen properly. The
height of line conductor may vary a lot at the mid span due to line sag, but it doesn’t
change much in the area near the tower. If the probe is placed closed to the tower, the
effect of the sag on the induced current will be reduced.

2.3.2 Sag monitoring

Another simple application of the point probe is to measure the sag of the power line.

26



The probe is placed at the mid-point of a span because the power line conductor sags
much more than what is does at near the tower. The same probe and power line
models as described in Fig. 2-4 and Fig. 2-6 are used. And assume the length of one
span is L = 106.7m (350ft). The sag of the power line is accounted in the percentage

of L. Fig. 2-8 shows the change of the current in the probe due to the line sag.
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Fig. 2-8 Line sag (in percentage of the span length, L = 106.7m) vs. induced current
in point probe.

The induced current increases as the line sag increasing, but not linearly. When
the line sag is 3% of the span length (about 3.2 meters of height reduction), the
induced current can reach three times of the value when there is no sag. This character
makes the point probe a good sensor to monitor the line sag. But, as discussed in
section 2.3.1, the line voltage can bring effect on the induced current. This effect is an
error when the point probe is used for the sag measuring. Fortunately, in real power

system the voltage of the power line usually varies within #10% off its rating voltage.
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On the other hand the sag of the line causes the height of the conductor to change in a
relatively large range at the mid-point of a span. The effect of the sag on the induced
current is much larger than that of the voltage. This is also proved by the level of the
magnitude change shown in Fig. 2-7 and Fig. 2-8.

2.3.3 Negative/Zero sequence voltage detection

The induced current and space potential in (2.8) are both phasors, which implies that
the information of both the magnitude and the phase of the space potential can be
obtained by the point probe if used in a proper way. Practically, the phase angle
information is hard to be picked up if only one probe is used. But if two or more
probes are applied the phase information can be utilized to accomplish more
complicated tasks than just measuring the magnitude of the space potential. A two-
probe system for the negative/zero sequence voltage detection is one example among

those applications.

Fig. 2-5 shows the positive space potential in both magnitude and phase angle. If
the negative sequence voltage is applied on the power line, the contours of the
magnitude and phase angle keep the same shapes, but the phase angle’s distribution
changes, as shown in Fig. 2-9(b). Comparing Fig. 2-5 and Fig. 2-9, in most places in
the given cross sectional area the space potential phase changes under the different

sequence modes of power line voltage.
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Fig. 2-9 Space potential profiles for negative sequence power line voltage

Consider two point probes placed at symmetrical positions along two phase angle
contours (dashed lines), say 300=and 180 “for positive mode, as illustrated in Fig. 2-
10(a). The positive mode means positive sequence voltage is applied in the three-
phase power line. The two contours have a phase angle difference of 120< With a
+30<°phase shifter connected to the probe on the left side and a -30°phase shifter
connected to the probe on the right side, the induced currents in the two probes will
have same magnitude but a 180 <difference of phase angle. Combining them leads to
the cancellation of each other and the total current Iy is zero.

If the applied voltage in the power lines changes from positive mode to negative
mode, the situation will also change. As shown in Fig. 2-10(b), the phase angle of the
left contour becomes 60<for negative mode and the angle for the right one is still
180< After the same 230 “phase shifting as for positive mode, the two induced current
now have a 60<phase difference. Their total current is no longer zero. Therefore, the

settings of the two point probes and the phase shifters only work for positive sequence
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mode to get zero total current. Any amount of presence of the negative sequence
voltage in the applied voltage can cause nonzero total induced current in the probe.
Monitoring whether the magnitude of Iy IS zero provides a indicator of negative

sequence voltage in the power line.
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(a) Positive mode (b) Negative mode

Fig. 2-10 Two probes designed to detect negative sequence component in line voltage

Another advantage of this two-probe scheme is that by properly choosing the
phase-angle contours the system can work independent of the conductor height. For
instance, the 315°and 165<contours in Fig. 2-5(b) become nearly vertical below the
height of about 5m. When the height of conductor changes (due to the line sag) in a
reasonable range, the phase angles of the two probes do not change much because
they almost keep being on the same equal-phase contours. Thus the two-probe system
can still provide good performance when the sag of the line is changing. For this case,
the +30°and -30<phase shifter should be respectively replaced by a +15<and -15°
phase shifter in order to obtain zero Iy in positive mode. This example shows how to

choose the positions of the probe such that the effect of the line sag can be
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significantly mitigated. However, sometimes it is an advantage to use the dependence
of phase angle on the line sag (i.e., conductor height). Then the point probe must be
placed in the areas in which the equal-phase contours have slow slope. Because in
these areas the phase angle of space potential is sensitive to the conductor height. The
induced current is consequently sensitive to the change of conductor height.

Once the mechanism of two-probe system is well understood, it’s not difficult to
update the system with the three-probe model. Using three probes allow us to built a
device to indicate the four operating modes in the power transmission line: positive
mode, negative mode, zero mode (zero sequence voltage is applied) and unenergized
mode (the power line is unenergized). One example for the three-probe approach is
illustrated in Fig. 2-11. Three identical probes are located on one equal-magnitude
contour (dotted line). The middle probe is on the central axis and the other two are put
on two symmetrical phase-angle contours (dashed lines). As shown in Fig. 2-11(a),
the phase-angle contours of 270 “and 210<(for positive sequence) are chosen to place
the probes on. The central phase-angle contour has the angle value of 240< The angle

shifting is -90<for the left phase shifter and +90 “for the right one.
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Fig. 2-11 Design of a three-probe device used as a four-mode indicator

The two ammeters A® and A” are the indicators for zero mode and negative mode,
respectively. The reading on A° is zero when the applied voltage on the power line is
in zero mode and reading on A’ is zero when negative mode is on. If both of the two
meters show nonzero readings there is only positive-sequence voltage operating.
When the transmission line is not energized, there will be no induced current in any of
the three probes. Hence, by inspecting the current in one single probe, the out-of-
service mode of the line can also be indicated by this device. Table 2-1 shows the

corresponding current statuses for each of the four modes.

Table 2-1 Four sequence modes and their corresponding current statuses

Mode [ N N
Positive £0 +0 +0
Negative #0 #0 0

Zero +0 0 +#0

Out-of-service 0 0 0

It is not often true in the real power system that only one sequence of voltage

operates in the power line. The unbalanced operations or faults can cause the
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presences of the negative and zero sequence components in line voltage. Consider the
case that both positive sequence and negative sequence components are present at the
same time. It is good for protection relay engineer to know the magnitude ratio of the
negative sequence to the positive sequence voltage. Since the phase of the space
potential depends on the sequence of the line voltage, one may be inspired that the
point probe can be used for accomplishing this task. Here is a design, Fig. 2-12, of a
three-probe device by which the ratio of the negative to positive sequence line voltage

can be found.
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(a) Positive mode (b) Negative mode

Fig. 2-12 Design of a negative-to-positive ratio measurement device

Similar analysis applies as before. If the contours of 255<and 225<(for positive
mode) are chosen, in the negative mode they have angles of 105< and 135
respectively. The angle shiftings are chosen to be #105< The two ammeters A, and A,
are set to respectively measure the magnitude of the induced current for positive and
negative modes. This is valid because for the settings shown in Fig. 2-12 it is always

true that
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7=0and T, =1"2£240°
where 1" is the magnitude of positive sequence current in the probes and the
superscript ‘+’ stands for quantities in positive mode. The positive currents from the
two side probes always cancel each other because they have 180<angle difference
after phase shifting. Thus, in the reading of ammeter A, positive sequence current is
always zero. The ammeter A, will only measure the magnitude of negative sequence
current. Similarly

1, =1"£300° and 1, =0
where I” is the magnitude of negative sequence current in the probes the superscript ‘-’
stands for quantities in negative mode and. Combining the currents for the two
sequence modes shows that the reading on A, is only the magnitude of positive
sequence current T =T"+1~=1_" and the reading on A, is only the magnitude of

negative sequence current I =1 *+1~=1".Thus

I [I«300°
T, |1"2240°

From the analysis in section 2.2, the induced current is proportional to the line voltage

_|_+

(2.10)

in magnitude, which results in that

’V'—z = (2.11)

The theory introduced in this example is verified by computer simulation. In the
simulation, the positions to locate the three probes have the coordinates (in meters) as
(-0.414, 2.98), (0, 3.08), and (0.414, 2.98). Apply a series of three-phase line voltage

which contain different percentages of negative sequence. Calculate the current ratio

34



by (2.10). Table 2-2 lists the results. The error is due to the position of the probes.

Table 2-2 Results for computer simulation

5.0% | 10.0% | 15.0% | 20.0% | 25.0% | 30.0% | 35.0% | 40.0%

ﬂ 49% | 9.8% | 14.7% | 19.6% | 24.5% | 29.5% | 34.4% | 39.3%

2.4 Lab tests and field experiments of point probe

Some lab tests and field experiments have been conducted to validate the theories of

the point probe.

2.4.1 Single-phase, single-probe lab test

This test is to check whether the modeling of space potential probe works as presented
in (2.8). Voltage is applied on one bus bar to simulate a single-phase power
transmission line. A spherical conducting probe supported by a PVC pipe locates right
below the bar, as illustrated in Fig. 2-13. The probe is grounded by one coaxial cable.
The induced current is measured by a “FLUKE 189” ammeter. By using (2.2) the
space potential is obtained from the induced current. To verify the result, the space
potential at where the probe is placed is also directly measured by a space potential
meter (see Fig. 2-14). The two potential values, one computed from the current and

one measured directly, are compared in Table 2-3.
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. Bus bar

s 77 L s ST 7

Radius of bushbar = 4cm; Radius of probe = 12 .5¢cm;
h=155m; H=2365m, Cprope=139pF

Fig. 2-13 Single-phase, single-probe lab test

Fig. 2-14 Space potential meter

Table 2-3 Results of single-phase, single-probe lab test

Applied Probe SP value SP value
\oltage Current  from current from meter Relative error

(kV) (nA) (kV) (kV)

10.95 6.87 131 1.22 6.7%
20.8 12.6 2.41 2.40 0.2%
30.7 17.9 3.42 3.39 0.8%
40.5 24.4 4.66 4.62 0.8%
49.7 29.6 5.64 5.58 1.0%
60.5 36.1 6.89 6.80 1.3%
70.1 41.3 7.89 7.83 0.7%
80.1 47.2 9.00 8.90 1.1%
91.0 53.7 10.25 10.37 1.1%
100.1 58.4 11.14 10.97 1.6%

The difference between the two values (from current and from meter) is very

small, which prove the correction of the modeling of space potential probe.
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2.4.2 Single-phase, two-probe lab test

Two probes are used in this test to check whether the induced currents in the probes
can be combined correctly. The test setting is similar to the single-probe test except
another probe is introduced in but 10ft away from the previous one. Fig. 2-15 shows

the illustration.

- @) Bus bar
——— |
Probe Probe
H T #1 #2
| |
| |
h : ,1 l? |l
l — BB l
Ol
/ /

Radius of busbar = 4cm; Radius of probe =7 62cm;
h=155m; H=365m; L=3.05m; Cgope=847pF.

Fig. 2-15 Single-phase, two-probe lab test

The induced currents from probe #1, #2 (I, and I,, respectively) and the total
current Iy, are measured. 1; and I, are in phase because of the single phase voltage. So

ot IS equal to the arithmetical summation of I; and I,. Results are shown in Table 2-4.
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Table 2-4 Results of single-phase, two-probe test

Currentof  Current of  Total Probe

Applied 5 he #1,1; Probe#2,1, Current, ly I+,
Voltage (kV) 1) (uA) (uA) (nA)
154 9.79 3.43 12.82 13.22
21.1 10.67 3.94 14.23 14.61
315 14.37 5.73 19.49 20.10
40.8 17.21 7.08 23.58 24.29
51.0 21.03 8.43 28.82 29.46
61.5 22.34 8.75 30.46 31.09
69.6 24.76 9.85 34.34 34.61
81.1 28.51 11.24 39.42 39.75
91.6 32.26 12.82 44.86 45.08
102.8 36.06 14.28 50.05 50.34

2.4.3 Field experiments

One span of the 230 kV N Lewiston-Shawnee line is chosen to be the experiment site
for the field experiments. The line is horizontal configured and has H-framed wood
tower, Fig. 2-16 (a). The ground between pole 16/6 and 16/7, about 5 miles northwest

to Colton (WA), is flat enough for the experiment, Fig.a 15 (b).

(@) line configuration (b) span between pole 16/6 and 16/7

Fig. 2-16 The site of the field experiment for point probe
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Listed below are some parameters for the transmission line at the site.

Height of line conductor at mid-span about 45 ft (13.93m)
Phase spacing 19.25 ft (5.87m)
Diameter of the conductor 1.345 inch (0.0342m)

Based on these configurations the distribution of the space potential under the
line can be simulated by computer. Fig. 2-17 shows the space potential profiles in the

cross sectional plane at the mid-span.

Amplitude distribution (Positive sequence) Phase angle (Positive sequence)

—_
[

(meters)

(a) magnitude (kV) (b) phase angle (degree)

Fig. 2-17 Positive sequence space potential profiles of the power line at the
experiment site

To conduct the field experiment a two-probe device for measuring is designed.
Two spherical probes are used, each of which has a pipe supporter and a cross-shaped
base made of PVC pipes. The height of the supporter can be adjusted so that the
probes can be placed at the desired height. Table 2-5 lists some parameters of the

device.
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Table 2-5 Parameters of the two-probe device

Radius of probe 31in (0.0762m)
Height range of supporter 6~10.5ft, adjustable
Dimension of base 8>8ft, diagonal
Minimum current recognized 0.01pA

Fig. 2-18 is a picture taken at the experiment site showing the experiment settings.
The height of the probe is fixed at 3.048m (10ft). The two probes are symmetrically
moved from the middle by certain incremental distance step. Induced currents from

both probes and their total current are measured by ammeters.

Fig. 2-18 Settings for the field experiment

When the probes are moved to locate on the angle contours of 330° and 150°
respectively, the total induced current is expected to be very small because of the
cancellation. According to Fig. 2-17, this will happen when the each probe’s offset

from the middle is about 5.8m.
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The field experiment was done on October 17", 2006. The original data of
induced current are listed in Table 2-6. These data are compared to the theoretical
ones as shown in Fig. 2-19 and Fig. 2-20. The solid lines and the dash lines represent

measured values and the dot lines represent theoretical values.

Table 2-6 Original data of induced current
d (ft, from the

middle) d (m) [a (LA) lg (A)  Iatlg (nA)
2 0.61 4.09 4.08 7.84
4 1.22 5.07 5.09 7.73
6 1.83 6.07 6.09 7.18
8 2.44 7.56 71.24 6.21
10 3.05 8.64 8.75 4,98
12 3.66 9.73 9.70 3.83
14 4.27 10.71 10.76 2.60
16 4.88 11.54 11.55 1.49
17 5.18 11.90 11.93 0.96
18 5.49 12.31 12.32 0.57
18.5 5.64 12.53 12.43 0.56
19 5.79 12.57 12.66 0.61
20 6.10 12.79 12.80 0.92
22 6.71 13.32 13.23 1.76
24 7.32 13.74 13.55 2.60
26 7.92 14.06 13.85 3.44
28 8.53 14.20 13.99 413

30 9.14 14.27 13.92 4.83
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Fig. 2-19 Probe currents of the field experiments
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Fig. 2-20 Total current of the field experiments
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This experiment is a simplified implementation of the two-probe approach. The
positive sequence voltage is assumed to be applied in the power line and no phase
shifters are used. The results validate the theory that the current cancels at certain
positions of the probes. The zero total current occurs when the probes are placed at
the same positions as predicted. Therefore, this experiment proves that the phase
angle information can be picked up and utilized by using the point probe and it also
indirectly proves the theories for the negative/zero sequence voltage detection

discussed in section 2.3.3.
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CHAPTER 3

GENERAL THEORY OF LINEAR SENSORS

The linear sensor is the type of electromagnetic (EM) sensor to be studied in Chapter
3 to 5 of this dissertation. It has a wire-like shape, which differs from the point probe
in Chapter 2. Since the analysis for the linear sensor is based on the reciprocity
theorem, which places no special requirements on the sensor shape, there are not
many shape constraints made on the model of the linear sensor. For example, it sensor
IS not necessary that the sensor be straight or be uniform in diameter. The wire-like
EM sensor has many practical applications in high frequency areas, but its application
in low frequency system such as electric power system at 60Hz is seldom seen in the
literature. Important objectives of this dissertation are to derive a theory and to
propose potential applications for using the linear sensor in EM measurement of

power transmission line status.

In this chapter the theory behind the linear sensor will be explored. An approach
based on the reciprocity theorem for general electromagnetic case is introduced in 3.1.
A solution to the induced current in a linear sensor excited by the incident
electromagnetic field is then provided. Following this, an approach using the model of
per-unit-length induced voltage and current sources is introduced in 3.2. Finally, the

relationship between the two approaches is discussed in 3.3.

3.1 Approach by reciprocity theorem

A general model of the linear sensor to be used in the following sections is depicted in
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Fig. 3-1.

y Single wire power line, V,(z)

lina(7) dl Wire-like sensor

/' W =g d W
Hy — 1 —~{% fw and )
2 ZU hw(/) Z.f_ é

7 ) s 7 d 7
Pq I Ground (oy and ¢) I P;

Fig. 3-1 A general model of the linear sensor

4

In this model, the wire-like sensor is assumed to have a curve shape and a non-
uniformly distributed diameter in order not to lose generality. The radius a,(l) height
hw(l) and x(I) vary with length, where I is the variable indicating the position along the
central axis of the sensor wire. However, for convenience the sensor is assumed to be
‘thin’ everywhere, which means the largest diameter of the sensor is much smaller
than its length and the height of the power line conductors. The sensor has distributed
parameters, i.e., its electric and magnetic characteristics, such as the conductivity (1),
permittivity ey(l), and permeability (1), that can all be functions of position. If the
impedance per unit length of the sensor is Zy(l), the lumped impedance of a short

segment A1 (at position 1) is Z,,(1)41.

The sensor is connected to the ground through impedances Z, and Z, respectively,
atitsendsat | =0 and | = L. The grounding system is also taken into account. Assume

the underground parts of the grounding system are two cylindrical conducting pins Pg
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and P, which vertically penetrate into the lossy earth with dielectric constant of &g
and conductivity of ¢g. The grounding impedances of the two pins are Zy and Zp,
respectively. The sensor itself along with impedances Z, and Z,, grounding
impedances Zy and Z,, and the earth return form a sensor system, which is placed

under a power transmission line.

The power line, with an applied voltage of Vy(z) on it, is a single, horizontal and
infinitely extending wire in ‘z’ direction. The power line conductor has a radius of a
(meters) and is H (meters) above the ground. The applied voltage Vy(z) is a 60Hz
sinusoid, for which the free space wavelength 1, is 5000km. Thus the sensor is
electrically short (i.e., length of the sensor << 4;) for most cases. But in some special
cases, high speed transient processes for instance, the sensor may not be electrically
short. The manner in which the sensor is placed is not specified in this model. It could
be placed parallel, oblique, or perpendicular to the power line’s axial direction, i.e., z
direction. Models with the sensor placed perpendicular and parallel to the power line
are to be studied in Chapter 4 and Chapter 5, respectively.

