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ABSTRACT

The determination of whether high voltage (HV) devices suffer from high levels of partial dis-
charge (PD) has received significant attention to ascertain the safety of neighboring utilities and
achieve economic satisfaction. Such HV devices include gas-insulated switchgear (GIS), power
transformers, rotating electric machines, and power transmission lines. Albeit such capital assets
are rarely damaged due to their high robustness, such devices can still experience significant degra-
dation, primarily due to PD events. Therefore, monitoring high voltage systems against PD has
become of paramount significance. This has contributed to developing a plethora of PD-based
detection techniques, including acoustics, optical, electromagnetic (using Ultra-high frequency
sensors and high-frequency current transformers), and chemical techniques.

The recent advances in ultra-high frequency-based (UHF) techniques have led to the utiliza-
tion of such techniques in PD detection for many high voltage devices like GIS, transformers, and
power cables. This is attributed to the superior immunity and high sensitivity of UHF techniques
in detecting, localizing, and classifying different PD defects. UHF detection was predominantly
concerned with implementing antennas or sensors to detect PD activities and localizing PD defects
based on the time-of-flight (ToF) or the time-difference-of-arrival (TDoA) in GIS and power trans-
formers. The work done hitherto covered either simplified models of disconnecting parts inside
GIS enclosures or addressed a single disconnecting part at a time. This work, on the other hand,
analyzes EM waves due to multiple disconnecting parts simultaneously.

First, this work utilizes CIGRE sensitivity verification recommendations to overcome the tree-
ing issue associated with partial discharge and properly analyze EM waves inside two different GIS
structures. A 145kV L-structured GIS model was implemented in COMSOL multi-physics, and
EM wave propagation has been analyzed. Moreover, a 5505V Siemens m model GIS has also been
implemented and analyzed. The obtained results have been compared with experimental results
to verify the model’s accuracy. It has been shown that GIS systems are very complex structures

for propagating electromagnetic waves due to the multiple barriers existing within such devices.
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Hence, many reflections and signal attenuation are experienced by electromagnetic waves.

Then, a disk-cone (DISCONE) planar class of antennas has been optimized, implemented, and
tested against partial discharge. A size-reduction technique, which utilizes the structural symme-
try of the antenna, has also been proposed and discussed to reduce the cost of implementation
and improve the antenna’s directivity. The experimental results largely agree with the simulation
results verifying the modeling accuracy. A maximum gain of 6.25dB7 has been achieved using
the proposed antenna, and 47% size-reduction has been accomplished without significant perfor-
mance degradation. After testing the antenna performance, the device has also been tested against
PD activities within ceramic insulators and induction machines. The obtained results show that the
antenna can be used to obtain different PD signatures, and hence, PD defect classification can be

easily performed.
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NOMENCLATURE

GIS Gas-Insulated Switchgear
UHF Ultra-high Frequency

EM Electromagnetic

ANN Artificial Neural Networks
RF Random Forest

AdaBoost Adaptive Boosting
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DGA
BT
MT
PCA
RFE
AF

DE
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Principal Component Analysis
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Antenna Factor
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1. INTRODUCTION

As per the "IEC," partial discharge (PD) can be defined as a localized dielectric breakdown
in a portion of a solid, fluid, or gaseous insulator. Such breakdown takes place when the electric
field stress across an insulator exceeds the dielectric strength of the insulator, partially bridging
the gap between the electrodes [1]. Different medium voltage (MV) and high voltage (HV) power
equipment have different PD defects. These defects can be classified based on the location of
occurrence as corona discharge, surface discharge, and internal discharge. Corona discharge occurs
in the presence of sharp edges or coarse surfaces of electrodes in MV or HV equipment. The
existence of corona discharge contributes to the enhancement of electric field at these tips due to
the accumulation of charges. Surface discharge arises when current flows through a conductor due
to a high voltage difference between two electrodes. When the current flows along with one of the
electrodes, charges might accumulate at the sharp edges, causing a breakdown on the surface of the
insulator [2]. Internal discharge usually takes place inside oil-filled MV and HV power devices.

Such discharge usually occurs due to small cavities inside the insulation material [2, 3].
1.1 Problem Statement

With the rapid development of UHF-based detection techniques in PD applications over the
past few decades, a deeper understanding of the generated electromagnetic (EM) wave behavior
due to PD is demanded to better accommodate and utilize UHF sensors for PD detection. This
gives rise to questions such as: What is the impact of different disconnecting parts, or barriers, in
GIS on the propagating EM waves due to PD? Are there any other low-cost yet wideband UHF
sensors that can efficiently detect, localize, and classify PD defects? Would it be possible to apply
any techniques to reduce the size of existing sensors without significant degradation of the sensors’
performance? In this work, finite element analysis (FEA) is used to model a GIS and investigate the
impact of EM wave behavior in such a device due to PD. On the other hand, disk-cone (Discone)

antennas have been utilized for PD applications. To the best of the author’s knowledge, utilizing



such antennas for PD applications has not yet been covered. The planar Discone antenna proposed
in this work has been reduced in size using the structural symmetry of the antenna.

In this thesis, accurate FE models for different GIS structures, including L-Structures and
extended-T (or m-structures), are built and analyzed. Models’ results are initially compared with
existing analytical and experimental data to verify the modeling accuracy. Then, an extensive EM
wave propagation analysis is carried out to improve the utilization of UHF antennas in detect-
ing PD activities within such capital assets. On the other side, a new class of CPW-fed annular
monopole antennas to detect PD activities is proposed and analyzed. A size-reduction technique
has been proposed to reduce the sensors’ size by 47% without degrading the performance of the
sensors. Finally, classical machine learning algorithms are used to classify different classes of PD
defects in ceramic insulators. The impact of 2 dimensionality-reduction techniques, namely PCA

and RFE, is presented and discussed.
1.2 Motivation

Thus far, around 85% of the seldom recorded GIS failure is attributed to the phenomenon of
PD. GIS devices are costly systems usually designed and built to operate for over 25 to 30 years.
Thus, when implemented, careful management and continuous monitoring to avoid any potential
factors contributing to the failure of such capital assets are of paramount significance. Protecting
GIS devices against PD activities has been given great attention for decades.

Many endeavors have been recently carried out to build FE and FDTD models to improve PD
detection techniques in GIS devices. Most existing models are, nonetheless, using a simple dipole
to model the PD current pulsation. Such a model does not take into account the known treeing
effect associated with PD activities. In this work, CIGRE sensitivity verification recommendations
are utilized to overcome the treeing problem.

Finally, UHF-based detection techniques are amongst the most commonly known and used
techniques in PD detection. This is attributed to the high sensitivity and low noise of such tech-
niques. Nonetheless, the lightweight constraint imposed on some antennas makes it challenging

to use UWB, high gain antennas such as horn, and log-periodic antennas for general purpose PD



detection. To illustrate, PD detection of ceramic insulators in overhead transmission lines requires
the use of lightweight antennas that can be easily carried and placed next to the insulators to mon-
itor such devices against PD activities. The use of heavy antennas for such an application might
not be feasible. Thus, this work proposes a planar antenna (CPW fed Monopole Antenna) to detect
PD activities for overhead transmission lines. The proposed antenna size has also been reduced by
around 47% without degrading the antenna performance. The proposed reduced-size antenna has

a UWB, high directivity, and high gain based on the obtained simulated and experimental results.
1.3 Novelty

* Modeling GIS enclosures using FEA to understand and analyze EM wave behavior due to
different disconnecting parts such as disconnecting switches, L-structure, extended-T struc-

tures, and relative angle between PD source and sensors.

 Utilizing CIGRE sensitivity verification recommendations (CSVR) as a mean of analyzing
EM wave behavior rather than as a sensitivity testing method. CSVR have been utilized in
this work to inject PD-like pulses into the GIS and overcome the treeing effect of PD pulses

which cannot be easily modeled.

* Optimizing Dicone antennas (which have already been used in wireless communication ap-

plications) to operate over the UHF range to utilize them for PD applications.

 Utilizing the structural symmetry of the Discone antenna to reduce its size without a major

degradation on its performance.