3.1.1 Reciprocity theorem for general electromagnetic case

Before the analysis for the model in Fig. 3-1 is started, the Lorentz reciprocity
theorem for general electromagnetic cases is recalled here. J;, M; and J,, M, are the
two distinct sets of electric and magnetic current sources radiating at the same
frequency and in the same linear, isotropic medium. E;, H; and E;, H, are the electric
and magnetic fields produced by them, respectively. If a region with infinite radius is

considered, the Lorentz reciprocity theorem can be expressed as [41]
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.[”v (El"]2 —H-M, )dV' - H.[v (E2°‘J1 - Hz'Ml)dV’ (3.1)

For the case without magnetic current sources (M1 = M;,=0), (3.1) reduces to

[I[ Euedatv =[] E;ediv’ (3.2)

Particularly, consider the case that the source J; and J, are the currents on two wires

(i.e. two line currents), w; and wy, respectively, as illustrated in Fig. 3-2.

E,, H, E,, H,
Js
o -
Wy

2

Fig. 3-2 Special case for reciprocity theorem: sources reduces to line currents (J; and
J2)

The volume integral in (3.2) reduces to line integral. Thus, the reciprocity theorem for
this special case can be presented as

jwz E,«J,dl' = le E,«J,dl' (3.3)
Equation (3.3) is very important and it will be used to derive the basic theory for the
linear sensor in the following sections.
3.1.2 Two situations for implementing reciprocity theorem
Equation (3.3) will now be used to study the linear sensor model shown in Fig. 3-1.
Basically, the sensor is a receiving antenna. In the antenna theory, one important
problem is to determine the current distribution on the antenna [18]. Thus, the goal
here is to find the induced current and voltage everywhere on the sensor when it is
excited by the electromagnetic field produced by the power line. The approach is to

determine the Thevenin equivalent circuit of the sensor at an arbitrary position along
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it. To accomplish this the sensor is first opened at a gap w between terminals M and N
as shown in Fig. 3-3. As introduced in Chapter 2, the Thevenin equivalent circuit
consists of the open circuit voltage across the gap and the input impedance looking
into terminals MN. Again, two situations are defined, as illustrated in Fig. 3-3(a) and

(b), to apply the reciprocity theorem.

Yy Single wire power line, V,(z) y

E.=E.;+E, E,

Lo(1)

P —

Zy

(a) (b)

Fig. 3-3 Two situations for implementing reciprocity theorem: (a) the probe is opened
at the gap between terminals M and N, the power line is energized as the source and
the sensor wire works as a receiver; (b) a voltage source is put in between MN, the
probe works as a source and the power line is removed.

In case (a), the power line is energized by the voltage source Vy(z), which

generates a current Ip(z) in the line. This current produces the incident electric
field E,,. The open circuit voltage across the gap at MN is V. There is a current 1_,
induced in the sensor by the incident field. The electric field produced by I, is
denoted as E,,. By superposition the total electric field E, at a field point in the
upper region (free space) can be written as

E,=E_,+E, (3.4)
Note that there are two current sources, 1,(z) and 1_,, giving rise of two electric fields

E,, and E,,, respectively. Although 1_, is induced by 1,(2), it is still treated as an
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independent source. 1, and E,, form one source-field pair in the following analysis

for applying the reciprocity theorem.

In case (b), the power line and the voltage source Vj(z) are removed. Instead, a

voltage source with amplitude of V is connected to the terminals M and N. The probe

is acting as a source now. Assume the current produced by V on the probe is I, and

the electric field at the field point due to this current is E,. I, and E, make another

source-field pair for using the reciprocity theorem.

3.1.3 Implementing reciprocity theorem

The induced current 1, in case (a) produces electric field E,, and the source current
1, in case (b) produces electric field E, . Thus, 1, and I, are the two sources and E,

and E,, are the fields respectively excited by them. Replacing the current sources and

the electric fields in (3.3) by the following relationships

L) < 3, E() & E,
1,() & J,, E,,(I) & E,,

(3.3) can be rewritten as

Jo EO-LMd =] E,0-T,0d (3.5)
where Cag is the contour that covered by the whole sensor system, from the lower
ends of the grounding pin Py to that for P, i.e., fromA> Zo> M > N> Z > B. It
includes, from left to right hand side, Py, Zo, the sensor, the gap w, Z, and P,. In fact,
the whole loop of the circuit includes an earth return, too. There should be a current
flowing in the earth if it is not perfect conductor. In (3.5), however, the integral term

associated with this earth return current hasn’t been explicitly expressed because the
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effect of the earth return current can be fully accounted in the expression of the
incident field E_,. If the earth is perfect conductor, this return current effect on the
incident field can be replaced by an image current. If the earth is lossy, its effect can
be represented by a Carson’s term in the incident field formulation [26]. The details

about this issue will be discussed in later section.
The currents and the electric fields are all vectors and functions of position.

Actually, the spatial vector of current can be presented as
1,(=41,() and T,(1)=41,()
where &, is the unit spatial vector pointing in the same direction as the sensor’s
central axis, and 1_,(I), 1,(l) are the magnitudes of the corresponding currents. For
the position vector on the sensor
dl =4l
With these relations (3.5) is equivalent to

[ 1L W)-dT =] 1,0)E,,(1)-dT (3.6)

Because the induced current 1, in the gap is zero, the left-hand side of (3.6) can be

rewritten as

LH.S.= jc L ME,)-dl (3.7)

Equation (3.7) is valid because there is no current flowing through the gap if the

sensor wire is open. Thus lz(gap) = 0, which causes the integral term

j |, (1E, (1)dl to be zero.
gap

On the right-hand side, if the gap is small enough, the current through the gap

1, (gap) can be approximated as a constant. Additionally, replacing E,, by (3.4)
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RH.S.= jCAB 1, (DE, (1)+dl — jCAB I, (NE,,(1)-dl
Separating the integral over the gap from the first term and simplifying it, the R.H.S.
becomes
RH.S.= IchNB 1, (VE, (1)+dT 1, (gap)V,, — jCAB I, (NE,,(1)-dl (3.8)
where lIy(gap) is the current I, at the position of the gap, Vo is the open circuit voltage
across MN, and V,, = —Igap E,(I)-dl .
The dot product of the electric field with the position vector at the field point is
the tangential field component multiplied by the incremental length, i.e., the voltage

across the incremental sensor segment. Thus

E,«dl =dV =1_,Z d
E,-dl =dv =1,Z,dl

(3.9)
where Z,, is the per unit length surface impedance (©/m) of the sensor [42]. Inherently,
that (3.9) is valid is based on the thin wire assumption of the sensor wire. The sensor
wire is assumed to be thin wire so that the tangential electric field on the surface of

the wire is equal to the product of the surface impedance of the wire conduct and the

current [42]. In addition, for the lumped impedance Z, and Z,, it is true that

Vi=I1,42,;:V*=I,Z
0 . a2=o0 Lb a2“=L (310)
Vy =1,Z,;, VP =12,
where V' is the voltage on Z, due to 152, V* is the voltage on Z due to |, Vob is the
voltage on Z, due to I, and V,” is the voltage on Z,_due to Iy. Inserting (3.9) and (3.10)

into (3.7) and (3.8),

.[c c Iaz(l)lb(l)zsdl +Vob|a2 _VLblaZ

= 1 (D10 Zsdl =1, WV = [ 1, (DE()-dT +Vi'l, =V1I,

Cam +Chg
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According to the reciprocity theorem for lumped elements, it holds that

b _\/a
VO |a2 _VO Ib
b _\/a
VL |a2 _VL Ib

Thus, the four terms relative to the lumped impedance in the previous equation can be
cancelled. Finally, the relationship between the open-circuit voltage and the incident
electric field due to the power line is found as

1,(gapIVo, ==, 1,(NE,;(1)-dT
and can be written as

-1
l,(gap)
Equation (3.11) is the expression of ‘hybrid reciprocity theorem’ [43] — [46]. Mapping

oc

1, (VE()-dT (3.11)
J'CAB

this theorem to our linear sensor problem it is known that the open circuit voltage at

the terminals MN can be calculated if the incident electric field E_ () due to the
power line and the distribution of the current 1 (I) when the probe is driven by a

voltage source V are known. In (3.11), E,, is nothing but the electric field generated

by an infinite long horizontal conductor wire above earth without the presence of the
sensor. Fortunately, the electromagnetic field exited by an infinite long wire above
earth is a canonical problem and has been studied since the 1920’s [26]. So electric
field in (3.11) is not difficult to obtain. The current distribution I, (1) may be difficult
to be determined for the general case, but if the linear sensor is a straight horizontal
wire, the current due to a voltage source V can be calculated by the classical

transmission theory.

Finding the open circuit voltage is only half of the problem of determining the

Thevenin’s equivalent circuit. The other half is to calculate the Thevenin’s equivalent
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impedance Zry. Fig. 3-4 shows the diagram of the Thevenin’s equivalent circuit.

Zun
— oM

(«j Voo

oN

Fig. 3-4 Thevenin’s equivalent circuit for the linear sensor system
In fact, Zry is just the input impedance looking into the port MN and can be calculated

by (referred to Fig. 3-3 (b))

ZTH =Z

== 3.12
l,(gap) (3.12)

Since the position of the gap is arbitrarily chosen, the above analysis is applicable
at any desired point on the sensor. Given a position on the sensor the Thevenin
equivalent circuit at that place can be determined. The induced current at the position
of the gap is the short-circuit current of the Thevenin equivalent and found by
reconnecting the terminals MN. Then, the induced current distribution on the sensor

can be found as

Vo) -1

Zy (1) v

oo (1) = [_ 1L,ME,(1)-dl (3.13)

Given the induced current on the sensor, the total electric field distribution is

Ea(l) = _I_probe (I)Zw (314)
and the voltage drop along the sensor is

Virose (1) == _E,dl (3.15)
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Therefore, (3.11) ~ (3.15) provides us a general set of tools to analysis the linear

sensor system defined in the model in Fig. 3-1.

3.1.4 Solutions to the horizontal sensor case

A set of general solutions by the reciprocity approach is given in (3.11) through (3.13).
In practice, a more specified model is often interested, in which the linear sensor is
specified as a horizontal lossy wire h,, meters above the ground. The whole model is

depicted in Fig. 3-5.

y Single wire power line
E'and H
ls(2) Lossy sensor wire
Hy — (Zo, v, 0)
W =z, Z,
| b4
) 4 7 s 7

|z |
! L

Fig. 3-5 Model of the horizontal lossy wire sensor

In the model the sensor wire is L meters long and is grounded by impedances Z;
and Z; at its left and right ends. The characteristics of the lossy wire are described by y,
o0 and Z,, which are the propagation constant, characteristic length and the
characteristic impedance, respectively. The sensor is illuminated by the incident
electromagnetic field due to the single-wire power line. The sensor wire is
horizontally placed and its axis is along the z direction. In Fig. 3-5, the power line
extends in the same direction as the sensor, but in fact this is not necessary. The sensor

can be oblique to the power line. This will be shown in following analysis.
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From (3.13), the induced current at any point (0 < z <L) on the lossy wire can be

found as

T @ =2 [ 1L Oy, 2 = O)dy

- joh” 1z, L)E! (Y, 2’ = L)dy’ (3.16)

[ 2)E(y =h,, z’)dz’}

where 1,(z,z")is the current at position z’ on the lossy wire when it is driven by a
voltage source V atz’ = z, ly(z, 0) and li(z, L) are the currents at z’= 0 and z’= L driven

by the same voltage source. E‘y(y’,z’ =0)is the y-component of the incident electric
field along y’ axis at z’ = 0, and Eiy(y’,z': L) is the similar component at z’ = L.
E!(y' =h,,2")is the z-component of the incident electric field along z”axis at y’ = hy,.
li(z, z") can be found by using the classical transmission line theory as

Y
(1-T,e ™)

I (z,2") = [e‘y‘z"z‘ ~T,e7 1 gt (g7 _T g7 } (3.17)
€=y 7 )

Zl_ZO
Z

and T, = Z, =% . Inserting (3.17) into (3.16), with some algebra

where T, =
+Z, Z,+7,

iy

manipulations the induced current in (3.16) can be rewritten as

-1
Z,D

<A@ ey =0y - A@[Ey.7 = gy

I_ind (Z) =

[A(z) [[B@ENO)d+AQ) Bg<z')E;(h,z')dz'}
(3.18)

where
A(z) =Z,cosh| y(L-z)]+Z,sinh[ y(L-2)]
A,(z) = Z, cosh(yz)+Z,sinh(yz)
B,(z) = Z,cosh(yz')+Z,sinh(y2')

B,(z') =Z,cosh| y(L—2') |+ Z,sinh[ y(L-2')]
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D =(Z,Z,+2,Z,)cosh(yL)+(Z; +Z,Z,)sinh (yL)

Equations (3.16) and (3.18) are the solutions to the induced current of the
horizontal sensor model that are identical but of different form. According to these
results, the induced current can be determined at any point on the sensor if the
incident E fields at the position of the sensor are known. There is no requirement that
the relative position of the power line to the sensor wire is known as long as the
power line is horizontal and high enough (Hp, >> hy). Thus the power line can be
parallel, oblique, or perpendicular to the sensor wire. The results in (3.16) and (3.18)
will be used in Chapter 4 and 5 for the cases of the perpendicular linear sensor and the

parallel linear sensor.
3.2 Approach by model of per-unit-length voltage and current sources

As shown, the reciprocity theorem can be used to find the induced current for the very
general model as depicted in Fig. 3-1. Now the model in Fig. 3-5 is considered and a
further assumption that the ground is perfect conductor is made. The new model is
shown in Fig. 3-6. For this problem a method based on classical transmission line

theory uses voltage-and-current sources to replace the external excitation.
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y Single wire power line

E'and H
la(2) Lossy sensor wire
n
Hy, —_ — (Zo, ¥, )
h
N 21 22
| z
. 7
z=0 PEC ground z=L

Fig. 3-6 Model of a horizontal lossy linear sensor over perfect conductor ground
In Fig. 3-6, the horizontal lossy wire probe is h,, meters above the perfect ground
and grounded by impedances Z; and Z, at the left and right hand ends. It has a length
of L meters. The characteristics of the lossy wire are described by y, 6 and Z,, which
are the propagation constant, characteristic length and the characteristic impedance,
respectively. The sensor is illuminated by the incident electromagnetic field and it can
be replaced by the continuous distributed per-unit-length induced voltage source and

the per-unit-length induced current source [42], as depicted in Fig. 3-7.

y lina(2) Va(2)

—OTOT—OT©

£ P00 0L,

VY
z=0 PEC ground z=z z=L

Fig. 3-7 Replacing the external excitation with per-unit-length induced voltage and
current sources
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These two per-unit-length equivalent sources are functions of position (z). According
to [42] the per-unit-length induced voltage and current source can be written as

7 ’ H Ry i oo i

Vo (2) =—jou, [ " HI(Y', 7)dy (3.19)

() =-jox, [ EL (Y, 2)dy’ (3.20)

where o is the angular frequency of the incident field, uo is the permeability of free
space, c, is the per-unit-length capacitance of the lossy wire and E‘y and H! are the

incident electric and magnetic field respectively. The induced current is to be
determined by the superposition of the current due to each source pair. From (3.19)
and (3.20), it is known that the voltage source is related to the magnetic field coupling

and the current source is related to the electric field coupling.

Consider the case for that the lossy wire sensor is driven by only one set of the

voltage and current sources (at z = z’) as shown in Fig. 3-8.

y lina(2) Vs(2)
— L
&)

z=0 PEC ground z=z z=L

Fig. 3-8 The sensor driven by only one set of the per-unit-length induced voltage and
current sources (atz =2°)

The circuit on the left hand side of the two sources (0 < z < z’) can be substituted
by the input impedance looking into the left side of the source pair and the right part

of the circuit (z’< z < L) can be substituted by the input impedance looking into the
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right side of the source pair. The equivalent circuit of the model in Fig. 3-8 is then

obtained as shown in Fig. 3-9.

Iy Vs(2) lq
&) o——
+ +
L : R
Zi Vi (2 )C) Ve Zin

Fig. 3-9 Equivalent circuit of the model driven by only one pair of the per-unit-length
induced voltage and current sources

Z- and Z[ are the input impedances looking into the left and right sides of the

source. The voltages cross them, V| and Vg, are found by

L L-R

' Zin ’ Zinzin !
VL(Z): |_+ R'Vs(z)_'_ L R'Is(z)

r Z|§ ' Z;ZIE ’
VR(Z):_Zih_'_Zii 'Vs(Z)+m'ls(z)

These two voltages can be determined by the classical transmission line theory. Then
the distribution of the induced current on the lossy wire can be found. Assume the
induced current is denoted as 1(z’, z), where z is the position variable and z” indicates
the position of the voltage-and-current source. On the right and left side of the source

the induced current I(z’, z) can be written as

1(Z',2)

27 T

S B BN+ B @] (321)
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12,2)],.0 = 2D [B, (W, (2) + B, ()21, (2)] (3.22)

where
A(z)=Z,cosh[y(L-2)]+Z,sinh[ y(L-2)]

A,(z)=Z,cosh(yz)+Z,sinh(yz)
B,(z)=Z,cosh(yz")+Z,sinh(yz')
B,(z') =Z,cosh(yz')+Z,sinh(y2')

B,(2') = Z,cosh[ y(L-2') |+ Z,sinh[ y(L-2')]

B,(2) =2, cosh| y(L—2')]+Z,sinh[ y(L-2)]

D =(Z,Z,+2,Z,)cosh(yL)+(Z; +2,Z,)sinh (yL)

Next consider that the lossy wire is driven by continuously distributed per-unit-
length induced voltage and current sources. The induced current in the wire is
obtained by integrating the induced current due to single set of source along the length
of the wire:

1.(2)=— joz 1(2,2)] .02 + LL 1(2,2)|,.,d2 (3.23)
Inserting (3.21) and (3.22) into (3.23), the induced current on the lossy wire sensor at

position z can be obtained as

To(2) = —M I ['[8,@V:(2)+ B2 (2) ]
(3.24)
Az(z)j [By(2 Vs (2) - B,(2)Z, T, (2) o’

where
A(z)=Z,cosh[y(L-2)]+Z,sinh[ y(L-2)]

A,(z)=Z,cosh(yz)+Z,sinh(yz)
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B,(z)=Z,cosh(yz")+Z,sinh(yz')
B,(z') =Z,cosh(yz')+Z,sinh(y2')
B,(2') = Z,cosh[ y(L-2') |+ Z,sinh[ y(L-2')]
B,(2) =Z,cosh| y(L—2)]+Z,sinh[ y(L-2)]
D =(Z,Z,+2,Z,)cosh(yL)+(Z; +2,Z,)sinh (yL)
Vo (2) =~ jou, | " HI(y', 2)dy’
I,(2) =-jox, [ E) (Y, 2)dy’
It appears that the results using the reciprocity approach for the induced current
shown in (3.16) and (3.18) are different from (3.24). But it is shown below in Section

3.3 that they are identical.
3.3 Relationship between the two approaches

In this section the relation between the result (3.16) derived using the reciprocity
approach and the result (3.24) using the per-unit-length-source approach is studied.

Since the reciprocity method is more general, the analysis will be started from (3.16).

First, consider the current distribution shown in (3.17). Replacing the exponential

functions in it by the hyperbolic sine and cosine functions results in

Z\O/D A(z)B(Z) 0<7'<z
1,(z,2") = (3.25)
Z\O/D A (2)By(z") z<7'<L

where
A(z)=Z,cosh[y(L-2)]+Z,sinh[ y(L-2)]

A,(z)=Z,cosh(yz)+Z,sinh(yz)
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B,(z)=Z,cosh(yz")+Z,sinh(yz')
B,(2') = Z,cosh[ y(L-2') ]+ Z,sinh[ y(L-2')]
D =(Z,Z,+2,Z,)cosh(yL)+(Z; +Z,Z,)sinh (yL)

The derivative of this current with respect to z” is found as

' ZWD A(2)B,(z) 0<7'<z
8Ité§:z): Y (3.26)
7)B,(z') z<7'<L
2 A, (2)B,(Z')

where
B,(z') =Z,cosh(yz')+Z,sinh(y2')

B,(2) =Z,cosh| y(L—2")]+Z,sinh[ y(L-2)]

Second, pulling the current out of the first two integrals of (3.16) results in
T _1 Ay i [ '
'ind(z)zv'[lt(Lo)L E,(y',z'=0)dy
Ay i oot '
-1,(z, L[ "E} (v’ 2 = L)dy (3.27)
+.|.0L I,(z,2)EX(Yy' =h,, z')dz'}

Using the definitions of the per-unit-length current source (3.20) in (3.27) yields

r (Z)=_—1~ |t(Z,0)|_S(0)_|t(Z,L)|_5(L)+C (328)
ind Vv —ja)C —ja)C 1 '

w w

where
L ’ i ’ i i
C,= |, 1(z.2)E/(y =h,,2)dz".
Third, from the Maxwell’s equation
VxE =—jou,H

the x component of the H field can be obtained as
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_ . oE! (y',Z') ©CE!(Y, 7
—JjouH, (Y, 2') =~ y((;/' )+ g ) (3.29)

Integrating both sides of (3.29) with respect to y’ from 0 to h,, and using the definition

of the per-unit-length voltage source (3.19) leads to

E.(y'=h,,z')-E) (Y =0,2)=V, (z)+J.hWMdy' (3.30)

If the assumption E! (y’ =0, z') =0 is made (i.e., the ground is assumed to be perfect

conductor), (3.30) becomes

hWGE (y z')

Ei(y'=h,,2)=V(z)+ j dy’ (3.31)

Inserting (3.31) into the term C; in (3.28) and using (3.25) result in

- VD[A(z)jjBl(z')\l<z'>dz'+Az(z)ﬁss(z')\l(z')dz'}m (3.32)
where
M = j jl( ( )dz'dy

If the inner integral of M is evaluated by parts, M becomes

I(zL)I (L) ,(z,0)1(0) J-J- y 8I(zz)d,dy,

—joc, —jax
Then, by using (3.20), (3.26) and the fact that y/Z, = jwc, , the term M can be

rewritten as

_ L@@ L)I(L)  1,(z,0015(0)
_ja)cw —jG)CW (333)

+ ZD[A(z) J; B.(@)2 () - A ()] B2 T (2 |

Finally, combining (3.28), (3.32), and (3.33) gives the result for the induced

current in the form of per-unit-length sources as
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T @ =~ 22 [ T80V, (2)+B,(2)2,7, (@) o
(3.34)
Az(z)j [By(2 )V, (2) - B,(2)Z, T, (2) oz’

Obviously, (3.34) is identical to (3.24). The two approaches, the reciprocity and the
per-unit-length induced sources, give identical results for the induced current of the
lossy sensor wire of Fig. 3-5. Note that (3.24) or (3.34) can only be obtained based on
the assumption made between (3.30) and (3.31), which is

E.(y'=h,,0)=0 (3.35)
This assumption is equivalent to assuming that the ground is perfect conductor. In
(3.18) there is no requirement on the property of the earth. Therefore, the result from
the reciprocity is more general than that from the per-unit-length induced sources

method.

In practice, the earth is not perfect but lossy. As introduced in Chapter 1, at low
frequency the earth is rather transparent than perfect for the calculation of magnetic
field. For lossy earth, the axial electric field E,, which is nonzero, contributes to the
inductive coupling of the sensor. Therefore, the assumption (3.35) may not be valid
for the real earth case. Under this circumstance, the assumption (3.35) should not be

made and (3.31) should be written as

n OBy (', 2)

Ei(y'=h,, 2)=V,(z)+E.(y =0, z')+j0 = dy’ (3.36)

Then, redefine the induced per-unit-length voltage source V(z') (related to the

inductive coupling) and change the notation to V.(z'). It can be rewritten as

T H P i - ’ i i i
Vi (2') =—jou, [ "HL(Y, Z)dy' +E} (y'=0,7) (3.37)

64



The effect of the lossy earth on the inductive coupling is embodied in axial incident

electric field added to (3.37). Using V{(z') to substitute V (z') in (3.24) results in

T (2) = Ai“j [B,(WVL(2)+B,(2)Z,1s(2) o
(3.38)
Az(z)j [B,(2VL(2) - B,(2)Z, T, (2) oz’

where V/(z) is defined by (3.37) and all the other variables or symbols are the same
as defined in (3.24). After the modification being made to V,(z'), (3.38) is valid for
the case that the earth is lossy. It is unconditionally identical to the result by the
reciprocity method (3.18) and more general than (3.24). In Chapter 5, (3.38) will be
used for the analysis of the parallel linear sensor because for this kind of sensor the
inductive (magnetic) coupling is involved and the effect of the lossy earth on the

induced current cannot be ignored.

In [46] another approach using a model of the continuous distributed voltage
source is provided to formulate the induced current of a lossy transmission line which
is the analogue to the lossy sensor wire of Fig. 3-5. The result is also proved to be

identical to (3.34), which means that the three approaches validate each other.

Either the reciprocity method or the per-unit-length source method has its own
advantages and should be utilized in different situations. The reciprocity result, (3.16)
or (3.18), only involves the incident electric field. It can be use in the case that the
electric field is easy to find. The advantage of (3.24) is that the effects of the electric
and magnetic couplings are explicitly separated. Thus, when both of the electric and

magnetic coupling are involved (3.24) will be more helpful for analysis.
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CHAPTER 4

PERPENDICULAR LINEAR SENSORS

As discussed in Chapter 3, the position of the linear sensor relative to the power
transmission line varies for different sensors. In this chapter interest is the kind of
linear sensor that is placed to be horizontal over the ground and perpendicular to the
conductors of the power transmission line. Thus, it is called the perpendicular linear
sensor. It has been introduced in Chapter 1 that the dominant magnetic fields of the
infinite long power line above the earth are transverse to its direction [36]. Since the
sensor is perpendicular to the power line, the plane containing the circuit loop of the
sensor must be transverse to the power line and parallel to the magnetic flux plane.
Therefore, no magnetic flux couples with the sensor loop, as illustrated in Fig. 4-1. In
other words, there is no magnetic coupling picked up by the sensor. Thus, only

electric field coupling related to the capacitance of the sensor will be involved.

Single wire
power Iine\.

Magnetic flux

Perpendicular sensor

Zy g 22

797 Ground 77

Fig. 4-1 Circuit loop of the perpendicular linear sensor is transverse to the power line
and parallel to the magnetic flux plane of the power line.

66



The perpendicular linear sensor can be designed for monitoring the power line
sag, which may caused by either conductor heating or ice coating. Heating can
increase the line sag by weakening the tensile strength of the conductor and increasing
its length [47] — [49]. Ice coating on the power line elongates the conductor by
increasing the weight of it [50], [51]. The perpendicular linear sensor can also be
made to detect the negative/zero sequence mode of the power line voltage. In the
following sections, a model of the perpendicular sensor is first introduced and the
theory of how the sensor works is derived in 4.1. Again, the induced current of the
sensor under the excitation from the power line is the focus. Second, the effects of
different parameters, such as the length, height, resistance and capacitance of the
sensor wire, on the induced current are discussed in 4.2. Applications using the
perpendicular sensors in sag monitoring and negative mode detection are introduced

in 4.3.

4.1 Model and theories

A model of the perpendicular linear sensor system is shown in Fig. 4-2. In this model,
the sensor is a horizontal lossy wire, L meters long and h,, meters above the ground.
The sensor wire is placed perpendicular to a single-wire power line, which is H,
meters above the ground and energized by a voltage source of V, (kV). As mentioned
before, for the perpendicular linear sensor only the electric coupling, i.e., the
transverse electric field, will be involved in analyzing the theory. Thus the ground is

assumed to be perfect electric conductor (PEC) because of the quasi-static
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approximation for the field calculation. The sensor wire is grounded through two
impedances, Z; and Z,, at its two ends. The sensor wire itself can be lossy, for which
case it is characterized by its resistance per unit length r,, (2/m) and the capacitance
per unit length c, (pF/m). More generally, these parameters, r, and c,, can be
functions of position along the sensor.

Single wire
I @ powerline

A

y

H, ling(X) Sensor wire

— ‘_

h

=1 =

| X

/7

PEC ground | 7 |

Fig. 4-2 Model of a perpendicular linear sensor system.

The sensor wire with the impedances Z; and Z,, the earth return and the
connecting wires form the circuit loop of the sensor system. Under the excitation of
the incident field from the power line a current is induced in the sensor wire. By using
the reciprocity approach developed in Chapter 3, this induced current can be
analytically determined. The model defined in Fig. 4-2 is similar to that shown in Fig.
3-5 except that the position of the sensor relative to the power line is not specified in
the latter one. But this is not a problem when utilizing the results of the latter model in
this perpendicular sensor model. Adapting (3.16) to the model in Fig. 4-2 gives the

induced current as
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I_i”d(x)::/_l.“(lhw 1, (6 ~L/2)E} (X' =—L/2,y)dy’

[ LI 2 (X = L1 2, y)dy 4.1)

L/2 .

7L xOEKL Y = hW)dx’}
where E,' and Eyi are the x and y components of the unperturbed incident electric
fields (i.e., in the absence of the sensor) from the power line, respectively. l(x, x°) is
the testing current at x’when a voltage source of amplitude V is applied at the open
terminals at x. l(x, -L/2) and li(x, L/2) are the testing currents at the left and right ends
of the sensor wire. If the wires connecting the sensor wire to ground through Z; and Z;
have very small propagation constant, compared to that for the sensor wire, the
current doesn’t change along the vertical segments on the left and right ends of the
sensor wire. This can be realized by using wires that have better conductivity (smaller
per-unit-length resistance) and much thinner diameter (smaller per-unit-length
capacitance) than the sensor wire as the connecting wires. Given this assumption in

(4.1), the testing currents in the first and second terms in the bracket can be pulled out

of the integrals, which leaves only the incident field Eyi in the integrands. Since

. oV, . .
E,=- 6;” , Where Vg, is the space potential due to the power line, (4.1) can be
rewritten as

Tng (%) =:/—1-[—|t(x,—L/2)vsp(x' —-L/2,y)
1 (LI 2V, (X =L/2,y) (4.2)

+ J'_LL//ZZ IL(x,X)EL(X,y' = hw)dx'}

Evaluating the integral of the third term in (4.2) using integration by parts and using
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YA _
E, =——= resultsin
OX

1,(x)= :/—1-[—I[(x,—L/2)Vsp(x’ ==L/2,y)+1,(x,L/2V, (X'=L/2,y)
+ 1 (%, =L/2V (X' ==L/2,y") = 1,(x, LI2)V, (X' = L/2,Y")

Li2 8It(XlX’) oy i
_J‘_L/ZTVSP(X .y =h,)dx }

The first four terms cancel leaving that

9 20

T (XY =) (4.3)

The first term in the integrand of (4.3) is the derivative of the testing current, which is
basically determined by the parameters of the wire probe and the matching
condictions at both ends of it. The second term is the space potential due to the
incident electric field. It is determined by the energized voltage V, and the
configuration of the power line. Therefore, equation (4.3) indicates that the induced
current in the probe contains information about the incident electric field, i.e.
information about the voltage and configurations of the power line. This matches with
the previous argument that the perpendicular sensor is only sensitive to the electric
field.

The distribution of the testing current can be obtained by adapting (3.17) to this
case. With a variable changing from z to x and a shifting in coordinate of +L/2, (3.17)

can be rewritten as

vV [eﬂ’\x'—x\ _rle—y(L+x'+x) _er—ZyL (ey(L+x’+x) _Fley\x'—x\ )j|
27,(1-T, e ")

I, (x,x") = (4.4)

Zl_ZO
Z,+7Z,

where Z, is the characteristic impedance of the sensor wire, I'; = and
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r,= Z, =2 are the reflection coefficients at the left and right hand sides of the

Z,+7Z,

sensor respectively. The partial derivative of the testing current with respect to x” is:

for—L/2<x’ <X

ol (x,x) Vy
X 2Z,(1-Te™")

and forx < x’ < L/2:

ol (x,x) Vy
X' 2Z,(1-T,e™)

[e—y(x—x') +Fle—;/(L+x’+x) _rze—ZyL (e;/(L+x’+x) +Fley(x—x') )j|

(4.5a)

|:_e—y(x'—x) +F1e—y(L+x’+x) _rze—ZyL (ey(L+x’+x) _Fley(x'—x) ):|

(4.5b)

The testing current in (4.4) and its derivative with respect to x” in (4.5a) and (4.5b)

can also be written in forms of hyperbolic sine and cosine functions as

V_AB(X) —Li2<x <x
, Z,D
[, (x,x") = v
X)B,(x) x<x'<L/2
ZODAZ() 3( )

where
A(X)=Z,cosh[ y(L/2-x)]+Z,sinh[y(L/2-X)]
A, (X)=Z,cosh| y(L/2+x)]+Z;sinh[y(L/2+X)]
B,(X) =Z,cosh[ y(L/2+x')]+Z,sinh[ y(L/2+X)]
B,(X') = Z,cosh[ y(L/2-x') |+ Z,sinh[ y(L/2-x')]
D =(Z,Z,+2,Z,)cosh(yL)+(Z; +Z,Z,)sinh (yL)

The derivative of this current with respect to z is then found as
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where

V
(X)B,(x) —-L/2<x'<x
ol (x,X) ZODA& ?

o 4.7)

Xx<x'<L/2

B,(x') =Z,cosh[ y(L/2+X)]+Z,sinh[ y(L/2+X)]

B,(x') =Z, cosh[ y(L/2—X)]+Z,sinh[ y(L/2-X)]

By using (4.7), the induced current in (4.3) can be rewritten in the forms of hyperbolic

sine and cosine functions as

T () = M(X)IUZB (X)V,, (X, Y’ = h,)dx
(4.8)

L2 [, (W, X, = h )X

where A1(x), A2(x), B2(x"), Bs(x"), and D are defined as before.

As previously discussed, the perpendicular sensor involves only electric field (i.e.,

capacitive) coupling, which is similar to that of the point probe introduced in Chapter

2. In fact, the model in Fig. 4-2 can reduce to a point probe if the sensor is assumed to

be very short and open circuited at one of its ends. Consider that the length of the

sensor L is short enough that |yL| << 1 and the sensor is opened at x = L/2 (equivalent

to setting Z, = ). The model with these assumptions is shown in Fig. 4-3.
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Single wire
@ powerline

Yi
| L
Sensor wire
Tna(x = -LI2) 1 L] << 1
Z,
X
77 7 7
PEC ground

Fig. 4-3 A perpendicular linear sensor reduces to point probe when its length is very
short and is opened at one of its end (x = L/2 for this case).

For the hyperbolic sine and cosine functions, given |yL| << 1 it yields that
cosh(yu)=1 and sinh(yu)~0

where |u| < L. With these approximations (4.7) reduces to

WNZ,

’ ——1 _ _L/2<x'<x
8Itéx,'x) _ Z,(Z, ;Zz) 4.9)
X _ WL X<X'<L/2
ZO(Zl+Zz)
The induced current can be rewritten as
T 7/21 X ' ’ ' 7/22 L/2 o, r
I (X)=——2— V_(X,y=h)dx———~——=2——| V_(X,y' =h )dx
na (X) zo(z1+z2>fL/z L(X,y'=h,) zo(z1+z2)fx L. y'=h,)

Since |yL| << 1, the space potential doesn’t change much along the sensor wire and it
can be assumed constant over the whole length of the sensor wire. Then, it yields that

7/Vsp,—|_/2

m[(x—l_/z)zl—(uz—x)zzj

I_ind (X) =

where Vs, .12 IS the space potential at (x = -L/2, y = hy) and chosen to represent the

space potential value over the sensor. Taking a further step by using the assumption
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that Z, = o and the fact that y / Zy = jewcy (Cw 1S the per-unit-length capacitance of the
sensor) the induced current now can be written as

Lo () =—joc, (L/I2=x)Vy 1,  (-L/2<x<L/2) (4.10)
Therefore, the induced current in the grounding wire at x = -L / 2 is found as

I_ind (_L/ 2) == ja)(cw L)Vs (411)

p.avg
Equation (4.11) gives the same result as (2.8) since c,L is the self-capacitance of the
sensor. Therefore a perpendicular sensor can reduce to a point probe if the length of
the sensor is short (JyL| << 1).

As shown in (4.3) or (4.11) the perpendicular linear sensor collects information
about the value of the space potential of the power line in. Many factors affect this
average value and hence the induced current of the sensor. The sag of the power line
conductor is one among those factors because the space potential is strongly related to
the configurations of the power line conductor. A perpendicular linear sensor can be
designed as a line-sag monitor such that the change of the line sag is recognized by
measuring the induced current. The discussion of this part will be introduced in
section 4.2.

In a similar way, the perpendicular sensor provides information not only the
magnitude but also about the phase angle of the space potential. One example of an
application using the phase angle information is the use of the perpendicular sensor to
detect the negative and zero components in the power line voltage. If the single-wire

power line in Fig. 4-2 is replaced by a three-phase power line, any change of the

symmetrical components of the power line voltage will cause the profile of the phase
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distribution of the incident space potential to change. The perpendicular sensor can be
designed to be sensitive to this phase change and used as a negative or zero sequence

voltage detector. The detailed analysis and discussion will be introduced in section 4.3.

4.2 Sag monitoring by perpendicular linear sensor

It has been qualitatively known from the previous discussion that the current induced
on the sensor wire depends on the characteristics of the power line. If, for example,
the guantitative relation between the induced current and the line sag can be analyzed,
it is possible to design and built a sag sensor using the perpendicular linear sensor. To
examine this possibility, computer simulations based on the models of a horizontal-
configured and a delta-configured three-phase power line were conducted.

4.2.1 Power line models and parameters

Consider the two power transmission lines, configurations of which are shown in Fig.

4-4 (a) and (b), respectively.

Single conductor

B o 3-conductor

A B C 8.84m .I ® bundle
o 1 o
[ © ° ¢ Aoo | eeC
[ ]
| I —
" 5.87m | I 4.68m|
13.7m . 18.56m !
[ ]
Sen;;orwire Sen:%orwire
Z, & Z, z, P Z,
X X
7 7 s
=712 Zu7 =712 27
X PEC Ground X PEC Ground -

(a) Model A: 230 kV horizontal line

(b) Model B: 500 kV delta line

Fig. 4-4 Geometries of the perpendicular wire sensor and two types of three-phase

power transmission line
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Model A is a single-wire three-phase 230 kV horizontal line and Model B is a
bundled three-phase 500 kV delta line. They are the power line models used to
conduct the simulations for this chapter. Their configurations and parameters of the

corresponding perpendicular sensors are listed in Table 4-1.