* Investigating the impact of different dimensionality reduction techniques such as PCA and

RFE on different classification metrics of different ceramic insulators’ PD defects.
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2. LITERATURE REVIEW *

2.1 On the Electromagnetic Wave Behavior Due to PD in Gas-Insulated Switchgears: State-

of-Art Review

The rapid growth of gas-insulated switchgear as a compact, efficient, and reliable device has
recently been given great attention. Albeit gas-insulated switchgear can seldom suffer from failure
due to its high resiliency and robustness, some severe damages have been experienced by such
devices, mainly because of partial discharge. Thus, monitoring such accidents has become a vital
part of power reliability. The ultra-high frequency techniques have recently shown superior per-
formance in detecting and classifying electromagnetic waves produced by partial discharge. This
is mainly due to the excellent immunity to the noise of the ultra-high frequency detection tech-
niques compared with the very-high frequency counterparts. This chapter of the thesis highlights
the mathematical aspects of the electromagnetic waves generated by partial discharge. It also de-
livers an overview of the electromagnetic wave behavior in the complex structure of gas-insulated
switchgear and outlines the essential characteristics of the internal and external partial discharge

detection methods using ultra-high frequency techniques.
2.1.1 Introduction

The determination of whether power utilities suffer from high levels of PD is an essential fac-
tor contributing to the safety of neighboring utilities, economic and customer satisfaction, and
the avoidance of regulatory fines. Thus, careful management of such capital assets has become
an essential objective for different power firms [4]. PD occurs when the electric field stress in-
side an insulator exceeds its breakdown strength due to the high applied voltage. Ionization of
atoms could take place, producing a high-frequency transient current inside the insulation material

[5], [6]. Even though PDs might be initially very small, the generated current pulsations might

“Part of this chapter is reprinted with permission from "On the Electromagnetic Wave Behavior Due to Partial
Discharge in Gas Insulated Switchgears: State-of-Art Review" by A. Darwish, S. S. Refaat, H. A. Toliyat and H.
Abu-Rub, 2019. IEEE Access, copyright [2021] by IEEE.



gradually cause insulators’ chemical decomposition, causing erosion with time. Eventually, the
moving charges might bridge between the two electrodes connecting the insulator. This can cause
a complete breakdown or failure of the device. Different PD sources take place inside an insula-
tor, including but not limited to overvoltage, lightning strikes, aging, and internal manufacturing
defects [7].

Different medium voltage (MV) and high voltage (HV) power equipment have different classes
of PD defects. These defects can be classified as corona discharge, surface discharge, and internal
discharge. Corona discharge occurs in the presence of sharp edges or coarse surfaces of electrodes
in MV or HV equipment. The existence of corona discharge contributes to the enhancement of the
electric field at these tips. It initiates a dramatic stress increase on the insulation material. On the
other hand, Surface Discharge arises when current flows through a conductor due to a high volt-
age difference between two electrodes. When the current flows along with one of the electrodes,
charges might accumulate at the sharp edges, causing a breakdown on the surface of the insulator.
An essential factor that contributes to the event of surface discharge is that the insulation material
has to have higher permittivity than the surrounding material [2]. Internal discharge usually takes
place inside oil-filled MV and HV power devices. Such discharge usually occurs due to small cav-
ities inside the insulation material with weaker dielectric strength and lower permittivity than its
surroundings. Consequently, the stress caused by the electric field is more substantial around the
cavity, causing ionization and breakdown of the dielectric material. Another common discharge
type is caused by floating metals inside Gas-Insulated Switchgear (GIS) systems. The behavior
of this type of defect is similar to that of corona discharge since the working principle is similar.
When small metallic particles are located inside a GIS, charges will accumulate at the tip causing
enhancement of the electric field, which might, as a consequence, cause PD [2, 3].

GIS devices are made up of an inner high voltage conductor, an insulator (usually Sulfur Hex-
afluoride (SF6)), an outer tank, and other high voltage components, including switches, transform-
ers, and circuit breakers. SF6 has been widely used in many gas-insulated types of equipment due

to its high insulation properties and breakdown voltage stress. The latter property is coming from



the fact that SF6 is an electronegative material that can easily capture low-energy electrons [8].
Moreover, such gaseous material could be used to detect the different types of PDs based on the
characteristic of the generated decomposed materials. A review paper on the detection of PD type
based on the decomposition of SF6 has been published in [9].

GIS is widely used in power system utilities because of the high reliability, safety, robust-
ness, environmental aspects, and reduced space [10, 11]. Such devices have been commercially
introduced in the 1970s and are widely used in substations. Many GIS systems are getting aged
nowadays, and the need to mitigate their failure has recently become of paramount importance
for developers. Maintenance facilities have shifted from time-based monitoring to condition-based
monitoring, where different diagnostic techniques for the detection of different defects such as
PDs are used [12, 13]. Around 85% of the failures of HV and MV equipment are mainly attributed
to PDs [14]. This highlights the significance of giving PD analysis more attention to improving
power reliability. The most common types of defects found in GIS includes protrusions, floating
metals, particle on a spacer surface, and void on a solid spacer [14, 15].

Different offline and online non-conventional techniques have been developed to detect and
localize PD in the last few decades. Such techniques include chemical, acoustic, optical, and
electrical methods. These techniques are developed based on the formation of ozone, emission
of acoustic waves, production of light due to ionization, and the radiation of electromagnetic
(EM) waves, respectively. Each of the techniques mentioned above has its benefits and draw-
backs. Chemical techniques, which can be either offline or online, rely on collecting products or
gases emitted due to the PD defect. Two different methodologies are widely used for chemical
detection: high-performance liquid chromatography (HPLC) and dissolved gas analysis (DGA).
Chemical methods suffer from the lack of localization of the defect despite their high sensitivity.
Moreover, it does not work appropriately unless a sufficient amount of expelled products or gases
are collected, increasing the required detection time [16]. Acoustic techniques are mainly online
techniques. They locate PDs based on the acoustic signal amplitude and phase delay. This method

relies on detecting mechanical waves produced by the rapid energy release due to the vaporization



of the insulating materials. The main disadvantage of this method is that it might give a false lo-
cation for PD defects due to the interferences from the environment [17, 18]. Optical techniques,
which are also mainly online techniques, show superior performance in PD detection and localiza-
tion since they have excellent immunity to various electromagnetic interferences coming from the
environment. Optical techniques rely on intrinsic interferometers. Nevertheless, such techniques
suffer from random polarization causing fringe fading issues [17, 19].

Electrical techniques are widely used and depend on non-invasive methods. Non conventional
electrical methods can be classified into two main categories, namely the usage of high-frequency
current transformer (HFCT) and Ultra-High Frequency (UHF) sensors. The two techniques are
usually classified as online techniques. HFCTs are devices capable of detecting the current pulses
using inductive coils along with ferromagnetic cores. Such devices are widely used to detect PD
in cables by connecting the HFCT around the grounding cable. They are used to detect signals
with a frequency spectrum of around 3MHz to 30MHz. The main drawback of the use of HFCT is
the fast attenuation of high-frequency signals due to the low pass filtering behavior of cables [20].
UHF techniques, which are based on detecting signals covering frequencies from 0.3GHz to 3GHz,
are widely used in detecting PD in GIS devices. In such devices, when a PD occurs, EM waves
will be radiating due to the acceleration and deceleration of charges. Such EM waves contain
the Transverse Electro-Magnetic (TEM) mode as well as other higher-order modes of propagation
[20].

Collinson and Jennings also proposed a third electrical technique to overcome some of the
drawbacks associated with the UHF, HFCT, and the conventional PD measuring techniques [21].
The basic idea of the technique, called Transient Earth Voltage (TEV), is that an induced pulse-like
EM wave is to be generated at the metallic tank of GIS in the event of PD. Thus, the usage of a
non-intrusive sensor mounted on the outer surface of the GIS tank is possible. Nevertheless, such
a technique suffers from the high external noise collected with the produced EM waves due to PD
[21].

Understanding the behavior of the emitted EM waves in GIS is problematic since the GIS pro-



vides a highly complex structure to the propagating signals. This is mainly due to the multiple
resonances created inside the GIS tank in addition to the different discontinuity types [22]. Al-
though electrical techniques have relatively good immunity to noise, they have a limited ability to

locate the exact position of PD [23].
2.1.2 Partial Discharge Mechanisms and Models in GIS
2.1.2.1 PFartial Discharge Mechanisms

In GIS, the phenomenon of partial discharge is mainly governed by two mechanisms, namely
Townsend and Streamer. Depending on the size of the discharge, either Townsend or both mech-
anisms governs the PD phenomenon. For any of the mechanisms above to occur inside a GIS, an
ionized electron exists between any two electrodes with a potential difference. Electron ionization
could be defined as releasing an electron from a molecule producing a positive ion and a negative
ion. Many factors could cause the ionization process to take place including, but not limited to

light exposition, thermal effects, or solar radiations [24].

¢ Townsend Mechanism.