Table 4-1 Power line configures and sensor parameters

Power line in Power line in ~ Perpendicular
Model A Model B sensor
Line to line voltage (kV) 230 500
Conductor height (m) 13.72 - sze(gfri]:;)
Conductor length (m) - - sﬁe(gfri]:;)
Single conductor diameter (m) 0.035 0.033 0.0042
Phase spacing (m) 5.87 - -
Span length (m) 200 300 -
# of conductors / bundle 1 3 -
Spacing between bundle B 0.433 B
conductors (m) '
A: (-5.87, A: (0, 27.40)
N 13.72) B: (4.b68,
Position of each phase (m) B: (0, 13.72) 18.56) -
C: (- 4.68,

C:(5.87,1372) o

The heights of the power line conductor in the table refer to as the conductor
heights at the mid-point of one span assuming two towers at the ends of the span have
same height over the level ground. The sensor is a conducting wire with the resistance
per unit length r,, specified at 0.001 Q/m (approximately the resistance of a one meter

long copper wire with diameter of 4.2 mm). The per unit length capacitance and
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inductance of the sensor are calculated by [42]

c oo 2mE (4.12)

Y In(2H,/a,)
l,=%%In(2H, /a,) (4.13)
2 P
where a,, is the radius of the sensor wire. With r,, cy, and |, the characteristic

impedance Z, and the propagation constant y of the sensor wire can be determined as

Z, = /M (4.14)
joc,

y =\(r, + jol,) jeox, (4.15)

[42]

There are many factors that need to be considered when designing a
perpendicular sensor for monitoring the power line sag. These factors include the
length of the sensor wire, the height it is placed above the ground, and the impedances
Z; and Z, connected the sensor to the ground. In the following sections, the effects of
these factors on the sag monitoring will be examined by numerical simulations, in
which the induced current on the sensor is calculated by (4.8) under different
conditions.

4.2.2 Effect of setting of Z; and Z,

To start the analysis, it is necessary to have some perceptual knowledge of the induced
current of the perpendicular linear sensor. Fig. 4-5 (a) and (b) respectively show the
magnitude of the induced current on the sensor in Model A and Model B when the
sensor is connected to the ground through impedances Z; = 100Q and Z, = 100Q. Z;

and Z, are not set to zero because, in practice, the earth resistance is never zero. Even
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when the sensor wire is directly connected to ground, the grounding resistance due to
the earth should still be taken account into the model. 100Q is a reasonable value of
the grounding resistance. Fig. 4-6 shows the corresponding phase angles. The power
line sag is set to zero for these simulations. The results obtained by (4.8) are
represented by solid lines in the figures. To validate (4.8), a method [52] based on the
concept of superposition to calculate the induced current is used. The results are

presented in circles in the figures.

h=3‘F1 =0 ?6112+D.11533i‘f‘2=-0 7B11240.115330 h=3,r‘1 =-D.7E112+D.11533\,F2 =-0.76112+0.11533i
o L —
Zg4l = ——reciprocity
3 £ 50¢ o superposition
2 8.2 2
= H
g g 2 40;
E E
E 7.8 E 30t
3 76} _ 3
ki —reciprocity T 20t
74 o superposition g
£ £
B T R R R S S 3
X (m)
(@) Model A: 230 kV horizontal line (b) Model B: 500 kV delta line
Fig. 4-5 Magnitude of the induced current on the sensor when Z; = 100Q and Z; =

100Q
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Fig. 4-6 Phase angle of the induced current on the sensor when Z; = 100Q and Z, =
100Q

The magnitudes of the induced current of the two models are both symmetrical
about the midpoint of the sensor wire because of the symmetry of the models. The
space potential is received symmetrically on the left and right half of the sensor and
derivative of the testing current in (4.7) has symmetry about the midpoint of the
sensor. Given these facts, it seems qualitatively that the induced current at the
midpoint should always be zero if Z; = Z, because the current flows symmetrically
from the midpoint to the two ends of the sensor. But this is not true, as shown in Fig.
4-5. According to (4.3), the induced current is determined by the integration of the
derivative of the testing current multiplied by the space potential. From Fig. 2-5, the
phase angle distribution of the space potential is not mirrored by central vertical axis.
Consequently, the induced currents on the two halves of the sensor are not
symmetrical, in phase angle, about the central axis and don’t always cancel each other.

Thus, the induced current at the midpoint can be nonzero.
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Z; and Z, can be selected arbitrarily. Their values determine the reflection
coefficients at both ends of the sensor, hence affect the induced current. There is no a
priori about which values of Z; and Z, are better for the sag monitoring. According to
multiple simulations, when Z; = 100Q and Z, = « (directly grounded at x = -L/2 and
open at x = +L/2) the induced current has larger magnitude of the induced current at x
= -L/2, as shown in Fig. 4-7. This may be a good point for the sensor design because,

in practice, the larger the magnitude of the current the easier the measurement.
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Fig. 4-7 Magnitude of the induced current on the sensor when Z; = 100Q and Z; = o

Generally speaking, the reason why the induced current of this setting is larger
than that for the previous setting (Z; = 100Q and Z, = 100Q) is because with one end
open the induced current in the whole sensor flows in the same direction and the
effective part of the sensor for receiving the incident field becomes larger.

4.2.3 Effect of sensor length

According to (4.3) or (4.8), the length of the sensor wire, L, affects the induced
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current. The induced currents at the left end (x = - L/2) were calculated for various
values of L. Results for several different line sag values are plotted in Fig. 4-8 (a) and
(b) for Model A and Model B, respectively. The sensor is connected to the ground

directly (Z; = 100Q and Z, = 100Q).

Length of sensor (m)

(a) Model A: 230 kV horizontal line

hsensor =3m; F1 = 097407 +0.01443i, F2 =0.97407 0 01443 hsensor =3m; T'1 =-0.76112+40.11533i, T'z =-0.7611240.11533i
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(b) Model B: 500 kV delta line

Fig. 4-8 Induced current at x = - L/2 vs. length of the sensor (Z; = 100Q and Z; =
100Q)

For both Model A and B, the induced current saturates when the sensor is long
enough. This makes sense because if the sensor is very long the contribution to the
induced current from the part of the sensor far away from the center becomes
negligible due to the attenuation of the incident field. But, for Model A, it is
interesting that the induced current has a null at about L = 27m in each of the three
curves, as shown in Fig. 4-8 (a). Results from multiple simulations show that the
sensor length causing the null is approximately proportional to the horizontal spacing
between the phase conductors of the power line and almost independent of the line

sag. By further simulations, it is found that the integration of the space potential alone
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(Just assume the derivative of the testing current in (4.3) is 1) over the sensor wire has
very similar shape as the curves in Fig. 4-8 (a) and a null occurs at about the same
sensor length as for the induced current, shown in Fig. 4-9. According to (4.3), this
argument is valid because for the given parameters of the sensor wire the derivative of
the testing current doesn’t change much along the sensor and the shape of the
integration is not distorted by it. Under this condition, the null is mainly determined
by the characteristic of the distribution of the space potential, which is determined by

the configuration of the power line.

¥ 1dsen30r 3m; F = 07611240, 11533i,F2=-D 761124011533
5 T T T
—sag 1%

o — =580 2%
c 4t R g o
2 FEE ~—-sag 3%
MQ_ / \

7] f Y,
> 3 \

Integration of

0 10 20 30 40 50
Length of sensor (m)

Fig. 4-9 Integration of space potential alone over the sensor wire for different lengths
of sensor. The shapes of the curves are very similar to that in Fig. 4-8 (a).

If one end of the sensor is open (set Z, = o), similar results for the induced
current can be obtained. Fig. 4-10 (a) and (b) show the induced current of Model A
and B, respectively, at x = - L/2 changing with the sensor length for the setting of Z; =

100Q and Z, = ©
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Fig. 4-10 Induced current at x = - L/2 vs. length of the sensor (Z; = 100Q and Z, = «)

The induced current of Model A has a null occurring at about the same sensor
length as in Fig. 4-8 (a). This fact supports the previous argument that the null is
determined by the characteristic of the space potential distribution because the
derivative of the testing current doesn’t change much along the sensor for the given
parameters. The characteristic null in the induced current may be helpful in designing
the sag sensor. It can be noticed from Fig. 4-10 (a) that for the sensor length less than
the value causing the null the induced current increases rapidly with increasing sag,
which implies that the sensor has better sensitivity to sag for lengths in that range. For
this reason any sensor of length from 5 to 10 meters seems to be good choice for sag
monitoring. Given concerns of cost and ease of installation, however, the length of the
sensor would not be expected to be too long. Thus, any values close to five meters
would probably be an optimal choice of the length of the sensor.

The sensitivity of a sensor can be evaluated in many ways. For the sag sensor,

how much magnitude change in induced current can be gained over the given range of
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sag values may be an important parameter. Hence, a factor S; can be defined to show

the sensitivity of the sensor

[ |
4.16
| Imin | (Smax - Smin) ( )

=
where Inax and Inyin are the maximum and minimum of induced current in the given
range of the line sag, Smax and Smin (in %) are the line sag values that cause Iyax and
Imin, respectively. For a monotonically increasing current, S; represents the steepness
of the curve. But for a current curve that has multiple peaks or valleys S, may not be
the appropriate parameter.
4.2.4 Effect of sensor height

Obviously, the height of the sensor wire above the ground affects the induced
current. The higher the position of the probe the higher the magnitude of the space
potential, which in general will cause higher magnitude of induced current. Fig. 4-11

shows the results for Model A.
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Fig. 4-11 Sensor height vs. line sag for Model A (Z; = 100Q and Z, = 100Q)

The induced current increases when the sag becomes large. But it can be seen that
the change of the sensor height doesn’t change the sag sensitivity much. Thus, the
height may not be a key factor for designing the sensor. To get a larger magnitude of
induced current, which makes measurements easier, a larger sensor height may be
desired. But there are restrictions on sensor height so that safety codes relating to
conductor clearance are not violated.

4.2.5 Discussion on characteristic parameters of the sensor wire

The characteristic impedance Z, and the propagation constant y are defined in
(4.14) and (4.15). Therefore, the characteristic parameters, such as ry, cy, and I, of
the sensor wire determine the distribution of the testing current and its derivative,
through which they can affect the result of the induced current. Fig. 4-12 shows the

induced current vs. the sensor length for different values of r,,.
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Fig. 4-12 Induced current at x = - L/2 vs. length of the sensor for different r,, (Model
A, Z; =100Q and Z; = 100Q2)

From Fig. 4-8 (a) and Fig. 4-12, the induced current changes with the changing of
rw. For the design of perpendicular sensor, the optimal value of r,, should be the one
that can provide good sensitivity of the sensor and be easily achieved in practice. For
the cases r, = 0.001 Q/m and ry, = 1 Q/m, the induced current has better sensitivity to

line sag for the small sensor length range. Since the copper wire that has r, = 0.001
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Q/m is very easy to get, ry, = 0.001 Q/m can be a good choice of the per-unit-length
resistance of the line sag sensor.
The per-unit-length capacitance, c,, also affects the induced current and the

results for different values of c,, are shown in Fig. 4-13.
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Fig. 4-13 Induced current at x = - L/2 vs. length of the sensor for different c,, (Model
A, Z; =100Q, Z, = 1002, and r,, = 0.001 /m)

In these simulations, ¢, is changed by using different values of radius of the
sensor wire. Compared to the case for Fig. 4-8 (a), the sensor wire radius increases 10
and 100 times in Fig. 4-13 (a) and (b) respectively. The corresponding c,, then
becomes In(10) = 2.3 and In(100) = 4.6 times of the original value. It can be seen from
these figures that c,, doesn’t change shapes of the curves but it affects the magnitude
of the induced current. The larger the c, i.e., the radius, the larger the magnitude of
the induced current. Based on this fact, the radius of the sensor wire can be
determined according to the requirement of the current measurement.

All the factors discussed above, for power lines as described in Model A and
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Model B, should be examined to determine optimal designs for building a good
perpendicular linear sensor for sag monitoring. A set of these parameters of the sensor
chosen based on above discussions is listed in Table 4-2 and makes a design of the

sensor used as power line sag monitor.

Table 4-2 Designs of the perpendicular linear sensor for sag monitoring

Sensor length, L 3m

Sensor height, hy, 2m
Diameter of sensor, dy, 4.2 mm
Resistance per unit length, r,, 0.001 Q/m
Setting of Z; and Z, Z;=100Q,Z,=100 Q

4.3 Negative sequence mode detection by perpendicular linear sensor

Since a perpendicular linear sensor can provide some information about the space
potential, which is a phasor, it is possible to utilize the phase angle of the space
potential and design the sensor to detect the negative or zero sequence components of
the power line voltage. Assume the power line in Fig. 4-2 is a balanced three-phase
line with 120 degree phase shifts between each phase. As discussed in Chapter 2
(section 2.2), the negative and zero sequence components of the applied line voltage
can cause the profile of the phase angle distribution of the space potential to change,
which consequently causes the induced current in the sensor to change. Usually, the
presences of the negative and/or zero sequence voltage components are signs of the

abnormal conditions or faults occurring somewhere in the power system. If the
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perpendicular sensor is designed to be able to respond to those unusual components of
voltage, it can be used for detecting abnormal conditions or faults. Here, an example

of this kind of design is illustrated in Fig. 4-14.

A B C
o) (o) o
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|
: 2m !
|
Sensor#1 i Sensor#2
|
i :
|
2m CA 1/1 i /21
|
Y I X
=Z1p" 7 Z
X PECGround  *- 12

Fig. 4-14 An example of using perpendicular linear sensors to detect negative
sequence voltage

In this model, the power line is the same as Model A in Fig. 4-4. Instead of using
one single sensor two separate sensors are symmetrically placed on the left and right
hand side of the central axis. Each of the sensors is two meters long, two meters above
the ground, open at one end and grounded by a resistance 100Q at the other end. The
induced currents, 11 and I,, of the sensors are measured by an ammeter connected to
the grounding wire. The other parameters of the sensor are the same as provided in
Table 4-2. First, the induced currents given the different individual sequence modes
are checked. Fig. 4-15 (a) and (b) show the magnitude of induced currents vs. the line
sag for the positive mode and negative mode of the power line voltage. The phase

corresponding phase angles are shown in Fig. 4-16 (a) and (b).
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From these figures, it is known that I, and I, have the same magnitude but
different phase angle profiles for positive and negative mode. Thus, if I; and I, are
shifted with some proper angles (about #£30for this case), the total current of them Iy

= 1; + I, can be set to zero for the positive mode but nonzero for the negative mode.
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Fig. 4-17 shows the sensors with the phase shifters.
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Fig. 4-17 Design of perpendicular linear sensors with phase shifters to detect negative
mode

With the given parameters: hy, = 2m and L/2 = 2m, the proper phase shift values
are +30<for I; and -30 “for I,. After the phase shift is applied, the total currents for the

positive, negative, and zero modes are shown in Fig. 4-18 as a function of line sag.
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Fig. 4-18 Magnitude of total currents I for the positive, negative, and zero modes

after £30“phase shifting

Due to the cancellation of 1; and I, the total current for positive mode is very
small compared to that for negative mode. In the sag range of 1% to 3%, the total
current for the positive sequence mode is at least 5 and 15 times smaller than that for
the negative and zero sequence modes respectively. The current magnitude of zero
sequence mode is about 3 ~ 4 times that for negative mode. When the line sag is close
to 1%, this magnitude difference between the three modes becomes even larger. The
magnitude of the current can be divided into three levels: It < 7pA, 14pA < lig <
35pA and ly; > 70pA for sag from 1% to 3%. These correspond to the positive,
negative and zero sequence modes respectively of the power line. If assume only
single sequence mode existing in the power line voltage, the mode can be determined
by checking the level of the current magnitude. As shown in Fig. 4-18, this standard

works well for the sag range from 1% to 3%, which means despite the effect of the

92



line sag change the sensor can detect the sequence mode change of the power line
voltage. In another word, the sensor can detect negative/zero sequence voltage in the
power line even when the line sag value changes in a fairly large range.

It has also been found that changing the position of the two linear sensors may
improve the performance of the sensor. This property can be used to design a
perpendicular linear sensor for sag monitoring. For example, when the two probes are
moved away from the center by 0.3 meters, Fig. 4-19, the total current vs. sag is

shown in Fig. 4-20.
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Fig. 4-19 Move the two probes away from the center by 0.3m
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Fig. 4-20 Magnitude of total current when the probes are moved by 0.3 m (for
positive mode)

At sag of 2.6% there is a null of the total induced current for the positive
sequence mode. From 1% to about 2.6% of the line sag, the total current drops more
than 40 times and shows a very good sensitivity to the change of line sag. Actually,
this null also exists in Fig. 4-18 at about the sag value of 1%. By moving the two
sensors apart from the center, the position of the null has been moved along the sag
axis. This provide an extra degree of freedom for the sensor design. For example, if
the sensor is designed as in Fig. 4-19, it can be used to monitor the line sag because
for the positive sequence mode the current is very sensitive to the line sag near the
value of 2.6%. If it is assumed that 2.6% represents a critical sag threshold and
indicates dangerously low power line conductor height, the sensor in Fig. 4-19 can be
used to indicate this dangerous condition.

Similarly, for the delta-configured power line such as defined in Model B, the
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perpendicular linear sensor can also be used for sequence mode detection or sag
monitoring. A system for negative/zero sequence voltage detection similar to that in
Fig. 4-15 can be constructed, where the phase shifts are changed to +10°for I; and -
10<for 1,. The induced currents for the positive, negative and zero modes are shown
in Fig. 4-21.
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Fig. 4-21 Magnitude of total current for the positive, negative, and zero modes of

voltage in Model B

It can be concluded that with appropriate parameters the perpendicular linear
sensor can be used as a power line sag monitor and negative/zero sequence voltage
detector. The mechanism of the perpendicular linear sensor is similar to that of point
probe, which only responds to electric field coupling from the power line. But the
perpendicular linear sensor has its own advantages, such as that either it can be
designed to be robust to the change of the position of the power line conductor (the

example given in Fig. 4-17) or very sensitive the line sag (the example in Fig. 4-19).
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Additionally, since the perpendicular sensor has more complex structure than the

point probe it provides more degrees of freedom for the design.
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CHAPTER 5

PARALLEL LINEAR SENSORS

As discussed in Chapter 3, the linear sensor can be placed to be perpendicular, parallel,
or oblique to the power transmission line. In Chapter 4, the theory and applications of
the perpendicular linear sensor have been introduced. The study of this chapter will
focus on the parallel linear sensor, which can be formed by placing a linear sensor
along the direction in which the power transmission line is extending. The model of a

typical parallel linear sensor is depicted in Fig. 5-1.

Power line Vp(z) 15(2)

A
Y L

Ind2)  Sensor wire e, H
--—

h| Z, T =2z
T

7 7V >
R =R

g

Fig. 5-1 Model of a horizontal parallel sensor

In the model, a horizontal linear sensor wire, L meters long and h,, meters above
the ground, is connected to lumped impedances Z; and Z, and then to the ground at its
two ends. Assume the grounding system at each end of the sensor results in an earth
resistance of Ry. The sensor wire is along the z direction, the same direction as the

energized three-phase power transmission line. Vp(z) and 1,(z) represent the set of
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voltages and currents on the power line respectively. Under the excitation of the
incident electromagnetic fields (i.e., E' and H', produced by the power line), there is a

current ling(z) induced on the sensor wire.

The circuit loop formed by the sensor wire, the impedance Z; and Z,, and the
earth return cuts the flux of the incident magnetic field, i.e., H! for this model.
Therefore, different from the point probe and the perpendicular linear sensor, the
parallel sensor receives the inductive (magnetic) coupling as well as the capacitive
(electric) coupling from the incident fields. The induced current on the sensor can be
decomposed into two components. One is related to the capacitive coupling, i.e. the
voltage on the power line, and the other is related to the inductive coupling, i.e. the
current on the power line. The differences in the nature of the capacitive and inductive
coupling bring more complexities but more possibilities to the design of the parallel
sensor. New functions other than those that can be realized using point probes or
perpendicular sensors are possible. One good example is the directional coupler for
detecting the traveling waves on the power line, which will be introduced in the

following sections.

5.1 Directional coupler

A parallel linear sensor can be designed to operate as a directional coupler for power
transmission lines (i.e., detecting forward and backward traveling wave amplitudes on
the lines). The directional coupler is often used in microwave circuits and one

definition of it is given as “a device that couples a secondary system only to a wave
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traveling in a particular direction in a primary transmission system” [53]. By choosing
the termination impedances correctly the effect of the forward or backward traveling
wave can be cancelled, leaving the effect of only the other. For more specifically, the
capacitive coupling and inductive coupling components of the current induced on the
secondary wire due to the forward or backward wave can be made equal in magnitude

and opposite in phase, i.e., can cancel at one end of the secondary wire [42].

On a real power transmission line, there almost always exist both forward and
backward traveling waves because the terminations are not perfectly matched to the
surge impedances. Fig. 5-2 (a) shows the propagation directions and polarities of the
forward and backward traveling waves of voltage and current on a single-phase power
line extending in z direction. If +z is defined as the reference direction, the forward
traveling waves propagate in +z direction with a propagation term of e, while the

+yz

backward traveling waves in —z direction with e™*, where y is the propagation constant
on the power line. The voltage and current on the power line can be expressed in

forms of the traveling wave components as [54], [46]

V,(2)=V.e7" +V, e

1,(2) = Zi(vf e -V,e'"?) (5.1)

si

where Vs and V, are the phasor amplitudes of the forward and backward traveling
waves of the power line voltage, respectively, and Zg is the surge impedance of the
power line. Vs and V, are related by the reflection coefficient I'y. at the end of the
power transmission line

Iy :Vb/vf = rTLngrL (5.2)
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where I'r_ is a complex number and rr_ and & are its magnitude and phase angle.
The forward and backward traveling waves of the power line voltage have the same
reference directions, while that of the current have the opposite reference directions.
The total electromagnetic fields produced by the power line are the superposition of
the fields due to the two sets of the traveling waves. For the electrically short power
line (the length of the line is much smaller than a wavelength), the exponential terms

in (5.1) can be ignored resulting in

V, =V, 1V,

|p=%(vf -V, )

Si

(5.3)

If a parallel linear sensor as depicted in Fig. 5-1 is introduced into the vicinity of
the power line, both the forward and backward waves will contribute to the induced
current in the sensor. And as discussed in Chapter 3, the induced current is composed
of the capacitive and inductive coupling currents. Therefore, the induced current can
be decomposed into four components based on the traveling wave direction and the
type of coupling. The four components are denoted by I¢', I”, I, and I,,”, which are
the capacitive coupling currents due to the forward and backward power line voltage
waves, and the inductive coupling ones due to the forward and backward power line

current waves respectively. The reference directions for each are shown in Fig. 5-2 (b).
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Fig. 5-2 (a) The reference directions of the forward and backward traveling waves of
the voltage and current on a single-phase power line; (b) The reference directions of
the capacitive and inductive coupling current in the parallel linear sensor due to the

forward and backward traveling waves; (c) Circuit explanation for capacitive and
inductive coupling between the sensor and the power line.

The capacitive current I = I¢' + 1.” is determined by the incident electric field (E,)
and symmetrically distributed about the midpoint of the sensor wire. The inductive
current I, = I’ + 1,,° is a loop current and its direction is determined in the manner
that the direction (by the right hand rule) of the induced magnetic field is always
against the change of the source magnetic field. According to this rule, the inductive
current components, I, and I,°, have opposite loop directions (CCW for I,," and CW

for 1,,> in this case) because of the opposite reference directions of the forward and
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backward traveling waves of power line current. The equivalent circuit explanation
for the capacitive and inductive coupling, as shown in Fig. 5-2 (c), is helpful for

understanding the direction of each component of the induced current.

Whether being induced by the forward or backward traveling waves on the power
line, the capacitive and inductive currents have same signs at one end of the sensor
wire and opposite signs at the other end. As shown in Fig. 5-2 (b), for the case of
forward traveling waves, I has the same sign as I, at the left end of the sensor (at Zy),
but has opposite sign at the right end (Z,). Based on the analysis of Chapter 3, by
carefully choosing Z; and Z, it can be realized that I’ = - I, at the right end of the
sensor wire. In other words, the induced current due to the forward wave on the power
line can be set to zero in the vertical branch on the right side of Fig. 5-2 (b). And the
induced current measured in that branch is then only determined by the backward
wave on the power line. Similarly, the induced current due to the backward wave can
be set to zero in the left branch and that due to the forward waves is measured in there.
This is basic mechanism for the parallel linear sensor to work as a directional coupler
for the power line. The voltage at one end represents the forward wave amplitude

while the voltage at the other end represents the backward wave amplitude.

The theory of the linear sensor has been introduced in Chapter 3. The induced
current distribution on a parallel linear sensor can be determined by the reciprocity
method and the result is shown in (3.18). But, here, it is more convenient to use the
result in (3.38), which is identical to (3.18), because the capacitive and inductive

components of the induced current are separated in (3.38) and it helps to obtain
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insight into how the directional coupler works to detect the forward or backward

traveling waves. Here, (3.38) is repeated and the equation number is changed to (5.4)

T (2) = Ai“j [B,(ZVL(2)+ B,(2)Z,T5(2) o’
(5.4)
Az(z)j [B,(2VL(2) - B,(2)Z,T,(2) o’

where L is the length of the sensor wire and

A(z)=Z,cosh[y(L-2)]+Z,sinh[ y(L-2)]
A,(z)=Z,cosh(yz)+Z,sinh(yz)
B,(z)=Z,cosh(yz")+Z,sinh(yz')
B,(z') =Z,cosh(yz')+Z,sinh(y2')

B,(2') = Z,cosh[ y(L-2') |+ Z,sinh[ y(L-2')]

B,(2) =Z,cosh| y(L—2")]+Z,sinh[ y(L-2)]

D =(Z,Z,+2,Z,)cosh(yL)+(Z; +Z,Z,)sinh (yL)
I,(2) =-jox, [ E) (Y, 2)dy’

VI(2) =~ jou, [ HI(y, 2)dy +EL (y' =0, 7))

The induced per-unit-length voltage source is modified by adding the axial
electric field on the air-earth interface to take care of the case of the lossy earth. In
(5.4), the terms containing Is are related to the capacitive coupling and that containing
Vs are related to the inductive coupling. Then, (5.4) can be rewritten as

Te(@=1,2+1,@ (55)

where

l,(z) =- /;0([2)) [ B,(2)Z,Ts(2)dz'+ gzo(é) LL B,(2)Z,1(z')dz’ (5.6)
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The induced current at Z; (the left end of the sensor, z = 0), 14, is found as

I =14(0)=1,+1 (5.8)

ml

_AZ(O) L ’ T i ’ _ Az(o) L NV ’
where Iel_ZO—DIO B,(z")Z,1s(z")dz" and | , =— 7D IO B,(z')V; (z')dz" . And the

induced current at Z, (the right end of the sensor, z=L), Iy, is
|2=Iind(|—)=|e2+|m2 (5.9)

where 1, :—%ﬁ B,(2')Z,1(z")dz’ and 1_, :—%ﬁ B,(2)V.(z')dz’. It can be
0 0

observed from (5.8) and (5.9) that the induced current at one end of the sensor is
related only to the lumped impedance at the other end of the sensor, i.e., 1 is only

related to Z, and I, is only related to Z;.

First, let 1, = 0 in (5.9), resulting in gz = - Iz, and Z; can be solved by

, [ Leosh (7)) +sinh (r2) 2,1, @) ]2

Zl = 0 L v 1T
.[0 [Si”h(;/Z')VS'(z')+cosh(yz')zols(z')]dz'

R (5.10)

9

Equation (5.10) gives the solution of Z; which leads to zero induced current at Z, (I, =
0). Similarly, the value of Z, causing zero induced current at Z; can be determined by
letting I, = 0 and solving (5.8)

) IOL{cosh [7(L=2")[V{(z)—sinh[ y(L-27')] Zol_S(Z')}dz’
0 J-OL{sinh[y(L—z')]\7s'(2')—cosh [r(L=2)]Z,L.(2)} 2

Z,=— ~R, (5.11)

Generally, for specified set of power line voltage and current, Z; and Z, are

different, which means that single impedance value cannot cause zero induced current
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at both sides of the sensor wire. In (5.10) and (5.11), the earth resistance of the
grounding system is subtracted from the lumped impedance of Z; and Z,. In the above
derivation, the conditions of the traveling waves on the power line have not been
mentioned. There could be pure forward or backward traveling waves, or some
combination of them on the power line. The effects of the power line voltage and
current are implicitly included in the induced per-unit-length sources Is and V’s. From
the polarities shown in Fig. 5-2 (b), if pure forward traveling waves are assumed on
the power line, I, is zero if Z; is determined by using (5.10). The result is rewritten as

IOL[cosh (y2')\V¢"(2') +sinh(y2') Z,1 (Z')] dz’
’ IOL[sinh (y2')V{"(z)) +cosh(y2') Z,1 (z')] dz’

zZ'=-Z R, (5.12)

where the notations of the per-unit-length sources I, and V' have been changed to

T1f
IS

and V." respectively to represent the case of pure forward waves on the power
line. In the other hand, if assume pure backward traveling waves are assumed on the
power line, I, can be set to zero when Z; is determined by using (5.11). The result is
rewritten as

'[OL{cosh [7(L=2') V() —sinh[ ¥ (L-7')] Zol_sb(z’)}dz’
’ [ {sinh[7(L~2') V2 (2) ~ cosh[ 7 (L~ 2') 2,12 (2)} dz

Z)=-2 -R, (5.13)

g
where 1 and V{° are used to represent the case of pure backward waves on the
power line.

Now, consider the case in which the power line voltage and current contain both
the forward and backward traveling waves. Assume the values of Z; and Z, have been

determined by using (5.12) and (5.13).
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Z,=2'and Z,=2}

The component of I, due to the forward traveling waves is zero because Z, =Z,

resulting in 1, =12. And I, =1, because the backward-traveling-wave component of

|1 has been set to zero by letting Z, = Z; . Therefore, the induced currents at the ends

on the left and right side of the sensor wire are coupled to the forward and backward

traveling waves on the power line, respectively. This provides us a method to measure

the traveling waves on the power line. Since the induced current is proportional to the

incident fields, the reflection coefficient, defined in (5.2), of the power line can be
found by

=1/ (5.14)

In practice, the magnitude of I't_ can be obtained by measuring the magnitudes of

I, and I,, which can be easily achieved by using two ammeters. But measuring phase

is more complicated.

5.2 Field experiments for directional coupler

5.2.1 Objective and model

To validate the theory of the directional coupler, two field experiments were
conducted on May 4™ and 25", 2011. The experiments are based on the theory
introduced in section 5.1 that zero induced current can be achieved at one end of the
sensor wire by changing the impedance of Z; and Z, because of the cancellation of the
capacitive and inductive components of the induced current. The settings of the two

experiments are depicted in Fig. 5-3.
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Fig. 5-3 Settings of the field experiment for directional couplers
In the experiments, the sensor wire is connected to ground through the adjustable
impedance (Z; or Z,), the ammeter, and the grounding copper rod(s) at each end of it.
By adjusting the values of Z; and Z,, the induced current I, or 1 is expected to reach a
null (close to zero) at some point. In the experiments, the case of inductive Z; and Z,
has not been considered because of the fact found by simulations that the null can
always be reached by capacitive Z; and Z, if the sensor is placed at the correct
position (this will be discussed in more detail later). Therefore, during the field
experiments, Z; and Z, are realized by adjustable resistance and capacitance boxes.
The resistance and capacitance can be connected in series or parallel and their values
can be chosen to realize the desired impedance values of Z; and Z,. The circuits of

both series and parallel connections are shown in Fig. 5-4.
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Series Parallel

Fig. 5-4 Resistor and capacitor connected in series and parallel

For series connection, given the capacitive Z; or Z, calculated from (5.10) or

(5.11), the values of the resistance and capacitance to be chosen are found by

R=Re(Z,)-R, (Q)
10° (5.a12)

C= T oimZ) (nF)

For parallel connection, they are found by solving the equation set

R
— -0
1+(wRC)
2
Im(z,)+—22C ___g
1+(wRC)

Re(Z,)-R, -
(5.a13)

where R is in Q and C is in F. For the record, if Z; is inductive, the resistance and

inductance in series connection can be found by

R=Re(Z,)-R, (Q)

_Im(z,) (5.a14)

L (H)

and for parallel connection they can be found by

B [Im(z)]
i ) (5.a15)
L [Im(z)] + [Re(Zl) - Rg] )
®-1Im(Z,)
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Conducting the experiments is not as straight forward as deriving the theory.
Since the separate traveling wave amplitudes on the power line to be tested are not
known (equivalent to not knowing the reflection coefficient on the power line or the
relative phase difference between the voltage and current on the power line), the
values of Z; and Z,, which can cause the null of the induced current, cannot be
calculated beforehand. The only available information of the voltage and current on
the power line is their magnitudes. This increases the unpredictability of the
experiment and the difficulties in finding the null of the induced current. Details will

be introduced in following sections.

5.2.2 Settings and preparations of experiment

The Benewah - Moscow 230kV power transmission line, owned by the Avista
Utilities, was the power line tested. This line is single circuit with horizontal
configuration. The experiment site is on land owned by John Salsbury and used with
permission. The land is about three miles east to Moscow, ID and two miles north of
the Moscow substation. It is on the intersection point of the Benewah - Moscow line
with Robinson Park Rd. The experiment site was chosen to be at the midpoint of the
north-south oriented span crossing the Robinson Park Rd. The span length is about
150m and the ground under that span is very flat, which is ideal for conducting the
experiments. In Fig. 5-5, photographs of the experiment settings taken from the

experiment site are shown.
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(a) on May 4™ 2011
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(b) on May 25", 2011
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(c) closer look of the resistor box, capacitor box, and ammeter

Fig. 5-5 Experiment site and settings of the experiments for directional couplers.

On May 4™, when conducting the experiment, the voltage of the power line was
242kV and the average phase current was 221A. The parameters of the line
configuration are not known, but they can be estimated by some indirect methods
such as measuring the electric field produced by the line to estimate the height and
spacing of the line conductors. For this reason, the electric field in the vertical
direction (Ey) was first measured at a height of one meter above the ground and the
height and spacing of the line conductors was estimated by matching the measured
data of Ey with the theoretical calculation. The comparison of results of measured and
calculated Ey are shown in Fig. 5-6. After multiple calculation attempts, the conductor
height at mid-span of 10.4m (34ft) and spacing of 6m was found to give the best
match with the measured data. Thus, these two values will be used as the parameters

of the power line.
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Fig. 5-6 Measurements of E, compared to the calculated values to estimate the height

and spacing of the line conductor, the conductor height of 10.4m (34ft) and spacing of
6m give the best match with the measured data.

In summary, the information about the transmission line under test on May 4"

and May 25" is listed in Table 5-1, and will be used in all the simulations for this

chapter.
Table 5-1 Information of the tested power transmission line
May 4" May 25™
Line-to-line voltage (kV) 242 242
Phase current, three phases (A) unknown 218, 237, 225
Average phase current (A) 221 225
Mid-span conductor height (m) 10.4 (estimated) Same as left
Phase spacing (m) 6 (estimated) Same as left
Diameter of the conductor (cm) 3.5 (typical value) Same as left

In the first experiment (on May 4™, see Fig. 5-5), the sensor of the directional
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coupler was made of copper wires with a diameter of 4.4mm, attached on the top bar
of the supporting frame made by PVC pipes. At each of its ends the sensor is
connected to the adjustable impedance, the ammeter, and then to the grounding
system. The grounding system is formed by single or multiple copper pipes vertically
driven into the ground. If multiple rods are used, they were aligned in a line
perpendicular to the power line, equally spaced, and connected together. In the second
experiment (on May 25™), the sensor was changed to a copper pipe of 1.6cm in
diameter (same kind of copper pipes as used for grounding rods) and placed at larger
height above the ground in order to increase the capacitive induced current. In Fig. 5-
7, the photo of the copper wire and pipes used for the sensors and grounding rods is

provided.

Copper pipe '
forsensor é
grounding

Copper
wire for
sensor

Fig. 5-7 Copper wire (May 4™) and pipes (May 25™) used for sensor and grounding
rods

The detailed geometries of the sensor and grounding system are shown in Table 5-2.
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Table 5-2 Geometries of the sensor and grounding system

May 4" May 25"

Diameter (mm) 4.4 16
Sensor of 4.88 4.57
directional coupler Length (m) (4ft >4) (2.5ft>6)

Height (m) 1.2 1.6

Diameter (mm) 16 16
Copper rod for Length of each rod (m) 0.67 0.67
grounding system Depth into earth (m) 0.61 0.61
Spacing between rods (m) 0.61 0.61

The earth resistance Ry of the grounding system is important for the experiment
because it affects the value of the total impedance connected in the circuit. If Ry is too
large, by (5.10) and (5.11), Z; and Z, may be required to have negative real parts,
which is physically impossible and means that there is no chance to find the null in
the induced current. Therefore, it is necessary to have an estimation of Ry first. During
the field experiments, Ry was measured by the Fall of Potential method (also known
as the 62% method or Three-pole method) [55], [56], as shown in Fig. 5-8 (a). To
measure the earth resistance of the primary grounding rod R (or the grounding system
with multiple rods), another two small rods, P and C, are introduced and driven into
the ground far enough away from rod R. A DC source was applied between R and C
and the Iy (see Fig. 5-8) and the voltage Vg (between R and P) were measured. When
the distance D; between R and P is 62% of the distance L; between R and C, the earth

resistance Ry of the primary rod R can be obtained as
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R, =V, /I, (5.15)
A photo of one test using this method to measure the earth resistance is shown in Fig.
5-8 (b). The testing site is on the lawn east to the ETRL building on campus of WSU,

Pullman, WA.

0
W)
+ Vg-
R P C

Ground (og) I

| 3 |

I d D, =62%1,

(a) Diagram of measurement settings
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(b) Photo of the testing site

Fig. 5-8 Fall of Potential method to measure the earth resistance of the grounding
rod(s). (a) diagram of the method, (b) photo of the settings taken from the testing site.

The results of the Ry measurements are shown in Table 5-3.

Table 5-3 Measurements of earth resistance R4 of the grounding system

Ry (Q) Rq ()
on May 4™ on May 25"
Single rod 78 75
Two rods 48
Three rods 34
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To successfully conduct this experiment, the reflection coefficient I'r, defined in
(5.2), should be known in order to divide the current/voltage into forward and

backward waves. By using (5.2), (5.3) can be rewritten as

V, =V, (14T, )

V, (5.16)
l, = ?(1_FTL)

Sl

where V,, I, and Vs are all phasors (complex numbers). It is necessary to know both
the magnitude and phase angle of V, and I, to uniquely determine I'r.. However, in
practice, only the magnitudes of V, and I, are available. As a result, 'y, cannot be
uniquely determined. Without adequate knowledge of I'r, it is difficult to get a
unique prediction of the behavior of the induced current in the sensor because the
value of I'r_ affects the incident fields on the sensor, and consequently induced current.