When free electrons reside between an anode and a cathode, an electric field is applied at
the free electrons forcing them to accelerate towards the anode due to the applied force based
on coulomb’s formula. Due to this force, the electrons start to gain kinetic energy while moving
between the two electrodes. If electrons collide with some other atoms with enough kinetic energy,
new ionized electrons are released, leaving positive ions. Due to this process, the number of
electrons reaching the anode is larger than the number of liberated electrons at the cathode. Hence,
the electric current starts to increase [24]. If the temperature is fixed, the electron’s accumulation
is proportional to the applied electric field and the free mean path (FMP). FMP is defined as the
effective distance an atom can travel between 2 consecutive collisions and is inversely proportional
to the pressure [25].

Under the applied electric field, electrons will be moving towards the anode. They leave pos-

itive charges behind, forming an avalanche. The positive ions will be accelerating towards the
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opposite side (the cathode) but at slower velocities than electrons since they are heavier in weight.
When the positive ions reach the cathode and collide with it, new moving electrons will be gener-

ated. The total number of electrons excited due to the Townsend mechanism is:

Ne(z) = N, 2.1

where N, is the total number of electrons located at a distance x from the cathode, N,. is the
number of liberated electrons in addition to the generated electrons due to the bombardment of
positive ions with the cathode, and « is the Townsend first ionization coefficient. « could be
defined as the number of ionizing collisions that can take place during the movement of an electron
[25], [26]. It is a strong function of the applied electric field, and its value is usually obtained
experimentally. Figure 2.1 shows the Townsend mechanism due to the excitation of an initial
electron located at the cathode (x = 0), which traveled a distance d to reach the anode. The
total number of electrons that reaches the anode is e®? — 1 new electrons (excluding the originally

excited electron) based on (2.1).

Electric Field
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e — 1 new electrons are created
A single at the anode and the same number
O excited electron of ions are created
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e — 1 jons move toward the cathode and
bombard with it

4
-

Assuming that each positive ion collision excites y new
electrons, a total number of y (¢*@ — 1) electrons is created

L

x=0 x=d=

Cathode (-) Anode (+)

Figure 2.1: Summary of Townsend mechanism process.
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e Streamer Mechanism.

When gaps between electrodes get larger, the Townsend mechanism can no longer explain the
behavior of the avalanche, and the breakdown is not attributed only to the ionization process. How-
ever, there is also the space charge and the formulation of photons. When avalanche breakdown
takes place in large gaps or voids, positive and negative charges distort the electric field forcing
electrons to move towards the tip of the avalanche, and positive ions towards the tail [27]. In
addition, the created photons enhance the discharge phenomenon by imposing new electrons to
produce new avalanches ahead of the original one. The Streamer mechanism can be divided into
three subcategories based on the gap length, namely Streamer inception, Streamer propagation, and
Leader propagation. If a sufficient number of electrons are excited due to ionization, space charge,
and photoionization, Streamer inception occurs. The field, in this case, is weakly non-uniform. On
the other hand, Streamer propagation takes place when the gap gets larger. The most important
characteristic of this type is that the field is strongly inhomogeneous. Finally, Leader propagation
usually takes place when the gap gets very large [25] — [28]. No further details on the categories of
Streamer mechanism are given in this chapter, but readers can refer to [25] — [28] for more details.

Protrusion defect is one of the most common types of defects found in GIS devices. In [29],
a finite difference time domain (FDTD) model for the protrusion defect has been proposed as a
relatively long needle with a very sharp tip to improve the electric field intensity. Consequently,
the avalanches are formed at the tip, as shown in Figure 2.2. When the voltage applied at the needle
is positive, electrons in the avalanche are concentrated at the non-uniform electrode, whereas the
positive ions are on the other side. This distribution makes the effective gap length looks smaller
since the positive ion concentration looks like an extension to the non-uniform electrode. Thus,
lower voltage is required for the flashover [26]. A similar concept could also be applied to the
floating metal since charge concentration will be higher at the sharp tips of floating metals. For the
case of floating metals, the PD will have a sharper pulse, and broader frequency spectrum based

on an experiment carried out in [30].
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Figure 2.2: Arc modeling for non-uniform gaps (protrusion defect model). A) negatively charged
protrusion B) positively charged protrusion.

2.1.2.2 Partial Discharge Models

PD measurements have been widely used to assess the different power equipment and com-
ponents, including power transformers, cables, and switchgear devices. During the event of PD,
electrons experience acceleration and deceleration. This behavior results in electromagnetic wave
radiation, as will be discussed in section 2.1.3. Inside the complicated structure of GIS, EM waves
experience high degrees of reflections and attenuation [22]. Consequently, the EM waves travel
along with the GIS in multiple paths, making it difficult to predict the exact behavior of such
signals.

Different types of defects generate different PD pulses. Nevertheless, most of these generated
pulses have a short time-domain representation. Such pulses have a relatively large bandwidth
because of the inverse relationship between time domain and frequency domain representation of
a signal, as shown in Figure 2.3 [4, 2, 31]. Although the Gaussian pulse with larger width initially
has higher spectral energy than its counterpart, the spectral intensity started to attenuate at a lower
frequency, as depicted in Figure 2.3(b).

PD pulses could mainly be modeled using one of the following equations [32]:

* Gaussian pulse:
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Figure 2.3: a) Time domain and b) frequency domain representation of a Gaussian pulse.
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Golt) = Ipe o, (2.2)

where [ is the pulse amplitude, o is a parameter that determines the pulse width. Equation (2.2)

can also be represented as [29]:

(t=b)?2

Gl(t) = Ioei c? s (23)

where b is the center of the pulse, and c is used to determine the width of the pulse.

e Wanninger pulse:
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W(t) = %e—“?), 2.4)

where 7' is used for the determination of the pulse width.

* Double exponential pulse:

DE(t) = I[(1 + at)™ — (1 + )], (2.5)

where o and 3 are constants used to determine the shape of the pulse. Figure 2.4 shows an example
of the three pulses.
PD due to a defect in a GIS cannot be modeled as a simple hardwiring since the wavelength of

the UHF EM waves can be comparable to the size of the equipment. Thus, modeling the PD defect
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Figure 2.4: a) Gaussian pulse, b) Wanninger pulse, and ¢) Double exponential pulse.
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as a dipole antenna can provide a better approximation since the gap size is usually much smaller

than the size of the equipment [33].
2.1.3 Electromagnetic Wave Radiation due to Partial Discharge

The phenomenon of partial discharge is responsible for the emission of electromagnetic waves
as it imposes electrical forces on electrons. The main goal of this section is to elucidate the radia-

tion action of EM waves due to partial discharge.
2.1.3.1 Electromagnetic Wave Radiation due to a Point Charge and the Larmor’s Formula

Static charges can either act as sources or sinks for the electric field. Nevertheless, they do
not emit EM waves because no magnetic field is created when there is no flowing current [34].
Moreover, charged particles moving at a constant velocity do not radiate EM waves in the radial
direction away from the charge [2]. An essential condition for the radiation of the electromagnetic
waves is the decaying behavior of the EM energy, which has to be a function of the squared of the
distance from the source to satisfy the Poynting vector [35].

On the other hand, the acceleration and deceleration of charged particles emit EM waves. Con-
sider a positively charged particle that starts accelerating in SF6 from rest at point X until it reaches
point Y. Then, the particle stays at a constant velocity, as shown in Figure 2.5. When the charged
particle is at point X, or an arbitrary point after point Y, no EM waves will be emitted, as mentioned
earlier. On the other hand, while the particle is accelerating, the electric field lines will experience
a ‘kinking’ effect to maintain the continuity condition of the electric field (since the electric field
is due to the same charge). The formed ‘kinks’ create disturbance in the emitted field, causing
radiation. The radiation is a consequence of the £, component of the kinked electric field shown
in Figure 2.5. It should be noted that there is no £, field component along the direction of motion,
which explains why no EM waves are radiating along the direction of motion. With the assumption
that the charged particle is moving at a constant velocity after point Y, the electric and magnetic

fields radiation are given by [36]:
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Figure 2.5: EM wave radiation due to an accelerated charge.
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angle between the acceleration direction and the observation point, 1 is the permeability of air,
and p is the distance traveled by the electric field after some time (¢). It should be noted that 1
is used since the permeability of air and S Fg are identical from the practical point of view. The
radiated electric field behavior of an accelerated charge is similar to that of a dipole based on (1.6)
and (1.7). That is, the radiation pattern of accelerated or decelerated particles could be modeled as
a donut, or toroidal radiation pattern [35]. The Poynting vector could be directly computed using

E and H as:

Q2CL2

S=E, xH, = ek = 1672egp?c3

sin(6) (2.8)

where ¢ is the permittivity of air. Finally, the loss in the total energy can be found by integrating

S over all directions. This would give the Larmor’s Formula which is given by:

P Q2a2

673

(2.9

where P is the total radiated power during to an accelerated/decelerated charged particle [37].
2.1.4 Electric Dipole Model of Short Gaps

When an insulating void defect exists inside the spacer of a GIS, the electric dipole moment
is created. The creation of dipoles is attributed to the fact that a small distance separates charges
of opposite directions. Indeed, the apparent charge detected using the conventional methods is not
the actual charge (Q) but instead, it is related to Q.d, where d is the gap length.