Thus, for preparing the experiments, it is important to have good estimates of I'r..

It is assumed that the load on the power line is nearly resistive because reactive
power is minimized. This means that the phase angle 6y of 't should not be very
large. Taking the magnitude squared of both sides of the two equations in (5.16) and

dividing the first equation by the second one results in

\vpf LT f =|1,2, LTy [

After using T';, =r e’ =r, (cos@, +jsing, ) and some simplifications, the above

equation can be rewritten as

(a=b)(1+r})

0 =
€08 2r, (a+b)

(5.17)

where a = |V, and b = |I,Z4/°. Equation (5.17) shows the relation between the
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magnitude and phase angle of the reflection coefficient for specified power line
voltage and current. Given rr, &1 can be calculated and vice versa. Fig. 5-9 shows
some calculations of rr_ and phase angle &7 for different values of |I,|. Each curve in
the figure is for a current |l,| between 150 to 230A (with a 5A step between two

adjacent curves). |Vy| = 242kV was assumed for all calculations.

0.44 T T T T T T T T

0.4

0.35

Angle of I (n)
=
[t

]
.
iy}

0.1 ik ; 5 ....... ........ ........ ......... ........ .......

oosk-- ...... dgn ] ........ ........ ......... .......

f i ] i | ] i
0 0.1 0.z 03 04 s 06 07 08 09 1
Magnitude of Iy

Fig. 5-9 Calculations of magnitude and angle of I'r_ given the line current between
150 and 230A, the unit of phase angle is m.

The beginning part (when ry_ is small) of each curve is almost vertical, which
means that a large change in 67 produces only a tiny change in r.. This will also be
evident in the table below. The average power line currents for the first and second
experiment are 221A and 225A respectively, for which some values of ry_ are chosen
and the corresponding values of ér_ are calculated by (5.17) and listed in Table 5-4.
These values will be used as the predictions of the actual I'r_ in the simulations for the

experiment.
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Table 5-4 Some calculated I'r for 1, = 221A and 225A

| = rn 021 022 024 026 028 030 040 050 0.60 0.80

p
221A

Or.(m) 0.080 0.121 0.172 0.205 0.230 0.250 0.309 0.338 0.354 0.369

| = rn 020 022 024 026 028 030 040 050 0.60 0.80
p=
225A

Or.(m) 0.074 0.150 0.191 0.221 0.244 0.262 0.317 0.345 0.361 0.375

As mentioned before, the power line at the experiment site is in the north-south
direction and the current flows from north to south. During the experiments, the
sensor was placed at three positions, which are under the conductor of each of the
three phases respectively. If facing north is chosen to be the reference direction, the
coordinates on x-axis of these three positions are x = - 6 (west side), x = 0 (middle),
and x = + 6 (east side, all units in meters), as shown in cross sectional view in Fig. 5-

10. The phase sequence of the three phases is assumed as shown in the figure.

A L0 B L-120° (G g+120°

(o} (o] ()
y ( % ) North

Sensor
& frame

i1 t tH

i1 1 11

11 1 11

1] 1 1

I 1 I

i1

T " h X

Xx=-6 x=0 X=6

Fig. 5-10 Three positions to place the sensor

The profiles of the incident fields at the three positions are different, causing the

differences between the measurements of the induced current.

With all the above preparations completed, the experiments were conducted with
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the procedures given below:

1) Run the simulation based on the parameters and predictions previously
obtained, calculate the value of Z; or Z, that could possibly cause the null in any of

the induced currents, and use this value as a reference.

2) Using only a identical resistance box at each end of the sensor, the values of
the two resistances were kept the same (Z; = Z, = R) and increased step by step.

Magnitudes of 1; and I, are recorded for each step.

3) Add the capacitance box(es) in seires, adjust the values of the resistors and
capacitors to check whether there is an obvious null in I; or I,. Take the measurement

of I; and I, and record the data.

4) Change the sensor’s position (as shown in Fig. 5-10) and redo the processes

from 1) to 3).

5.2.3 Results and analysis

All the three positions of the sensor (see Fig. 5-10) were tried on May 4™ and only the
two positions under the side phase conductors (x = - 6 and x = + 6) were tested on
May 25™. 1 is the induced current measured at the south end of the sensor and I is for
the north end. First, simulations are conducted for the experiments based on the
parameters previously determined. The values of Z; (assumed Z, = Z;) causing the
null in induced current and the resistances and capacitances that can realize these
values of Z; in series or parallel connections are listed in Table 5-5, where R, Cs, Ry,

and C, are the resistance and capacitance for the series and parallel connections,
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respectively.

Table 5-5 Simulation results for the value of Z; which causes the null in induced
current and the resistances and capacitances to realize it in series or parallel
connections (Ry = 80Q)

Sensor
Date I position Z1 (@, Rs Cs Rp Co
x (m) 21=2;) (Q (LF) (Q) (uF)

-6 (west)  767-503j 687 527 1056  1.84
May 4" 0.28¢ % 0 (middle) 716-288j 636  9.22 766 1.57

6 (east) 902-167j 822 1587 856 0.63

-6 (west)  523-352j 443 754 722 2.92
May 25" 0.28e 102"
6 (east)  617-128; 537  20.65 568  1.11

Fig. 5-11 to 5-13 show the comparisons between the data measured on May 4™
and simulation results for the cases that only the resistors are used at the three sensor
positions, respectively. The reflection coefficient T'r is assumed to be 0.28e 123

(from Table 5-4) for these simulations because the agreement with the data was best.
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Fig. 5-11 Measured data (on May 4™) for 1, and I, compared with simulations results

when only resistance boxes were used, the sensor is under the phase conductor on the
west side (x = - 6m), I'r_ = 0.28e 19230,
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Fig. 5-12 Measured data (on May 4™) for I, and I, compared with simulations results

when only resistance boxes were used, the sensor is under the conductor of the center
phase (x = 0), ' = 0.28e j0.230m
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Fig. 5-13 Measured data (on May 4™) for 1, and I, compared with simulations results

when only resistance boxes were used, the sensor is under the phase conductor on the
east side (x = + 6m), T’y = 0.28e 19-2%0",

From the figures, it can be observed that the measurements match better in Fig.
11 and Fig. 13 than Fig. 12. In Fig. 11 and Fig. 13, measured data have the same
trends as the simulations, except that the calculated I, has a deeper minimum than the
measured data in Fig. 13. Although the data agreement levels are different in the three
figures, no evidence shows that this difference is caused by any known reason. It
might be due to the inaccuracy of the parameters such as I'r., and coincidently the

data have better agreement at one place than the other.

What is consistent in the three figures is that, for both the measured and simulated
data, the magnitudes of 1; and 1, become closer and closer with increasing resistance.

As previously introduced, the induced current is composed of the capacitive and
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inductive components. The capacitive component is due to the capacitive (high
impedance) coupling, independent of the resistance connected at the sensor’s end, and
iIs symmetrical, about the midpoint of the sensor. On the other hand, the inductive
component is a loop current and dependent of the impedance in the circuit loop of the
sensor. Thus increasing of resistance suppresses the magnitude of the inductive
component and ultimately it can be ignored. Therefore, when the resistance is large
enough, what remains in the induced current is only the capacitive component and it
has same magnitude at the two ends of the sensor wire, i.e., 1; equals I, then. The
measurements have proved this point in the three tests, providing the validation for

part (the capacitive coupling part) of the theory of the directional coupler.

Another useful result from the measurement is that one of I; and I, is always
larger than the other and it is consistent with the direction of the power line current,
which implies that, if the phase sequence is known, by comparing the magnitude of I,

and I, the direction of the power line current can be determined.

The results of the experiment on May 25" are similar to those for May 4™ except
that magnitude level of the induced currents is higher because the copper pipe (with
larger diameter and placed at higher position) was used as the sensor and this
enhances the capacitive coupling. Fig. 14 shows the results on May 25™ for the sensor
being under the phase conductor on the west side. The valley shape of 1; is more

obvious since the capacitive coupling was intentionally enhanced.
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Fig. 5-14 Measured data (on May 25™) for I, and 1, compared with simulations

results when only resistance boxes were used, the sensor is under the phase conductor
on the west side (x = — 6m), I’y = 0.28e 19247

The next step in the experiment was to add a series or parallel capacitor in an
attempt to find the actual null of the induced current. The null of the induced current
is expected to be observed by adjusting the resistor and capacitor until the proper
values are found. To guide the process, equal magnitude contours (in pA) of the
induced current are first drawn on a grid with capacitance (C) and resistance (R) as
the x and y axis respectively. The figures, as shown in Fig. 5-15 (a) and (b), are like
the maps of the induced current in the C-R coordinates. In the two ‘maps’ of Fig. 5-15,
the induced current gets smaller when closer to the intersection of the vertical and
horizontal dashed lines, and reaches the null at the intersection. The C-R coordinates
of the two points in the series and parallel cases are (7.54, 443) and (2.92, 722)

respectively, which are the theoretical values of the resistance and capacitance which
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cause the null, as shown in Table 5-5, for 'y, = 0.28e 1024

I, = 0286024 R =443:C =7.543
s s

0pErg & T {

600

4]
o
o

400

Series R, (Q)

300F

200

100

Series Capacitance (pF)

(a) resistance and capacitance connected in series

1000

900

800

700

Parallel R, ()

600

500

400¢

Parallel Capacitance (uF)

(b) resistance and capacitance connected in parallel

Fig. 5-15 Equal magnitude contours (in nA) for 1, over the C-R grid, under the
conditions for May 25™s experiment, on the west side (x = - 6m), I'r, = 0.28e 10247,
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From Fig. 5-15, in a fairly large area around each of the intersections, the induced
current is significantly less than the minimum 10pA measured in Fig. 5-13. If these
predictions are correct, there should be a good chance to find the null when the
settings of C and R are near the intersection. Even if the null cannot be exactly
reached, a small induced current should be easily observed over a relatively wide
range of resistance and capacitance. In May 25™s experiment, the induced current
was checked over a fairly large C-R grid (at least £400Q and #5uF from the center
point) around the theoretical null point and in relatively fine steps (i.e., 10Q and
0.1uF). However, no obvious null was observed during the experiment. Additionally,
by introducing in the capacitance, the minimum of the induced current measured in
the experiment was about 17.5pA (the minimum without using capacitance is about
20uA). Since the step changes in R & C were much smaller than the range over which
the current is < 10uA, the possibility that the null was missed is very small. Hence the
uncertainty in resistor and capacitor values can also be excluded from the reasons for

which the null was not found.

As discussed before, the reflection coefficient I't. is among the parameters that is
not known. Only some predictions as shown in Table 5-4 can be made for it. Thus, I'r_
could be a factor causing the missed null in the induced current. To validate this, the
case for only a resistance load was examined. Under the same conditions as those for
Fig. 5-14, several different values of I'r. were used to calculated the corresponding
induced current 1; and I, and the results are compared to the measured data. These are

shown in Fig. 5-16.
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Fig. 5-16 Calculated I; and I, for different values of I'r. and compared to the
measured data (on May 25™) when only resistance boxes being used, the sensor is
under the phase conductor on the west side (x = - 6m).

Generally speaking, the results for I'r, = 0.28e 124" have the best agreement with
the measured data. This is why 0.28 was chosen to be the magnitude of I'y_ for all the
previous simulations. When the magnitude of I'r_ increases, the agreement becomes
worse, which validates the prediction made before that 'y, should have relatively
small magnitude. Second, the capacitance is added in the simulations. Similar maps of
the induced current as shown in Fig. 5-15 are drawn for the cases that T'y_ = 0.5e 10347
and 0.8e 13" (series connection of R and C) and shown in Fig. 5-17 (a) and (b),

respectively.
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Fig. 5-17 Equal magnitude contours (in pA) of 1, over the C-R grid for (a) I'r. = 0.5e
10345 and (b) 'L = 0.8e 137 on the west side (x = - 6m).

In Fig. 5-17 (a), the null in I (< 10 pA) still can be observed in a relatively large
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area. Thus, similar comments made about Fig. 5-15 can apply here. However, in Fig.
5-17 (b), no null in I, exists because the calculated Z; for this case has negative real
part (the null would occur in the IV quadrant), which is physically impossible. So,
when the magnitude of I'r. is large (0.8 for instance), it is possible that no null of the
induced current will occur for any values of the resistor and capacitor. From this point
of view, the reflection coefficient I'r. could be the factor that causes no null to be
observed in the experiment. But based on the discussion made for Fig. 5-16, it is not
likely that I'r. could have a large magnitude (close to 1). Therefore, the possibility

that 't is the reason for the lack of a null is not strong.

Finally, it was noticed that the current on the power line is a little unbalanced (see
Table 5-1) with the three phase currents of 218, 237, and 225A, respectively.
Simulation results show that some unbalance situations for the power line current can
result in a value for Z; that has a negative real part or positive imaginary part (which
means inductors instead of capacitors are required to find the null). For example,
assume the unbalanced three-phase currents are (218 £ 189237 £ -1209 225 £ 1209
rather than the balanced ones (225 £ 09225 £ -1209225 £ 120, then the Z; causing
the null is Z; = 124 + j1107Q, requiring inductor to be connected in the system. If that
is the case, the unbalance power line current could be the reason why the null is not
observed. But, again, the exact situation of the unbalance cannot be calculated due to
that the phase angle of the power line current is unknown. For this reason, it cannot be
concluded for certain that the unbalance of the power line current is the factor that

leads to the absence in a null being found.
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Although the null has not been observed during the experiments and the reason
causing this is still not very clear, the results of the experiments provide strong (if not
perfect) validation for the theory of the directional coupler introduced in section 5.1.
The experiments are also helpful for understanding the mechanisms of the directional
coupler and revealing the problems related to using the directional coupler for power

transmission lines.
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CHAPTER 6

LOW FREQUENCY DIPOLE IN THREE-LAYER MEDIUM

The subject of this chapter is independent of the research introduced in the first five
chapters. It is written in the dissertation because this project is an important part of my
research work during the time in Washington State University and some interesting

and useful results have been obtained from the study of the project.

The electromagnetic fields due to a dipole buried in the half-space or layered
conducting medium have been well studied for long time [57] — [61] This project is
composed by two parts. In the first part, the electromagnetic fields due to a dipole
(electric or magnetic, vertical or horizontal) placed above or buried in the upper layer
of a two-layer conducting medium are formulated by using the Sommerfeld integrals.
That is followed by the numerical validations for the formulations at the extremely
low frequency (ELF). In the second part, the ELF wave propagation in the conducting
medium when both the dipole and observation point are near the interface between the
free space and the conducting medium is studied by simplifying the formulations
obtained by the Sommerfeld integral method and interpreting the simplified results by
an up-over-and-down propagation model. To conveniently conduct this study, the two
layer conducting medium is replaced by a half space conducting medium since the
effect of the lower half space conducting medium on the fields can be ignored if the
thickness of the upper layer is large enough and the dipole and the observation point
are close enough to the upper interface. For this case, the source dipole is, again,

chosen to be a HED buried in the half space conducting medium.
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6.1 Model

In the model considered in this project, Fig. 6-1, there is a layer of conducting
medium (conducting medium #1), with uniform thickness of d meters, between the
top half space of free space and the bottom half space of conducting medium
(conducting medium #2) with different electric characteristics to the upper one. The
two interfaces between the three mediums are horizontal and at z = 0 and z = -d. As
noted in the figure, ¢ and o; are the permittivity and conductivity of the conducting
medium #i (i = 1 and 2). & = &reo, Where g is the relative permittivity and & is the
permittivity of free space. oy is the conductivity of the free space and oo = 0. It is

assumed that all materials have the permeability of free space wo.

z
Free space £y, Cp, Hy
(z=z0) y
’i HED .
4| Conducting — P(p.®.2)
medium#1
(-d=z<=0) &, Oy, Hy
Conducting
medium#2 £2:02, Mo
(z=-d)

Fig. 6-1 Model of the three-layer medium with a HED buried in the conducting
medium #1 (middle layer)

In this project, the dipole source is allowed to be placed above or buried in the
conducting medium #1. Therefore, according to the type (electric or magnetic),

orientation (vertical or horizontal) and position (in free space or conducting medium

134



#1) of the dipole, there are eight different cases of dipole source to be studied, the

models of which are shown in Table 6-1.

135



Table 6-1 Models for the eight cases of different dipole sources

z z
Free space £, Gy, Hy Free space £y, Gy, Hy
(zz0) y (z=0) y
VED HED
Conducting () Plp.®2) d| Conducting -> P(p.®.2)
medium#1 medium#1
(-d=z=0) &, Oy, Hy (-d=z=0) &, Oy, Hy
Conducting Conducting
medium#2 £2:02: My medium#2 £2:02: My
{z=-d) (z=-d)
VED in conducting medium #1 HED in conducting medium #1
T z z
Freespace , Oy, Freespace — — , Oy,
(z20) h$ TVED 0. %0: /o y z20) h$ hep o %0t
L ] L]
Conducting P(p.®.2) d| Conducting P(p.®.2)
medium#1 medium#1
(-d=z=0) &, Oy, My (-d=z=0) £, 0y, My
Conducting Conducting
medium#2 £2:02: My medium#2 £2:02: My
(z =-d) z=-d)
VED in free space HED in free space
z z
Free space £, Gy, Hy Free space £y, Gy, Hy
(zz0) y (z=0) y
VMD HMD
Conducting ) P(p.®.2) 4| Conducting = P(p.®.2)
medium#1 medium#1
(-d=z=0) &, Oy, Hy (-d=z=0) &, Oy, Hy
Conducting Conducting
medium#2 £2:02: My medium#2 £2:02: My
{z=-d) (z=-d)

VMD in conducting medium #1

HMD in conducting medium #1

T z r z
Freespace , Oy, Freespace — — , Oy,
2200 p ﬁVMD 0. %0: /o y z20) h$ hup o %o Fo
L] [ ]
Conducting P(p.®.2) d| Conducting P(p.®.2)
medium#1 medium#1
(-d=z=0) &, Oy, My (-d=z=0) £, 0y, My
Conducting Conducting
medium#2 £2:02: Mo medium#2 £2:02. M
(z =-d) (z =-d)

VMD in free space

HMD in free space

136




The cylindrical coordinate system (p, ¢, z) is used, where x = pcosg and y = psing.
In the eight cases, the vertical and horizontal dipoles are assumed to be oriented in ‘Z’
and ‘y’ directions, respectively. The vertical distance of the dipole to the interface
between the free space and conducting medium #1 is h meters (above or below the
interface for different cases). The case for Fig. 6-1, a horizontal electric dipole (HED)
buried in the conducting medium #1, will be used as the example to show the
formulations of the electromagnetic fields at the observation point P(p, ¢, z) anywhere

in the model. For the other seven cases, similar process applies and only the results

will be provided.
6.2 Formulations by Sommerfeld integrals

In Fig. 6-1, the HED, with a dipole moment of Idl (A-m), is on the ‘z’ axis. Applying
Sommerfeld integrals to formulate the electric (E) and magnetic (H) fields uses the
integral representations of vector potentials and requires two non-zero components of
the vector potential. For the HED in this case, the y and z components of the magnetic
vector potential, Ay and A, are chosen.

A =K, j: f,(A)e " Ad,(Ap)dA (z>0) (6.1)

e71R

Al = K=t K, j:[ f,(A)e™ + f,(A)e* |13 (4p)d 2 (-d<z<0)  (62)

A2 =K, jo‘” f,(A)e**Ad,(Ap)dA (z<-d) (6.3)
A = Klg [ 9.(A)e**23,(2p)d 4 (220) (6.4)
A =K, 2 [T g,(0e™ + 0, (0e |43, (p)d 2 (~d <2<0) (6.5)

oy
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A - Klg [ 0.(e"23,(2p)d2 (z<—d) (6.6)

where Jo(4p) is the Bessel function of the first kind of order zero and

, . 0,
=0’ pel =~ u(s - J;)

U = \f(ﬂvz +77)

K, = 1, 1dl
4

¢ 1s the complex permittivity of the conducting medium #i (i = 1 or 2) and for the

free space &) =¢,. yi is the wave number where Re(y;) < 0 and Re(u;) > 0 define the
proper Riemann sheet of the complex plane. The first term K e"® /R in (6.2) is the

source term and R = [p? + (z + h)*]"?

is the distance from the dipole to the observation
point. The source term is the vector potential of the dipole itself in an infinite

homogeneous conducting medium. It can be written in integral form as

o '[:ul’le‘“l(”“)wo(ﬂp)dﬂ (z+h)>0

o (6.7)
R [uen ™23, (2p)da  (z+h)<0

Functions f; ~ f, and g1 ~ g4 are arbitrary coefficient functions of the integral variable
/. and determined by matching the boundary conditions on the two interfaces at z = 0
and z = -d. To find the solutions to the fields, the first step is to determine these

coefficient functions.

Given the magnetic vector potentials, the E and H fields can be calculated by the

Maxwell’s equations. The expanded expressions of the E and H field components are

= j i(a'%ﬁAz (6.8)
wue OX oy 0oz
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i 0.
£, - {a(Ay Py Ay} 69

Y wue |0y oy oz
__J |0 9A oA
E, = e {GZ(Gy 82) Az:| (6.10)
1o oA
H = (Z2__Y 6.11
X ,u(6y ) (6.11)
H=-1% (6.12)
£ OX
HooLtA (6.13)
£ OX

The boundary conditions to be satisfied are that all the tangential fields are continuous

on the interfaces at z = 0 and z = —-d plane. They can be written as

Onz =0 plane Onz=-dplane
(oA N 1[N oK 1[on oA) 1f0A oA
aloy o) eloy @ aloy o) eloy oz
A=A A=A
A=A A=A
o) OA, on oA
oz o oz o

Inserting the vector potentials from (6.1) through (6.6) into these boundary conditions

and solving for the coefficient functions result in

2 U (h- —uy(h—
fi :B[(uz —U )€ — (U, +uy )™ d)] (6.14)
u,—u u, (h+ Uy (h—
f, = ( uzl'Dl)[(ul_u‘))e {4 (U +uy ) e | (6.15)
f =(u°_ul)[(u —, )€™+ (u, +u, e | (6.16)
® uy-D BT '
_ 2¢

[(uO —u)e ™ —(u, + ul)e“ﬂ (6.17)
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(el -, [(g;ul —glu,)e™™ + (gju, + &lu, e’ J +2e)u,(g) —g))e™=

g, = S > (6.18)
1
_l rat oo 7u1df [N [/ ’ 7u2df 6.19
9, _E'[(go &)(el, —&u)e™ £+ (g, — &) (e, +&u,)e 4] (6.19)
1
_1 [ ' [ uldf ra TP 7u2df 6.20
9s —3'[(5‘1 )&, + U, )e™ f, + (&, — &) (gu, — &y )e 4] (6.20)
1
26505 — £4)6 1, + (& — &) £, [ (600, +2U,)6 + (egu, — ety Je ™ |
9,= D (6.21)
1
where

D =(u,—Uy)(u,—u,)e ™ —(u,+u,)(u, +u, )e*

D, = (&, — &Uy ) (elu, —&pu, ) e + (U, + &lu, ) (&lu, + &5u, )e™

With the coefficient functions known, the E and H field components in
conducting medium #1 can be written in terms of Sommerfeld integrals by inserting
(6.2) and (6.5) into (6.8) through (6.13) and evaluating the derivatives. Since the
dipole source is buried in this layer of medium, the field components in this layer are
formed by two parts: one is the incident field directly from the dipole source and the
other one is the field reflected by the two interfaces. They are denoted by ‘i’ and ‘r’ in

the subscript of the corresponding field component. The results are listed below.

jidi

Aros,

EL = [ 4°B,S,sin(g) cos(g)d A
E, =E; +Ex

g o Jd [ 2?B,C sin(p) cos(#)d 2
4ree] °°

o1 __ildi

yi T

T [ [[aBSda+] slyfmo(zp)d,z}
El=E. +E! '

y Ty yr

1 _ jldl © 52 [ —uz Uz 2
Eyr_4mgl,[jo PBCAA+[ (€1, +e f3)-;/l/1\]0(/1p)dl}
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R “d' j 4%S,3, (Ap)sin(@)d A
E'=E! +E!
Z Al zr 1 Jldl
EL = j A%C, 3, (Ap)sin(g)d A
Anwe,
o HL = 'd'j 28,3, (Ap)d A
Hx=Hxi+er

H. = %U (we™ f, —ue" £,) A3, (2p)d A [ BC/lzd)L}
T

IdI
Hy=H} +H} | H, =0; H = J'/IZBC sin(¢) cos(4)d A

y yr

HL =— 'd'j 228,3,(Ap) cos(¢4)d A

HE = Hy
H! __I_dl

) (e, +e% £,) 4°,(Ap) cos(#)d A

where

B, = AJ,(1p) ~23,(4p)/ p B, = A3, (Ap)sin’ (¢) + J,(Ap) cos(24) / p

C,=ef,+e"f,—ue™g,+ue*g, | C,=e"g,+e"g,

C,=-ue™f,+ue” f,+ A% ™"g, +1%e%g,

Jure™ ™ (z+h>0) s _ —e 4 (7 4+ h>0)
ute“®" (z+h<0) 2 g4 (z4h<0)

In the free space and conducting medium #2, there is no dipole source. Therefore,
the field component contains only the transmitted field from the interface. The
transmitted field is denoted by a ‘t” in subscript of each field component and the

results for all the field components are listed below.
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E and H fields in the free space:

E°=E) =

xt

jldl ¢ R 72 o
yE— jo (f,—u,0, e "**B,A%sin(¢) cos(¢)d A

jidi T - .
E°—E° :WUO (f,~ug, )& 'B,A%d A+ [ e flleo(lp)dl}

jldl  pe w2
LE 7 (0t~ 229, )e 2223, (Ap) cos(#)d 4

0_ 0 _
Ez - Ezt - 0
Arws,

HO=HS =- ld U e’q,B,A%d A - Iue‘”°zflJ (ﬂp)di}

B IdI
472'

i
T

Hy = Hy, == ["(e™g,) B4 sin(¢) cos(g)d 4

HY=H? = Je 22J,(Ap)cos(g)d A

E and H fields in conducting medium #2:

2 _ g2 _ Jldl @ Upz 2 a3
E:=E= o~ J.O (f,+u,g,)e"B,A%sin(¢) cos(¢g)d A

Jldl ® U,z ® U,z
E?=E? :WU‘) (f,+U,0,"'B,2%dA+ [ e f4/uo(/1p)d/1}

jldl e 2 \atsz 52
WL (u,f, +2%g, )" 223, (Ap) cos(¢#)d A

E’=E:=

7t

H2 =z =1 U g, BN+ [} et ,23,(4p)d A |

HZ=H2 :L—‘j; Ow(e“ngA) B,A2 sin(#) cos(¢)d A

Idl
HZ=H2 =4
T

e“zZ f,12J,(Ap) cos(g)d A

The formulas of the E and H fields obtained in section 6.2 are evaluated by

numerical integrations conducted by programs written in Matlab. Under certain
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conditions, the calculation results are compared to the quasi-static fields due to a HED
immersed in infinite medium for validation. The values of the parameters used in the
following simulations are listed in Table 6-2. The conductivity and permittivity of the

conducting medium #1 and #2 represent typical fresh lake water and lake bottom,

respectively.

Table 6-2 Parameters used in the simulations for the numerical validation

rege oMUY Conuc
Relative permittivity, &, 1 1 1
Conductivity, o (S/m) 0 0.018 0.012
Permeability, x (H/m) 4107 4nx107 4nx107
d (m) 300
h (m) vary from 0 to 300
Dipole moment Idl (A-m) 1
Dipole frequency f (Hz) 10 to 3000

The method chosen for numerical integration is the composite Simpson’s rule
[62], which is used to obtain the integration of a given integrand f(x) over interval [a,

b]. The integral formula of the Simpson’s rule can be written as

I: f(x)dx:g[f(a)+4f(x1)+ f(b)]—% f@(&) (6.22)

where x; is the middle point of [a, b] and a < & < b. The Simpson’s rule is usually
inaccurate if used over a large integration interval. To avoid this problem, a piecewise

approach, the composite Simpson’s rule, is often applied (see Fig. 6-2).
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Fig. 6-2 Integration intervals for the composite Simpson’s rule

The integration interval [a, b] is equally divided into n subintervals, where n must
be an even number. Then apply the Simpson’s rule on each subinterval and combine
all the integrations over each subinterval to get the final integration. In formula, the

composite Simpson’s rule is described as

[t (ax :g{ f (x0)+2(n/22):1 f(x, j)+4n_§/2: f (%) + f(xn)}gnﬁ £4(g) (6.23)

where Xpj» < & < Xyj, for each j = 1, 2, ..., n/2. When the numerical integration is
carried out, the error term is usually truncated.

(n/2)-1 n/2

[t zg[ FOG)+2 ), F04;)+4Y f (%, 1)+ f(xn)} (6.24)

Theoretically, the exact formulas of the fields will be given by the integration from
zero to infinity. But it is not possible to do this in a numerical manner. The computer
program can only deal with integration over finite intervals. To make the calculation
possible, some approximation should be made. First, an integral can be separated into

two parts
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[t 00dx = £ 0k [ (x)elx (6.25)

If a bound number ‘b’ can be found such that the second integral on the right hand
side is small enough compared to the first integral, then the total integral can be
approximated by the first term. Since the integrands in the formulas of the fields have
attenuation characteristics, it is not difficult to find the bound number and the exact

integrals can be approximated by

[ FI(2da =j““ax FI()dA+[  FI()da
0 0 Amax (6.26)
~ j:”‘ax FI(2)dA

where FI(1) represents integrand for field integration, Amax IS the upper limit of the
integration interval to be used in numerical calculation. In practice, for the parameters

given in Table 6-2, Anax IS about 50 to 100 for the integrals due to the term

or | [ule A, (Ap)A (24020

RO e m23,(40)d2 (2 +h)<0

Usually, this value of imax Will give us enough accuracy for calculation. For the
reflected field integrals, which contain the coefficient functions f; ~ f, and g1 ~ g4, the
value of Ana is limited by the computation number limit of Matlab (about 10%%%).

Usually, its range is from 1.0 to 2.5 for stable and acceptably accurate computation.

The integral step h is another important factor to the numerical integration. Too large
steps not only bring big error but also cause bad behavior (strong oscillation) of the
calculation. Small steps, however, slow down the speed of computation. The Bessel
functions are the major source of the oscillation. The integral step h is usually

determined by avoiding the oscillation of the Bessel functions and assuring the
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computation speed at the same time. Typical value of h is chosen based on the rule
that the number of sample points on a wavelength of the Bessel function is between

30 to 50.

With the parameters of the integration being determined, the E and H fields due to
the HED shown in Fig. 6-1 are calculated by a Matlab program conducting the
composite Simpson’s rule for the numerical integrations. The near-field results for the
case in which the HED is place at the middle of the conducting medium #1 are
compare to the quasi-static fields of the HED immersed in infinite conducting
medium #1. This is reasonable because the thickness of the conducting medium #1 is
large (300m) and the reflected fields due to the interfaces are very small and ignorable

if the HED is far away from the interfaces (such as at the middle of the layer).

Fig. 6-3 (a) and (b) show the results of Ex and Hz by the integration compared to the
corresponding quasi-static field components. The HED is 150 meters below the upper
interface (h = 150). The observation points are at z = -149m and on the axis having a

‘o’ angle of /4. The frequency of the dipole is 1000Hz.
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In these figures, the solid lines represent the results by the integration method s
and the circles are for the quasi-static results. It is clear that, as expected, the two sets

of the results match each other very well when p is small.

6.3 Up-over-and-down interpretation of the field propagations

When the thickness of the conducting medium #1shwon in Fig. 6-1 is large and the
HED and the observation point are relatively close to the upper interface (free space —
medium #1 interface), i.e., d >> h, |z|, the half space of conducting medium #2 has
little effect on the fields at the observation point due to the lossyness of medium #1.
For this case, medium #2 can be ignored and the model in Fig. 6-1 reduces to a HED
buried in half space of conducting medium #1, as shown in Fig. 6-4. All the

parameters here, if applicable, are the same as defined for the model in Fig. 6-1.

Z

Free space , Oq,

2200 &9, Op, M v

7 /s s

’i HED .
—) P(p.®.2)

Conducting
medium#1 &, Oy, Hy

(z=0)

Fig. 6-4 Model of a HED buried in lower half space of conducting medium #1

Further, when the horizontal spacing between the dipole and the observation point is
much larger than their vertical distance from the interface and the frequency is “low”,
it is possible to interpret the propagation mechanism as a simple up-over-and- down

process. Here, up-over-and-down, as illustrated in Fig. 6-5, means that the field
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propagates vertically up crossing the interface to the free space medium, then
propagates horizontally along the interface, and finally propagates vertically down to
the observation point. While this behavior is somewhat similar to the high frequency
phenomenon observed by previous authors [63], it is also different because the fields

in the free space region are quasi-static.

Z
11
X
I‘[ lIII
[ ]
| HED b (o & 2)
(z=-h)

Fig. 6-5 Illustration of the up-over-and-down path.

For this case, the formulations for the E and H fields at the observation point can
be obtained by the same method of Sommerfeld integral as introduced in previous
section. Although the results are simpler because of the simpler model used, they are
still complicated enough to keep one from readily seeing the physical process, behind
those formulas, of wave propagation. Therefore, first, the Sommerfeld integrals of the
vector potentials (similar to those shown in (6.1) to (6.6)) are simplified by using
some reasonable assumptions given the range of parameters of interest. Then a set of
simple but very good approximations to the electric and magnetic fields are derived
from the Maxwell’s equations using the simplified vector potentials. Based on these
approximations, the up-over-and- down behavior is observed and interpreted. The
dipole source here is chosen to be a HED because, using achievable dipole moments

and commonly available receiving equipment, it can be shown that the HED fields are
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detectable at larger distances than those of other dipole types (VED, VMD, and
HMD). To be more specified, it was assumed from this study that the maximum
dipole moments for electric and magnetic dipoles are 50 A-m and 2500 A-m?
respectively and that the minimum detectable electric and magnetic fields are 1pV/m
and 40uA/m respectively. Using these values, the horizontal electric field component
that is perpendicular to the HED direction can be detected to a distance of 800 meters
to the source. No other field component from any other dipole can be detected beyond
about 200 meters.

The vector potentials for using the Sommerfeld integral method are chosen to be
the y and z components of the magnetic vector potential, Ay and A,. They can be
written as

A =K, jo“’ f,(1)e A3, (Ap)dA (z=0) (6.27)

o IR kR

@ Wz €
A$=K1?+Kljo L(e A0 (Ap)A = K ==+ K I, (2<0) (628)

A = Klgj: 9,(A)e " 13, (Ap)dA (z>0) (6.29)
Aok 2 [ 9,(1)e* A, (Ap)d A = K21, (z<0) (6.30)
oy <° oy

where Jo(4p) is the Bessel function of the first kind of order zero and
ki2 = wzﬂogi, = a)zﬂo (&—1] i)
w

Uy =+ (/12 - kiz)

K, = o 1dl
Az

&’ is the complex permittivity of the i half space (i = 0 or 1 for free space and
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conducting medium, respectively, and &’ = o). k; is the wave number where Re(kj) = 0
and Re(u;) = 0 define the proper Reimann sheet of the complex plane. The first term
in (6.28) is the source term and R = [p® + (z + h)*]*? is the distance from the dipole to
the observation point. Iy; and I,; represent the integral terms in (6.28) and (6.30),
respectively. The source term Kie™,*/R in (6.28) is the vector potential of the dipole
itself in an infinite homogeneous conducting medium. It can be written in integral

form as

o IR .[: u e A3, (4p)dA  (z+h)>=0

: (6.31)
R [Cute" M3, (ap)da (2 +h)<0

The coefficient functions fi, f;, g1 and g, are determined by matching the boundary

conditions at z = 0.

—uh
g 28 (6.32)
Uy +U,
_ —uh
P Chall) L (6.33)
u, - (U +U,)
g,=0,= 25 —&p)e"" (6.34)
P (U Uy ) (ElU + o)

6.3.1 Simplification of the integral of 1,; and I,

The objective here is to derive simple but acceptable approximations for the fields,
which can be interpreted to provide good insight into the physical behavior of the
wave propagating from source to receiver. One fundamental problem with evaluating
the integrals shown in (6.27) to (6.30) is that, for large values of p compared to h and

z, the rapid oscillations of the Bessel function cause difficulties with the numerical
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integration. To remedy this problem, the contours of integration will be deformed in
the complex plane so that the integrand decays exponentially for large values of p.
This transformation will also allow other simplifying approximations that will lead to
a simple interpretation of the final result.

If (6.34) is inserted into the integral portion of (6.30) and the exponential term is
removed from g,(4), this integral becomes

|, = jo“’ g, (A)e“M A, (1p)d A (6.35)

where

2(51' _go)
(Up +U, ) (&luy + &4u,)

9:(4) = (6.36)

Using the identities Jo(x):%[Hél)(xHHéz)(x)] and HP (—x) =—H?(x), where
H®(x) and H{? (x) are the Hankel functions of the first and second kind of order

zero, respectively, the integral range in (6.35) can be expanded to (-0, +o0). Since U,
us, and g,(4) are all even functions of 1

|, = % j: 95 (A" MAHO (Ap)d A . (6.37)

For the function g,(4), there is one pole, 4, and two branch points, k; and ki, in

the complex /4 plane. The branch cuts are selected to be vertical lines from the branch

points to negative infinity. Then the integral contour in (6.37) can be deformed into a

contour Cg which is illustrated with the dashed line in Fig. 2.
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Fig. 6-6 Deformation of the integral contour for the integration of I,;

With this deformation and the fact that the Hankel function goes to zero
exponentially along the infinite semi-circle, the integral along the real axis is
converted to the residue of the pole, R;p, plus the integrations along C; — C4, which
encompass the two branch cuts. Thus

1

2 o lec,icic,

9;()e T MAHP (Ap)d A+ R, (6.38)

For |ki| >> |ko|, the integral along the branch cut of k; is much smaller than that of kg
and can be ignored. Note that, in the complex plane, the sign of up will change when
crossing the branch cut associated with ko. Given the choice of branch cut, Re(up)<0
and Re(up)>0 on the left and right sides, respectively, as shown in Fig. 6-6. In addition
while the pole is in the proximity of the branch cut integration and is evident in the
integrand, its contribution to the integral is negligible for the low frequencies
considered here. Thus the pole residue can be ignored. Therefore

L~ M AHS (Ap)

6.39
= (6.39)

Fig. 6-7 shows the comparisons between the magnitude of the total integration of
I.1 (6.38), the integration along the branch cut of ko (6.39), and the residue. The depth

of the HED and observation point are assumed to be 20m and 10m for this and all the
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following simulations.
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Fig. 6-7 Comparisons of magnitude between total integration, integration along
branch cut of ko, and the residue. (h = 20, z = -10)

Obviously, the integration along the branch cut of k; and the residue are so small that
(6.39) has very good agreement with (6.38). Generally, (6.39) is valid when h, z << p,

ke >> [ko| and [kyp| >> 1.