The electric dipole can radiate electromagnetic waves based on the Hertz vector, and the electric

Hop t—1
o e 2.10
aer o2 D! ( to ) (2.10)

field is given by [38, 39]:

t—y

t(f) = 1/2e (%) e~ ((t=w/9/10)* ) — (.d is the electric dipole moment, ¢, is a con-

where f <
stant that depends on the Gaussian pulse width, D is the distance between the dipole and the origin,

and e is the electron charge. Equation (2.10) shows that the radiation field intensity is inversely

18



proportional to the pulse width. Moreover, the radiated EM wave is a function of time and a single

coordinate component.
2.1.5 Electromagnetic Wave Behavior inside GIS Enclosures

Insulation spacers and screws were used in the past to connect the compartments of GIS. Thus,
the outer tanks of GIS do not provide perfect grounding for EM waves since tanks are not perfect
coaxial waveguides. In the event of PD, such configuration would result in leakage of EM waves
outside the tank [10]. The apertures act as slot antennas allowing the electric field to propagate
outside the tank at resonance frequencies. Recently, the use of basin-type insulators with an outer
metallic cover is prevalent. Such spacer type provides better grounding for the GIS tank, prevents
spacer corrosion with air, and reduces EM waves from leaking outside the tank in the event of PD
[10, 40].

A GIS is a complex structure with many different structural components that can affect the
EM waves propagating inside the tank. Those discontinuities include ground switches and discon-
nectors, spacers, L-shaped and T-shaped sections, and sudden changes in the inner and/or outer
conductor diameter(s). In PD, the relative angle between the PD source and the antenna placement
affects the EM wave behavior. Understanding the impact of the discontinuities mentioned earlier
on EM waves has thus become of paramount importance, especially if the UHF techniques are

used in the detection of PD events [22].
2.1.5.1 Relative Angle between PD Source and Antenna Position

A detailed mathematical derivation for the EM wave behavior due to PD has been carried out
in [41]. The intensity of the electric field inside a simple GIS with no discontinuities depends
on the dimensions of the coaxial waveguide, the magnitude of the PD, and the angular position
between the PD source and the sensor. The angular position affects the higher-order modes but has
no impact on the transverse electromagnetic (TEM) propagation mode. TEM mode due to PD is
maximum at the inner conductor and decays as we move towards the outer conductor. On the other

hand, the electric field intensity of the higher-order modes approaches a minimum when the angle
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between the source and the probe approaches 90°. In contrast, it is maximum when the angle is 0°
[42, 43]. Moreover, the time-domain representation of the detected signal is not a Gaussian pulse
as the case of the PD source. This is since the field undertakes an infinite number of paths to reach
the sensor, and a small portion of the wave moves directly from the source to the sensor [41].

The impact of probes placement inside GIS tanks through the finite difference time domain
(FDTD) has been extensively studied [44]. Probe couplers are sensors modeled to obtain the
voltage amplitude inside the GIS enclosure. This is done by modeling each probe as a matched
load with a certain length to a 50-ohm coaxial line. The probe was initially inserted at four different
locations along the radial axis (§ = 0), as shown in Figure 2.6. The best allocation for the probe
is near the outer tank to ensure enough voltage difference between one end of the probe and the
other. Moreover, suppose the transverse magnetic (TM) mode of propagation is of interest. In that
case, the probe must be placed parallel to the longitudinal axis (z-axis) of the GIS since the electric

field will have a component along that direction.

Theta=0

Protrusion Defect Model

Theta = 270 Theta = 90

<

2 (D) x
Theta = 180

Figure 2.6: 2-D cross-section of a GIS model with protrusion defect.

20



2.1.5.2 L Junction

Reflections due to the radiation of EM waves during PD can largely affect signal behavior. One
of the biggest obstacles to such propagating waves is the L structure. Such discontinuities disturb
the phases of the EM waves, causing mode transformations under some circumstances. Different

modes of EM waves experience the following transformation [45, 46]:

* If the input mode of propagation is TEM, Transverse Electric (TE21) will be created at the

second port after the L-section (weakly since most of the TEM mode maintain its shape).

e If TEI1 is the input, most of the signal will be reflected back in the case of horizontal

excitation, and TE21 will be obtained at the output in case of vertical excitation.

» If TE21 is at the input port, TE11 is obtained at the output.

On the contrary, it has been shown in [47] that TEM mode experiences no conversion. This is
attributed to the fact that the distributed constant circuit handles such waves, and thus, no conver-
sion takes place. At the point of the L-intersection, an infinite number of modes will be generated.
However, after few wavelengths, the low-frequency components retain their original characteris-
tics. An increase in the peak electric field intensity might be experienced before the L-intersection
because of the multiple reflections created by the discontinuity [47].

The impact of the L-section on the high-frequency components of EM waves has been investi-
gated by building a 252kV GIS model and studying the effect of the L intersection on the electric
field propagating in different directions [48]. PD has been excited along the radial direction, and
hence, the electric field intensity is maximum along that direction. After the L structure, the electric
field experiences significant attenuation due to the TE mode’s reflections. Along the longitudinal
direction, TM mode of propagation is detected. The L discontinuity acts as a source for TM mode,
allowing it to propagate to the second part of the tank since such a mode allows the electric field
to propagate in the longitudinal direction [49]. Some experimental works that were recently con-
ducted verified that the TM mode components of the EM wave propagate after the L intersection,

whether disconnecting switches are kept open or closed [50].

21



Finally, the effect of the L-section on the TEM and TE modes has been investigated to observe
the impact of the L-structure on the low frequency and high-frequency components separately
[51]. Again, the TEM mode is not largely affected by the L intersection, whereas most reflections
are attributed to the TE11 mode of propagation. Moreover, the work also shows that the peak
voltage right before the L section is higher than the straight GIS tank case. This is attributed to
the superimposition of the reflected components of the TE11 on the incoming signals due to PD,

which increases the field intensity, and thus, the detected voltage [51].
2.1.5.3 T Junction

The need to study EM waves under the influence of T structure is essential since such structures
are commonly found in GIS devices. An extensive study on the effect of T structures on the low and
high-frequency components of the signal propagation was carried out in [52]. EM wave behavior
due to PD inside a T tank depends on the port at which the PD was generated. Figure 2.7 shows a
simplified T-shaped GIS model. If the PD is generated at port 1, the high-frequency components
of the detected signals at port 2 are higher than that at port 3. The experimental results show
that the transmission rate of the high-frequency EM waves is about 20-30% at port 3 and about
40-50% at port 2 relative to port 1. On the contrary, TEM mode components propagate based on
the distributed constant circuit. It has been experimentally shown that the transmission rate at both
ports is about 60%. The transmission rate was computed based on the distributed circuit theory, and
66.67% of the signal was supposed to be transmitted, which is slightly higher than the measured
value since attenuation is not considered in the theoretical calculations [52]. On the other hand, if
the PD is generated at port 3, the signal would be divided equally between the other 2 ports [53].

Moreover, the propagation behavior of EM waves in the X, y, and z directions shown in Figure
2.7 is investigated to provide a better understanding of the EM signal propagation [54]. A pro-
trusion defect is modeled as a small needle placed along the y-axis close to port 1, and a pulse is
applied to the needle. The electric field intensity is dominant in the y-direction, and results show
that the straight section (SS) has a greater intensity than the T section (TS). Moreover, the electric

field intensity in the x-direction is minimal. The relative angle effect is also studied by investigat-
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Figure 2.7: A simplified T-Shaped gas-insulated switchgear model.

ing the propagation characteristic of EM waves inside a T-shaped GIS in different circumferential
angles using FDTD [55]. Figure 2.8 and Figure 2.9 summarize the attenuation characteristics mea-
sured at two different circumferential angles for both SS and the TS. As shown in Figure 2.8 and
Figure 2.9, the dominant direction is always the radial direction, and the T branch energy is always
higher than that of the straight branch along the z-direction since the discontinuity acts as a source
to the TM mode of propagation.

The time of flight through a T structure is mainly dependent on the PD source location relative
to the inner or outer conductor [56]. To illustrate, if the PD source is close to the outer tank, results
might not be very accurate compared with the theoretical calculations of the time of flight. This is
because a different path for the wave will be taken if the PD source is generated close to the outer
tank. Finally, mode transformation also takes place in T-structures since higher-order modes are
also created at the discontinuity [57, 58, 59]. Therefore, the following rules are obtained for the

case where PD source is generated at port 1 (refer to Figure 2.7):

e If the input is TEM mode, the output at ports 2 and 3 are TE21.

e TE11 transforms to TE21.
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» TE21 retain its mode at both ports if the excitation is in the 45° direction. Otherwise, TE21

changes to TE11 at port 3.

If port 3 is the input of the PD source, a similar mode transformation will be obtained at port
1 and port 2. S. Okabe ef al. [60] modeled a T section GIS and applied a protrusion defect at
port 3 shown in Figure 2.7. The following are obtained (holds under the assumption that the cutoff

frequency includes TE21 modes):
e If TEM mode is at the input, TE21 (0 degree) will be the dominant mode at the outputs.
* If TE11 (O degree) is at the input, it will mostly retain its mode at the outputs.

o If TE11 (90 degrees) is at the input, TE21 (45 degrees) will be the dominant mode at the

outputs.

2.1.5.4 Disconnecting Parts and Change of Diameters Ratio

Circuit breakers, switches (disconnectors), and isolators are some of the standard components
comprised in GIS tanks. Such components can affect the propagation of EM waves. A GIS in the
simplest form can be thought of as a coaxial cable that supports TEM and other higher-order modes
[61, 62]. Nevertheless, suppose a disconnecting component of the GIS is opened for any reason.
In that case, the propagating EM waves can no longer consider the GIS as a coaxial cable, but
rather, it is seen as a circular waveguide (CW). CW cannot support the TEM mode of propagation
since they are made of a single conducting material, and thus, a potential difference between 2
conductors cannot be achieved to get the TEM mode [61].

Solving the Helmholtz equation for E-field, the following two equations for TEM and the TE

modes are obtained:

19 oV 1 0*V
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19 v, 108V *V
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where (2.11) is the E-field for TEM and (2.12) is the E-field for the TE mode. In these 2 equations,
r, ¢, and z are the coordinates of the cylindrical system, V' is the potential function, and & is the
propagation constant. It can be seen that TEM mode does not have a longitudinal component (z-
direction), and the velocity of the wave is not frequency-dependent. On the contrary, TE (and TM)
mode has cutoff frequencies below which waves cannot propagate [63]. The cutoff frequencies for

the TE and TM modes of coaxial waveguides are calculated using the following equations [64]:

vm

TEm1 __
I = by @13
R = s (2.14)

where a and b are the inner and outer radii of the coaxial cable, respectively, and m and n are
integers to determine the mode of operation for the TE and TM modes, respectively.

FDTD model for a GIS with SF6 gas being in inserted series with the high voltage conductor
as shown in Figure 2.10 is built [65] to understand the effect of disconnecting switches. Both
high-frequency (HF) and low-frequency (LF) components were measured and simulated separately
through filters. The couplers connected after the switch (UHF B, C, and D) could not detect most
electromagnetic waves LF (TEM) components. EM waves can no longer see the GIS in this case
as a coaxial cable, but rather a CW which does not support TEM mode of propagation [65, 66]. In
addition, results show that if the gap length is increased, more TEM frequency components would
be attenuated, resulting in higher energy losses. High-frequency components (TE11 mode and
above), on the other hand, do not experience significant attenuation in magnitude since they can
freely propagate in circular waveguides.

The effect of disconnecting switches was further studied in [64]. This is done by investigating
the impact of the switch for three different classes of GIS (110kV, 220 kV, and 550kV). It has been
shown that the higher is the voltage (or the larger is the GIS dimensions), the lower the attenuation

of EM waves due to disconnecting switches becomes. This could be justified by the fact that the
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Figure 2.10: Gas-insulated switchgear model with a disconnecting switch being opened "adapted

from [65]".

larger the dimensions of the GIS, the lower the cut-off frequency of the first propagating mode, the

lower the TEM content, the lower the reflections due to the low order modes.

The impact of changing the diameter ratio between the inner and outer conductors was also

investigated in [64]. The work has shown that EM wave energy is attenuated after the change

in inner radius. Such results are expected since changing the ratio between the inner and outer

conductor radii changes the characteristic impedance of the coaxial waveguide. The characteristic

impedance of a lossless line is given by [67]:

60 a
= 2 (()
0 ern b

where a and b are the inner and outer radii of the coaxial cable, respectively.

Further investigation on the change of outer diameter was carried out in [68]. The results

showed that the TEM mode of propagation experiences a minute impact due to a change in diam-

eter, whereas the higher-order modes are reflected.
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2.1.5.5 Insulating Spacers

Dielectric spacers are solid insulating components used to separate GIS compartments and
provide better support between inner and outer conductors [69, 70]. However, such components
enforce some constraints on the highest possible applied voltage between the two conductors of
the GIS at the interfaces between the solid, gas, and electrode interface [71]. Many attempts
have been proposed to optimize the shape of dielectric spacers and reduce the electric field stress,
thus increasing the breakdown voltage of the GIS. Consequently, different types of insulations are
proposed including, but not limited to disk type, cone type, and basin type spacers [69, 72].

To understand the impact of dielectric spacers on the generated EM waves in the event of a
fault, an experimental investigation to study and analyze the intensity of the detected field after
passing through basin-type insulators was carried out in [9, 73]. FDTD modeling was also used to
investigate the effects of spacers further. Two types of basin-type spacers were used to analyze the
impact of EM waves. As depicted in Figure 2.11, the metal type has a metallic cover surrounding
the spacer to reduce the electric field leakage and provide better grounding for the tank. In contrast,

the bush type does not have any metal cladding.

(a) Bush type (BT) (b) Metal flange type (MT)

Figure 2.11: Basin-Type Insulating Spacers "reprinted from [73]".
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The main factor contributing to EM attenuation is not the permittivity difference between SF6
and the dielectric spacer. This has been investigated by initially applying low pass filtering to
the EM wave to inspect the attenuation of the TEM mode of propagation [9, 73]. The results
showed that the low-frequency components experienced a minimal attenuation in the amplitude as
the signal propagated through the spacers. When high-pass filtering is applied to the obtained EM
waves, the higher-order propagation modes experienced a considerable attenuation. As the EM
wave propagates inside the tank, the higher-order modes start to decompose since different propa-
gation modes have different velocities at which they travel. Hence, a reduction in the amplitude of
the signal is experienced even in the absence of dielectric spacers [73].

A simulation model has been built to investigate the effect of the spacers on the time of flight
of EM waves [74]. The simulation model results showed that EM waves could not propagate at the
speed of light with the existent of spacers. The speed of propagation is inversely proportional to
the square root of the relative dielectric constant [52]. Thus, the propagation with dielectric spacers
with high relative permittivity would be slower than the speed of light. The results of the work also
showed that EM waves traveled through the path with minimal resistance. Thus, the thickness of

the spacer is the main factor that affect the velocity of the EM waves rather than its shape.
2.1.6 UHF Sensor Connection
2.1.6.1 Externally Connected UHF Sensors

Albeit internally connected UHF sensors demonstrate superior performance compared with
the externally connected counterparts in both noise and sensitivity, the latter has been given much
attention. This is attributed to the many challenges associated with the connection of internal
sensors in already built GIS devices since such systems are concealed devices, imposing high cost
and time for the integration of sensors internally [75].

For bush-type spacers, EM waves can leave the tank through the dielectric spacer [7]. S.
Kaneko et al. [76] built an FDTD model for a GIS with slits formed by the bolts connecting

the GIS tubes. For the induced EM waves, the slits act as slot antennas with a width equal to
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the thickness of the spacer and length equal to the spacing between 2 adjacent bolts. This gives
the externally connected sensors an advantage if the measured frequency of the PD event is close
to the resonance frequencies of the slot antennas [75, 77]. The detected electric field intensity
is maximum if the UHF is connected in the middle between 2 adjacent bolts [75, 76]. For the
electric field vector to meet the boundary conditions at the aperture, the field lines have to be in
the longitudinal direction parallel to the GIS tank. Thus, when connecting an external antenna to
detect the produced EM waves due to PD, the E-plane of the sensor has to be fixed parallel to the
GIS tank to maximize the sensitivity of the detected electric field [39, 75].