Since p >> |n|, |z|, the decay of the integrand along C; and C; is controlled by the
value of |[1p|, the integral can be truncated at |1p| = 10 and since we assume |ip| >> 1

U =(A° k)" = jk, (6.40)

With (6.40) the exponential term in (6.39) can be extracted from the integral, which

leads to

gll(z-h)

|, ~
z1
2

Je.c BAHE (Gp)dA (6.41)

Further since |kop| << 1 (i.e., quasi-static for z > 0), it is reasonable to assume that
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U, =+(A° —kZ2)"* =+ (6.42)
because |ko| is very small compared to |A| over the largest portion of the integral. The
approximations have been made here can be summarized as p >> |h| and |z, |kop| << 1,

and |kyp| >> 1. Now, if the approximations (6.40), (6.42) and |¢1| >> |eo| are made in

(6.36) then
2(s)) 2
! ﬂ' ~ 1 —
% () (227 jk)(Eed) A2+ kA
2
If g/(1)=——— and g'(1)=———, represent g.(1) on the right side
g, (4) 1 kA g, " (4) ki P g;(4) g

and left side of the branch cut of ko, respectively, then the integral in (6.41) can be

approximated as

"o 2 (2 (2)
IZlNIQi—Jk H (lp)dl+.[ Jk — % _H@(Ap)da (6.43)

Using the asymptotic approximation H{? (1) zJZj/(;zﬂp) -e7 " for large |Ap| (i.e.,
most of the integral), letting A = ko - js, and changing the integral variable from 1 to s,

| 1 finally becomes

, 2] i je”*ds B je”*ds
I ~2 e . - . — (6.44)
7p D «/ko— js (ko — is— ik,) I" ./ko — js(k,— js+ jk,)

Ignoring ko in both the denominators of the two integrands, which is reasonable

because |ko| is very small compared to |s| over most of the integral, | 1 reduces to

~=2jyJ2/(mp)-e ¥ (1,-1,) (6.45)
e *ds

0 —pS
where Ilzj ——and I, = as

SR T}

complicated integral in (6.39) is reduced to the problem of evaluating the two

. Therefore, the calculation of the
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relatively simple integrals in (6.45). I; can be analytically evaluated as [64]

=7/ )

Similarly for I,

1, ~ =7 /(k\/p).

Therefore, the integral in (6.45) is

—jkop
I~ _4\/51- °
1P
The integral I,; then can be approximated as
i - jkop
|, ~ 22 jele™ -ek—p (6.46)
1

It can be shown that (6.46) is approximately a factor of 1.4 larger than the exact
result in (6.35) and that this difference is relatively stable over a wide range of
parameters. Given this and the fact that an attempt to find a missing 2 factor did not
succeed, a further study of the approximation used to derive (6.46) was carried out.
This study indicated that the dominant part of the error resulted from the replacement
of the Hankel function by its asymptotic expansion. Given this, a correction term can

be written as

| ~2e Jor _[ R H® (—jps)e’” — 2 |ds
ol s—k s+k 7ps

Clearly most of the contribution to this integral comes from small values of ps. Thus

the integral is (somewhat arbitrarily) truncated at ps = B = 0.3 and the Hankel function

is replaced by small argument expansion. Given this, the correction term is written as

Icz2ejk°pJ.M{ t 1 }{1—2—jln(Wj— —2/(7rps)}ds (6.47)

0 ls—k s+k V4
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where inside the integral e ~e** ~1 and M = B/p. The integral in (6.47) can be
analytically evaluated and the result is
o~ g+ 1o, + e, (6.48)

where

l.,=c-In —kl -8 g thor
k,+B

_8jB

— —ikop
le,=———¢
7k,

I, =2je o k1 B+2jkB k1+B—2jﬂj—le
7Z'kl,0 k,+B k,—B

sz{l 2j, ( jL781Bp)}.
T 2

Ica and Ic3 can be further simplified by expanding the natural logarithm function in

I, ~—2C— M eior ang le, ~8 / LU
k.o 7™ k p

The correction term is then rewritten as

Taylor series.

- IN

g Jor (6.49)
kip

IC

where N =M [—2c—8/7r+8a/2/(7zM)} iS a constant. It is interesting to note that the
functional dependence of (6.49) is almost identical to that of (6.46). Hence adding

(6.49) to (6.46) results in

eikl(lfh) e —ikop

71 ~ 2 klp

[4J§+N] (6.50)

which is identical to (6.46) except for the constant and that this constant is

approximately 1/1.4 times the constant in (6.46) when M = 0.3 (i.e., N = 1.72). Then
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(6.50) becomes

X = Jkop
|, ~—2jelen -ek—p (6.51)
1

When h, z << p, |k1| >> |Ko| and |kip| >> 1, (6.51) approximates the exact integral very
well. These conditions are roughly mapped to the following range of parameters: h, z
< 100m, 100Hz < f < 3000Hz, 500m < p < 10000m and 0.001S/m < ¢ < 100S/m. The
error of (6.51) compared to the exact integral of 1,; in (6.35) is less than 10% when
100Hz < f < 3000Hz and 500m < p < 10000m. Fig. 6-8 shows the comparisons of
magnitude and phase angle between the approximation in (6.51) and the exact integral

in (6.35), with dipole frequency of 1000Hz.

10' . . . |

—Exact |
— = Approx |l

Integral magnitude

0 2000 4000 6000 8000 10000
p (m)
@

158



— Exact
o -20} — = Approx |
e
o)
O
=
L
o
C
©
O
o
P
o -100¢ .
-120 : : : '
0 2000 4000 6000 8000 10000
p (M)
(b)

Fig. 6-8 Exact integral of 1,1, (6.35), vs. approximation, (6.51), f = 1000Hz: (a)
magnitude, (b) phase angle.

This analysis is helpful for understanding the error incurred during the derivation
of the approximation for (6.35). Further, the correction term significantly reduces the
error and can be easily calculated. It is shown in (6.51) and can be used to derive
simple results for the E and H fields. Therefore, (6.51) will be used as the
approximation of 1.

For the integral of ly; in (6.28), strategy for simplifying is the same as that used
for 1,1. ly1 can be rewritten as

l, = j: f/(2)e“ ™A, (Ap)d A (6.52)

U, —U,

U, - (Up +Uy)

that illustrated in Fig. 6-5 except that there is no pole in this case.

where f,(41)= . The deformation of the integral contour is the same as
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1 ' uy (z—
=3[, B IHE G

Again, using the argument that the integral along the branch cut of ko dominates
the total integral, I, can be approximated as the sum of the integrals along C; and C;
1

~= f/(A)e"CMAHP (Ap)d A (6.53)

|
vl 2 C,+C,

The approximations given in (6.40) and (6.42) still work and given these the function

reduces to f,(1) = ” K i/l . The change of signs in it is due to that uy takes
J

different signs on the left and right sides of the branch cut of ko. The integral in (6.53)

becomes

glatzh jk + A4 jk =2
|, = AHP Qp)dA+| 22— AHP (Ap)dA
vl 2k, |:J.C1 jk,— 1 o (AP) -[Cz jk, + o (4P)

Combining the two integrals on the right hand side results in

eikl(th) 4/12

|, ~
2 ekt a?

H® (Ap)d .

Use the asymptotic approximation of Hankel function, the variable change 4 = kg - js,

and ignoring ko’s except in exponential terms, ly; becomes

2 oy
Iyl ~ 2 _eJkl(z h)e ikop . Ig
P

3/2

where 1, :Iow R, e ”°ds. From the table of integrals [64], |5 can be analytically
M
evaluated and further simplified as I, = —ﬁ- = and the integral ly; is
ak; p

_ik
_3\Eejk1<z—h) e "
3

~ 6.54
yl 2k12 D ( )

Numerical calculations indicate that the approximation, (6.54), is approximately

160



6% larger in magnitude than the exact integral, (6.52). This error is relatively stable
over the parameter range 100Hz < f < 3000Hz and p > 500m. Since the error is small
for this case, it is not necessary to add a correction term to (6.54). Rather the factor of
3\/5/4 ~1.06 is simply set equal to 1 resulting in:

— jk
o 2 gk €

I yl k12 pS

(6.55)

Again, when h, z << p, |ki| >> |ko| and |kip| >> 1, (6.55) approximates the exact
integral (6.52) very well. Fig. 4 (a) and (b) give the comparisons of the magnitude and
the phase angle between the exact integral of (6.52) and its approximation (6.55). For

this case, the magnitude error of (6.55) is even less than 6% when p > 500m.
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Fig. 6-9 Exact integral of |y, (6.52), vs. approximation, (6.55), f = 1000Hz: (a)
magnitude, (b) phase angle.

6.3.2 Approximations for E and H fields

Given the approximations (6.51) and (6.55) for the integral portions of the vector
potentials A’ and A§ respectively, the electromagnetic fields can be found by solving
the Maxwell’s equations. At any observation point P, (p, ¢, z), in the lower conducting
medium (z < 0), the total field is the combination of the incident field directly from
the dipole and the reflected field due to the interface. The total E and H fields can be
written as

El=EL +E.; E!=EL+EL; E!=EL+EL;

Xr? yr? zr?
1_ g1 1. 1_ g1 1. g1 _ gt 1.
H,=H +H,; Hy—HyS+Hyr, H; =H+H,;

where the components with ‘s’ in the subscript refer to the source terms of the fields

and those with ‘r’ in the subscript refer to the reflected fields. The source terms of the
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fields are

e kR

E, = A-—5(k’R*-3jkR-3)-singcos ¢

e—jklR
R3

EiszAi'

(z+h)e *R

s (K'R* ~3jkR-3)-sing

E.=A-

ldl (z+h)e ¥

H = 3
A7 R

(jk,R+1)
H =0

JkR
is:—L—dl eR (jk,R+1)-cos¢
TT

jldl -. The simplified reflected fields are
e,

where A =

~Jkop

El ~2jAkS el e {3+ _15 z}sinqﬁcos(b
(ikp)' | (ikp)

. ~ikop 3-15(sing)’
~-2jAKS el S {2+ ( ¢)}

(ikop)’ (ko)
El ~_ 6JA1k Jkl(z h)LO,DLlS|n¢
kl (Jkop)
Idl-k® g Jhor . 2
HL ~ ——2.ehtM _—____12_3(sing
27k, (jkop)s[ (sing) }
3 . - ikop
Hj ~ M~e‘k1(z’“)?’_e—3~sin¢cos¢
27k, (Jkop)
—ikop
27k} (Jkop)

[(-R?+ jiR+1)+ (k’R® ~3jkR-3):(sing)’ |

(6.56a)

(6.56D)

(6.56¢)

(6.564)

(6.56€)

(6.56f)

(6.57a)

(6.57h)

(6.57¢)

(6.57d)

(6.57€)

(6.57f)

In the far field of the conducting medium (i.e., |kip|>> h, z), the incident field

decays much faster than the reflected field, which suggests that the propagation
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mechanism may involve some fields propagating in the low loss free space region.
For the set of parameters considered previously the source term can be ignored
beyond approximately 500m. The approximated reflected field Elyr given by (6.57)
are compared to the total field calculated by the exact Sommerfeld integrals in Fig. 6-
10. They match each other very well for about p > 500m. For the reflected magnetic

field, similar result can be obtained.
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yr1

Magnitude of E
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Fig. 6-10 Exact reflected field Elyr vs. its approximation (6.57b), ¢ = m.

6.3.3 Up-over-and-down interpretation of wave propagation near interface

In fact, the approximations (6.57a) — (6.57f) can be interpreted to have an up-over-
and-down behavior, similar (but not identical) to the mechanism that has been studied
in propagation of high frequency radio waves near a boundary [63]. The extremely
low frequency (ELF) case is different because the fields in air are quasi-static. Here,

some insight into this behavior will be given.
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At the observation point P (p, ¢, z), consider the Ex component, which is
perpendicular to the HED’s orientation and the easiest component to detect. As
discussed, the total field can be approximated by the corresponding reflected field
component in the far field (i.e., 6.57a). In the far field of the conducting medium the
second term in the bracket is small compared to the constant ‘3’ and can be ignored.
Given this, the right hand side of (6.57a) can be rewritten as

AL g Jh _e‘jk‘Jp
27k, ol

El =~ singcos¢-e’? (6.58)

where 7, is the intrinsic impedance of the conducting medium and 7 = (u/e 1)*2.

For the up-over-and-down process as illustrated in Fig. 6-5, the field generated by
the dipole (HED) first propagates upward (Part 1) and crosses the interface into the
free space region. Second, the wave spreads out horizontally (Part Il) along the
interface. Note that since the upper medium is free space and for the whole range of p
considered here (i.e., 100 < p < 10,000m), |kop|<<1, the fields in free space are quasi-
static. Finally, at the position on the interface right above P, the wave crosses the

interface again and propagates vertically down (Part 111) to the observation point.

To identify (6.58) as an up-over-and-down process, it is important to show how
the different terms have functional dependencies that are characteristic to different
portions of the process. For example, it will be shown that in the ‘up’ part of (6.58)
corresponds to propagation in medium #1 and the effect of crossing the interface can
be explained by image theory for dielectric-dielectric boundaries. To begin, it is

helpful to show how a quasi-static field in the air can be excited by the buried HED.
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Since it is assumed that |k;h| << 1, the fields near the interface are quasi-static and can

be calculated using the electrostatic theory with charge dipole source as shown in

Fig.6-11 (a). The dipole moment is qdl (C-m) where q is related to the current, I, of
the original HED by

I=(3j—?=ja)q = q=—jl/w (6.59)

Image theory for static charges near a dielectric-dielectric interface can be used to

find an expression for the electric field in the upper half space (air region). The lower

region is replaced by free space and the charges replaced by equivalent charges at the

same positions [65], as shown in Fig. 6-11 (b).

z
80
4 e 4 y Q
hj -q | tg 5
o——0
i
(a) (b)
Fig. 6-11. (a) The static charge dipole replacing the HED and (b) the image of the
static dipole.
The equivalent charges are [65]
Q=—2%_4 (6.60)
&y + &

and since &y << ¢ 1 (6.60) can be approximated by

Q=2¢0/¢ (6.61)
The image charges form a new equivalent dipole with a moment Qdl, oriented in +y
direction that can be used to find the fields in the upper free space region. Using (6.59)

and (6.61) and known expressions for the fields of static dipoles, the electric field
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above the interface (z = 0) can be found as
_3wqdine ™" p°

E, L
27k, r

sin¢cos ¢ (6.62a)

~ agdine .(sz sin’ ¢— p* cos’ ¢—h?)

E 6.62b
! 27k, I ( )
—jkh -
E - 3oqdle ™ hps;n¢ (6.62¢)
27k, r

where r; = (p* + h?)Y2 and 6; is defined as shown in Fig. 6-11. Here, the factor exp(-
jkih) has been included to account for the small attenuation between the HED and the
surface and to correspond to (6.58). Equation (6.62) could be used to calculate the
electric field anywhere in the upper region, but here, an alternative approach will be
taken that leads more directly to an up-over-and-down interpretation for the field

expression.

The field in (6.62) is used to find an equivalent surface charge directly above the
source dipole and this will in turn be used to identify an equivalent source on the
interface. The surface charge can be determined from the discontinuity of the normal
electric flux density between the two sides of the interface [66], as shown in Fig. 6-12.
The surface charge on the interface can be found by integrating the normal component
of electric flux density, i.e., &E;,, over the whole interface (x-y plane)

2z po
6, =[], &E.pdpdg (6.63)

where E; is given by (6.62c) and the much smaller electric field in the water is ignored.
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Fig. 6-12. Equivalent surface charges gs on the interface (z = 0 plane).

Inserting (6.62c¢) into (6.63) results in

30qdlgyz,he " p “dp
— S el 6.64
e[, s ¢j o (6.64)

Of course, (6.64) equals zero because the net surface charge over the whole interface
is zero. But the equivalent dipole moment of this charge distribution is non-zero and

determined by
[ 1da, (6.65)

z=0plane

where Ps, Fig. 6-13 (), is the moment of the equivalent dipole, Is, Fig. 6-13 (b), is the
distance between two equal and opposite infinitesimal surface charges at symmetrical

positions about the x-axis. By using ls = 2psing and (6.62c), (6.65) can be rewritten as

_ 3wqdlg,mphe ™" c2x 2,0 sin (¢)dpd¢
T ok Lk +h2)"” 80

This can be analytically evaluated [64] and (6.66) becomes
P, = 2wqdle,n, /K, (6.67)
Inserting (6.59) into (6.67) results in
=—ldl-(2je,n /k) (6.68)
From (6.68) it is clear that the moment of the equivalent dipole at the surface is

just the moment of the original HED multiplied by a constant coefficient. The factor
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of 2 is due to imaging of the equivalent dipole in the “nearly perfectly conducting”
medium. Therefore, the ‘up’ (Part | in Fig. 6-5) part of the propagation process can be
understood by noting that the fields from the original HED create an equivalent dipole

just above the interface.

- +
- ) PS + +
- P y
- + \ 4-‘.- \
X
(a) (b)

Fig. 6-13 (a) Nonuniform distribution of the equivalent surface charge on the
interface (z = 0 plane); (b) geometry to find the moment of the dipole effect due to the
surface charge.

The fields in free space region can be calculated by assuming that the equivalent
dipole is in free space so that (on the z = 0 plane)

3PS . e— jkih e— ikop

E° (p,$,0) =
v (0, 9,0) pi—

Sin ¢ cos ¢ (6.69)

This is the ‘over’ (Part Il in Fig. 6) part of the propagation process. Finally, the field in
free space passes across the boundary with no attenuation due to the continuity of
tangential electric fields. Then, since the field is approximately constant on the
interface across a length much larger than the depth of P, the downward propagation
must be approximately e™* (i.e., the ‘down’ part of the propagation). Finally, the
expression of electric field component E, at the observation point P is

AL gl g7k
27k, o’

E;.(p.¢.2)= singcos¢-e’ (6.70)
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which shows the complete up-over-and-down propagation. Equation (6.70) is

identical to (6.58).

For a summary, in this chapter, the formulations for the electric and magnetic
fields due to a low frequency HED buried in the middle layer of a three-layer medium
are derived based on the Sommerfeld integrals. The results are validated analytically
and numerically. Then, a method to simplify the Sommerfeld integrals for a HED
buried near an interface between free space and a conducting half space is introduced
(the lower two layers of the three-layer medium are reduced to half-space conducting
medium for convenience of analysis). Using this method, a simple approximation for
its electric fields in the conducting half space is obtained that is valid for distances
that are electrically small in free space and electrically large in the conducting
medium. The resulting approximation has been shown to be accurate within 10% over
a wide range of parameters for which h, z << p, |ki| >> |ko| and |kip| >> 1. Finally, the
approximation can be interpreted as having up-over-and-down behavior for the

propagation path from the conducting medium to free space and vice versa.
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