Different kinds of external sensors are used to detect the event of PD. The most commonly
used types are the bi-conical log periodic antenna, Horn antenna, loop antenna, a dipole antenna,
and some kinds of planar antennas, including fractal antenna, patch antenna (asymmetric and sym-
metric), and spiral antenna [7, 39, 75, 78, 79]. Horn antennas have higher sensitivity at high fre-
quencies, whereas log-periodic antennas have better sensitivity at low frequencies. Loop antennas
have better sensitivity at the higher frequency side of the spectrum. One of the factors that make
such antennas superior compared with the other two types mentioned above is that the position
of the loop antennas does not have to be precisely in the middle between bolts to get high sensi-
tivities. Dipole antennas, conversely, have the best sensitivity as they can be directly connected
to the flanges measuring both field intensity and the potential difference between the 2 flanges in
the event of PD [75]. Microstrip patch antennas are small, narrow bandwidth, and cheap devices
printed into a circuit board and made with a conductive material such as copper [80, 81]. Spiral
antennas are a wideband circularly polarized type of antennas with a relatively low gain [82, 83].
Fractal antennas are small, multiband, broad bandwidth antennas. Although Hilbert fractal anten-
nas are the most commonly used type of such antennas, there are also some other types like the

Moore fractal antenna [78, 84, 85].
2.1.6.2 Internally Connected UHF Sensors

Recently, GIS devices are built with UHF sensors integrated internally to detect PD properly.

Such sensors are usually connected in the hand-hole of GIS tanks. Consequently, there are restric-
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tions on the maximum size of the internally connected antennas. Another drawback of the use of
such devices is that they affect the electric field distribution inside the GIS tank [86, 87]. Moreover,
if maintenance is required for one of the UHF sensors in the event of failure, changing internally
connected sensors or fixing them requires more effort and time [7].

The position of the PD source can affect the behavior of the detected electric field by sensors.
To illustrate, if the PD source is close to the inner conductor, TE11 mode of propagation is dom-
inant, and thus, the detected EM wave would have a short duration. On the contrary, if the defect
is on the outer tank, higher-order TE modes would be generated, increasing the duration of the
detected signals [88, 89]. The increase in duration is caused by the reduction in the velocity of the

higher-order modes of propagation which is given by the following equation for TE modes:

/ 2

Where f, is the cutoff frequency of the TE mode and f is the operating frequency. An important
point to note is that if the GIS size is small, it might be difficult to differentiate whether the PD
source is on the low or the high voltage conductor [88]. When the GIS size is small, the tip of the
needle used to create the protrusion defect would be close to both the inner and outer conductors
making it challenging to determine whether the needle is on the inner or outer conductor.

Due to the size constraint imposed on the internally connected UHF sensors, limited types
of such devices could be used to detect PD. Disk type and loop type sensors are the most well-
known sensors used for this purpose. The performance of the two types of UHF couplers or
antennas were investigated [89]. Results show that disk-type sensors have better sensitivity for the
detection of higher-order modes. Thus, if PD took place near the outer tank, disk-type sensors
demonstrate superior capabilities. On the other hand, loop-type antennas are suitable at lower
order frequencies, making them good candidates if PD occurred near the central conductor. Disk
type antennas can either be connected internally or externally [86, 90, 91]. Extensive research has
been carried out to improve disk-type antennas’ performance for the detection of UHF signals. To

summarize, internally and externally connected sensors deliver similar behavior for the detection
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of PD [9]. However, the internally connected sensors have much higher sensitivities compared

with the external counterparts [92].
2.1.7 Overview of Electromagnetic Wave Behavior in GIS

Tables 2.1 and 2.2 summarize some of the important electromagnetic aspects investigated by

researchers during the event of PD in GIS.
2.2 CIGRE Sensitivity Verification Recommendations and UHF Sensitivity Analysis

The determination of whether GIS suffers from PD has been given great attention since the ear-
liest days to contribute to such capital assets’ operational safety and reliability. Traditionally, it has
been proven that only apparent PD charge magnitude can be measured. Thus, no complete infor-
mation about PD events can be obtained using conventional PD measurement techniques [93, 94].
Different techniques have been deployed to improve the detection and localization of PD in GIS
enclosures. Among these, UHF techniques have been in use since the 1980s as they showed great
suppression to noise and high sensitivity [95, 96, 97]. UHF detection techniques have been widely
used for PD detection, classification, and localization of different PD defects in different high volt-
age equipment [98, 99]. The major drawbacks of such a technique are the limited information
about the exact magnitude of PD charges since there is no direct correlation between the received
RF signal strength and the PD intensity, and the difficulties associated with the installation of UHF
sensors in some devices like transformers and built GIS systems [95, 99].

To overcome the issue of limited information about the magnitude of PD charge, CIGRE sen-
sitivity verification procedure was developed and used to allocate UHF sensors in GIS enclosures
optimally [95, 100]. The sensitivity verification procedure has two steps: laboratory test (step 1)
and on-site test (step 2). In step 1, a transmitting antenna injects an artificial pulse similar in be-
havior to the actual PD pulse. The resultant electromagnetic (EM) waves are then acquired using
a second receiving sensor. Such analysis is used to obtain the frequency response of UHF sensors
and establish PD charge sensitivity. On the other hand, the 2" step is done on-site while GIS

systems are operating to ensure that the obtained sensitivity is sufficient to detect PD during the

32



*(£°T *814) uonoauIp-z ay3 ul Jeadde syead apow
JALL SeaJaym sapow 3] JuaJaylp ay) Je Jeadde syead ay) ‘uondalip-A pue uondaJIP-X dY) Ul "suondAJIp ||e
ul Sapow JudJaIp 3y} 03 Sulpuodsaliod sapuanbaly jyoind Je syead smoys wn.iyoads utewop Aduanbaiy ay|

ZH9S'E-0

$9004d 8uIsuas |eap|

24N3NIIS-1

[ss]

‘(uonegedo.d jo spow

L @Y 01 924n0s e se Jo 1ySnoyl aq pjnod 1 ay1) S1 3y Suoje sajeSedoud Ajpsows uoindalip-z ayy Suoje pial4
*91q181133u SI uo1AUIP-X 3y Suoje pjal4

'SS ay3 03 a1eSedoud |;1m (9 *S14) uonda.ip-A ay3 Suoje pjal ay3 Jo ISON

$3¢04d 4HN

2INJPNAG-1

[vs]

*SUOISN|IU0D PauIeIqO Y3 AJlUaA 03 SS9 Jo SadA) JualayIp 7 Ul pawsopad syuswiadx]
"UOI}eNUI}IE PUB SUOIIIB|J3I
20U3LIAAXD SOpoW J| SeaJaYM ‘[apow HNdIID panquasip ul se djeSedosd ued sjusuodwod Aduanbaly mol

Ajuo synsay urewoq awi|

siosuas adA]-ys1q

24NJONIG-|

49]

"U0133.1p [eulpn}iSuo)
3y} Ul [9ABJ} UBD 3pOW YONS Ul P[aly LIS 3y} JDUIS UOIISIIUI-] Ue ySnoay) ssed ued apow L

Ajuo synsay ulewoq awi]

$9004d 3uIsuas |eap|

uo13S-]

(8v]

's5|9 apisul BuzeSedold sanem |A|3 03 UOIIRWIOJSURI} SPOW SISNEI UO[IIAS ]
*S9POW J3pJ0 JaySiy ay3 Jo apnijdwie ay3 Ul uolINPal a5.e| e Pasned Uoi3dFs-]

ZHH -0

(Ajuo suonejnwis)
5304 SuIsuas [eap|

u019s-]

[Ly)

*U01309519)Ul-1 9y} 1B U0I1I3|4a4 JO uoinod Isa8.e| 9Yy) Sasned apow TTIL

's1a0eds 3y} usamiaq

SUOI}I9)a PaseaJdul ay} 0} anp de|d $93e] SIUBUOSAI dIOW ‘pasea.dul S| S1deds Jo Jagquinu ay) sy
*JNJ20 S3IUBLOSDI 2IOW ‘PAsea.dul SI SJ9deds SAIINIISUOD BY} UIBMID] BIUBISIP BY) SYY

ZHOT-€0

(Ajuo suonejnwis)
$3q0Jd Suisuas [eap|

J190edS /U013235-]

[97]

‘y18uauns Ajisuajul Jo syulod [epou aAeY SIPOW PpPO 3| 3duls utewop Aduanbauy

31 Ul pa123)ap e Sapow 3| Jaquinu-uaAs Ajuo ‘(S “314) 06 SI @qo.d pue 32inos UsaMIaq a|3ue ayl Usym
'199)43 uolsJadsip 03 anp Aysusiul

p[al} 21123[2 Pa1Ia1LpP 3y Jayeam ayl 4ajdnod ay) pue Qd JO 32N0S BY) UIIM]SQ IUBISIP Y} Jaduo| ayL

ZHO S'€-0

J43|dno) aqo.d

S31}INUUOISIQ ON

47l

"Y18uUajaABM BY) UBY) J3][BUIS LINUW SI BZIS S) 9SNEII] SSABM [\ 3Y) UO 109)43 [BWIUIW B dARY JE]-SNG
‘syuauodwod Aduanbaiy moj ay3 uo yoedwi d8.e| e 9ARY UBD [BLIDIEW UOIIR|NSU|

‘pauteiqo

asam Adeandoe ySiy yum synsaJ pue ‘IaAj0s [eILBWNU JO SN BY) YIM PIIJLISA DJ9M S}NSJ PauILIqo dYy|
‘Qd © 03 anp uoneSedoid anem N3 3y Apnis 03 3{ing USq SBY [SPOL UOIBWIOJSURLY P[3L JB) 0} P|3ly JeaU \f

ZHOE-0

$9q04d [eap|

Jeg sng

[e€]

*JOIABYDq B YINS dARY 0}
sJ91aweJed-g Suisned sauanbaly ySiy ay3 1e pajeasd aq ||im sadueuU0SaL pue sadpa dieys Auew jey) 1oej ay3
Aq paurejdxa si siy| “sapuanbaiy y3iy 1e ydiy si pue sapuanbaiy moj 3e Moj st Suljdnod 1eY) Moys synsas ayL

SHomsiyy ul
3Ing s s190eds Suiie|nsul aAIsIadsIp-uou e pue $1039Npuod 129)4ad SAWNSSE Jey) [Ipow (34) Juawa|3 anul4

ZHOE-0

s10suds 4HN adAL-ys1g

UOI303G-| PUEB UOI}I3S-]

44|

*SJOSUDS |euJd3ul YHUM Jadue| S| Ayisuaiul

pIal} pa39218p 3y} 1By} UodadXd BY} YHM JOIABYS] JB|IWIS SARS SIOSUDS [BUJDIXS PUB [BUJSIUI JO 3SN Y]
‘paljdde si adAy 3ney swes ayj yi Jadeds Sunejnsul adAy |eraw ayy

Suisn uaym Jaysiy sheme si 5|9 ay3 apisul a8ejuadJad S3ed UOISSIUSURL) BY) JBYI MOYS S} NS PAUIRIqo By

Ajuo synsay uiewoq awi]

Ajleusaixg

Pa3193UU0) BUUBIUY UJOH -
$10Suds 4HN adAL ¥s1q -

sJaoeds adA]-uiseg

[e]
(11l

‘fouaniye

U0I39919p Wnwixew Joj Aem |ewido ayy st §|9 ay 03 |3||eJed I ydIym sixe ay3 Suoje pade|d seuusjue Jeaur
‘sapindanem

Jejn8ueydas Ag paulwiaiep i [eudis payea| Jo Aduanbauy JJo IND By} ‘SIOSUDS |BUJRIXD JO ASN Y} YUM
‘SOpOW JapJo JayS1y ay) [apow 0} paay apinSanem

pue apow AL 2y} [spow 0} pasyaul] ‘Aj93edndde qd ay} [9pow 0} pasn dJam Suole}dXd Jo sadAy om]

ZHOE —ZHOS'0

Aleusaix3 pa1dauuo) euuuYy
(ouswwAssiq) sjodiq 1e4

S313INURUOISIQ ON

(ot]
[6]

S)jiewdy

pueg Auanbaig4 pasano)

105U3S JHN PazIN

3dAL ALINNILNOJSIQ

QJUJ3J3Y

uone3edoid aaep\ JAH UO SHeq Sunoauuodsi(q Jo 1oedwyy 17 9[qeL

33



*A||eusa1xa spjaly yans 1293ap 01 pJey 31 Supjew yuel §|9 ay) aAea| Jouued syusuodwod Aduanbaiy mo]
*uo132341p [eulpn}Buo| ay) ul aq 01 paljlian sem uonededold
“Joineyaq uoneSedoid anem |\3 ay3 pueisiapun 0} Ajleusalxa pue Ajjeusaiul paunseaw sem Aysusiul piai4-3

*J0je|nsul 3y} 01 paydelie apdinied e pue ‘101anpuod 1IN0 3Y) 0} paydelie apied e (pasn [e6]
'100Npu0d [BJ1UBI Y] 0} paydeyie spined [e1aw e Ajpweu paje|nwis a1am $1094ap Jo sadAy Juaiayip aauyL ZH99-0 s13|dno) xsia s13ng utew o) Jadeds [z6]
*0T°T°814 Ul UMOYS SE ||eM ue] J3IN0 3Y3 03 3s0d Ing ‘Ajjeusaiul padauu0d a.e seuudlue adA1-ysig euuajuy adAj-dooq
'SSI9 Ul 0d JO UOI1IIBP JOJ PAsn UIYM JOJe|NSul 3y} Ul pappaquia Ajjensn aJe seuuajue adA1-doo] ZH98-0 euuauy adA1-ys1g - [68]
eUUDIUY 10|S 3pInSanem
‘pasn sadA} euuajue 931y} 3y} JO S}NSAU PAINSEIW 1S3Q BY} PAMOYS BUUIUL eUUIIUY 2IPOLIdd S07
105 apinganem ay) ‘Ajjuanbasuo) uondLlap Jo ANIANISUSS Byl J91IR] Byl ‘BZIS Buudlue BY) Jadie| Byl ZHOZ-0 euUdIUY Ydled - [88]
‘adeys . ojul auejd punois ayy Suiydls Aq pauleiqo aiam SadUBUOS3I BIO|N
*BUUBIUE 3y Jo 98pa ay3 SunInd Aq panaIyde si uoidNpal azIs
*3U0 |edl1aWwWASe ue ojul euuajue euuajuy ajodouo|y
|euonuanuod [eauawwAs ayy Suiylys Aq panosdwi si euusjue pasodosd ay) jo Suiydiew aduepadwi sy ZHOE-0 |eu08e10Q [ea1IBWWASY - [98]
12412 uado Se 3y SI pua Jay10 ay1 pue J03INPU0I L3(|IH [euIdlo
3y1 01 PaIBUU0I Aj3d3JIP S| PUI BUO BJAYM SBAIND UAQ|IH dnIsesed Z Sey euudlue 1dQ|IH PaYIeIS By
‘yipimpueg pue euualuy Uaq|IH
ules ul euUSIUE L3|IH [BUOIIUSAUOD 3Y} YIM patedwod dduewsopad Jouadns Sey euualue W3G|IH paxyIels ZHOT-0 BUURIUY L3q|IH payaeIS - [s8]
“Jedisunod
HaqIIH 3yl yum pasedwiod uondadas saaem J911aq pue ANAIISUSS JaySly sey euuajue [eloel) 3JOOA eUURIUY [e30R14 LB]|IH
“ANIAnoa11p Y31y aAey seuua)ue [e30RL) 3I00\ PUB L3G|IH Y109 ZHOE-0 BUUR)UY [BI0R1] BI0O|A - [8£]
'$3583429p Aduanbalj JUBUOS3L BY] ‘S9SERIIUI JUBISUOD J1IIB[3IP BY) SY
*BUUIIUE BY) JO YIPIMPUE] 3]} 95EJ2UI S10|S 3Y] JO YIPIM 3y Suiseaudu]
‘Aouanbauy dueuosal ayy
Suiseaunul ‘seaudul Os|e S10[S JO JAqUINU BY] ‘S3SEAIIUI SAGNY |9 193UU0I 0} Pasn S3{0q JO Jaquinu 3yl sy ZHOZ'T-0 - sia2eds [9z]
‘(s)euuaiue 10s ay3 Jo Aduanbauy 92ueUOS3I BY) UIRIUOD
Y1ym pueq moleu AjaAiejal e 03 payiwil| s pueq Aduanbalj painsesw ayl ji padnpaJ aq p|nod anss| asIoN BUUBUY JIPOLIa4-307
*190eds 3y} BIA P9123UU0I S3QN) 7 BY) USIMIR] [elualod ay) Sulnseaw euuajuy doo
Apoauip sem Josuas pasodoid 3yl j1eyy 19ej syl 01 paIngune 3q PNl SIyl ‘(euusjue uioy By} ueyy euuajuy ajodiq
Jague| sawiy g) uoidalap adeyjon oy A uas Joadns pamoys euuajue djodip panosdwi pasodoid ay) ZH9E-0 eUUIIUY UIOH si9edg [sz]
*(6 "814 U1 ¥ JOSUBS) Y21IMS 3] 240J3q 352Ul 0] 95RO
yead 3y} Suisnes Jn22o pjnod saAeM |\ Y} U0 suonda|R. 3|dinw ‘uado aJe SaYdNMS 3ullIUUOISIP UBYM ZH98-0 S105U3S JHN adAL-ys1Q 21MS Buidauuoasig [s9]
‘Juiod 1ey) 1e suoida|yad ayy 03 anp ysiy Ajjensn si snipes ay3 3uisealdsp/auisealdul
0} anp adouepadwi Jnsu9leJeyd Ul dZueyd ayl asoyeq ySu senem NI Byl jo Aseus ayl SI0SUS [BUJRIX] snipey ul a8uey)
*((ST) 01 J9)4) paroadxa Se Jejiwis 4am S| aY1 JO Sniped Jauul 3y} Suiseasdap pue Suisealdul Jo 1993 ayL ZHOZ-0 530044 SuISuas [eap| pue youms Suidauu0dsIq [¥9]
“|uey ay1 apisul a4 03 anp |eudis palesauasd pue asiou Usamiaq ysindunsip
0} Auadoud siyy azijan ued auo ‘snyl ‘pansasaud ale |9 ySiesis e IPISul SIPOW dABM J1}BUTeW 04193
‘sadA1 pauonuawaloye z ay3 jo uonisodiadns ayy Aq pauleiqo aq ued pjaly pareSedo.d ayy
40 S211S19IRIRYD BY) ‘(S93.33p 06 40 O UBYL J3Y10 3|Sue ue ‘si Jey)) 3jSue anbijqo ue 1e Juapioul Sem TT3L | - 10SU3S 4HN 24NJONJ1IS-] PUB 3UN1INIIS-1 [09]
*3Wes 3yl aq J0u 1y3iw
S9POW pawiiojsuel) ay) Jo apnjudew ayl Jey) pajou aq pjnoys 3| *$a4njontis-1 Jo eyl 03 JejIwis Sl 34njonis
-1 Jo UnolAeyaq TT3L ‘spueq Aduanbaij Tz3L 3yl mojaq s Aduanbauy Jjo 1nd pasn ay) aiaym ased ay) o4 ZHOS/'0-ZHOSE 0 si0suas adAL-ysIg 2INNIS-L [£8]
SjJeway pueg Aduanbaig paiano) J0SUaS JHN paziin 3dAL ALINNILNODSIQ EREXETEN

(‘'unuod) uonededold aaepp JNH UO S1ed SUNOUUOISI( Jo Joedw] 7'z 9[qeL

34



operation of the GIS [100]. In both steps, the pulse used at the transmitting sensor is chosen such
that the transmission coefficient between the transmitting and receiving sensors is very close to
the actual signal captured by the receiving sensor due to the PD pulse. Figure 2.12 shows how
the CIGRE sensitivity is experimentally set up. In contrast, Figure 2.13 [101] shows a comparison
between the captured signals when an actual pulse is used and the captured signal when a trans-
mitting sensor is used. One can see the considerable similarity between the captured signals for
both cases. This, indeed, is the main reason for choosing such a technique to model PD signals and
avoid dealing with dipoles that do not consider all complexities associated with the actual exact

behavior of the PD pulse.
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Figure 2.12: CIGRE Sensitivity Verification Recommendations Experimental Setup.
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Figure 2.13: Comparison between an actual PD signal and a transmitting signal captured by a
receiving sensor "reprinted from [101]".
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2.3 Conclusion

Gas-insulated switchgear has become essential in power system utilities due to their higher
efficiency, reliability, and smaller size. With the rapid technological growth in power systems,
the need for continuously monitoring such devices has become of great importance. UHF method
for the diagnostic of GIS has become widely used due to the many benefits, including the high
sensitivity and excellent immunity to noise and interferences. Thus, this chapter discusses EM
wave behavior due to PD detected by the UHF techniques in GIS devices. The main concluding

remarks are:

* There are two types of mechanisms that govern the phenomenon of PD, namely Townsend
and Streamer mechanisms. If the void or gap size is small, Townsend mechanism explains
the behavior of PD. Nevertheless, if the gap size gets larger, Streamer mechanism explains

the space charge and formulation of photons.

* Different types of pulse models can be used to represent PD pulses. Such models include

Gaussian pulse, Wanninger pulse, and Double Exponential pulse.

* The Larmor’s formula explains the radiation of the electromagnetic waves during the event

of PD which is caused by the acceleration and deceleration of charged particles.

* EM radiation due to small voids or gaps can be modeled as an electric dipole.

* The angle between the PD source and coupler used to detect EM waves has a large impact

on the intensity of the detected signals.

e L and T structures can cause mode transformation to the signal propagation. Such structures

can also cause large attenuation and multiple reflections to EM waves.

* Disconnecting switches can change the environment of the GIS from coaxial waveguide to

circular waveguide causing attenuation and reflections to the TEM mode components.

» Changing the inner or outer radii of GIS can cause reflections in the EM waves.
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* Spacers do not have a large impact on the attenuation of the EM waves, but they can affect

the time of flight of waves.

* Internally connected sensors have better sensitivity than the external sensors since the later

receive weaker signals and are more prone to noise.
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3. PD SIGNAL PROPAGATION IN GIS: ULTRA-HIGH FREQUENCY
DETECTION-BASED MODELING *

A GIS has become an essential part of electrical power substations due to the associated mer-
its of such a capital asset. Although such resilient devices can rarely suffer from failure, PD is
responsible for around 85% of their recorded collapses. UHF techniques have been widely used
in detecting and localization PD for a long time because of their immunity to noise and high
sensitivity. Understanding electromagnetic (EM) wave behavior in GIS systems is significant for
improving the utilization of UHF sensors in PD detection and for the optimal allocation of UHF an-
tennas inside GIS systems. Thus, this chapter is devoted to building a detailed 3D FE model based
on UHF detection techniques to understand the propagation behavior of EM waves inside GIS. A
disk-type UHF sensor is used for acquiring EM waves inside the GIS. The sensitivity of the sensor
has been obtained using a gigahertz transverse electromagnetic (GTEM) test cell. The proposed
model investigates the impact of multiple disconnecting parts, including L structure, the relative
angle between PD source and sensors, and disconnecting switches on the propagation of electro-
magnetic waves based on step 1 of the CIGRE recommendations. A simple L structured model is
initially built to validate the modeled GIS, and a comparative analysis has been conducted between

the built model and the experimental and analytical results from the literature.
3.1 Model Overview

An L structured GIS model is built using the Multiphysics platform of COMSOL to study the
behavior of EM waves propagating inside the GIS. The inner and outer diameters of the model are
160 mm and 400 mm, respectively. A Gaussian pulse with a peak centered at 1 ns is injected using
the transmitting sensor shown in Figure 3.1, whereas the receiving sensors are used to acquire EM

waves. Sensors 2 and 3 are also rotated by 90 to study the impact of changing the angle between

“Part of this chapter is reprinted with permission from "PD SignalPropagation in GIS: Ultra-High Frequency
Detection-Based Modeling" by A. Darwish, S. S. Refaat, H. Abu-Rub and H. A. Toliyat, 2020. IEEE Sensors Journal,
copyright [2021] by IEEE.
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PD source and receiving sensors on EM wave propagation. Thus, a total of 5 sensors are placed

inside the GIS enclosure. Figure 3.2 shows the 3D schematic of the modeled GIS.

Dielectric Sensor 3
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=

v 1

\\ 580 mm
Steel Steel
Cover @ Cover
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| WA
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/ \ Dielectric
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200 L --1-> Switch
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J Sensor 2
O """"" 1| (Theta = 0)
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/ \ Dielectric
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H Sensor 1
220 mm

1 1
Steel Cover

Figure 3.1: 2-Dimensional view of the proposed GIS model. SFy, Epoxy Resin, and steel covers
are modeled to account for transmission and attenuation of EM waves.
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Disk-type UHF

Figure 3.2: 3D schematic of the modeled GIS structure.

The used pulse is represented by the following equation [96]:

+2

GP(t) = Vy e 32 3.1)

The Fourier representation of this pulse is given by:

GP(w) = Vy o V2 e 057", (3.2)

where 1} is the amplitude of the pulse, and o determines the pulse width. Figure 3.3 shows the

used Gaussian pulse with its frequency representation. The time-shift impact is not shown in the
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Figure 3.3: a) The used Gaussian pulse at the source (transmitting sensor). b) Frequency represen-
tation of the Gaussian pulse. It can be seen that the magnitude of the frequency-domain signal is
very low since the total energy of the pulse is low.

frequency-domain representation since the magnitude of the voltage is shown.

The insulating medium, S Fg, is used to fill the space inside the structure, whereas Epoxy Resin
(e, = 4.8) characterizes the dielectric spacers. The inner and outer conductors are modeled as
perfect electric conductors (PEC) to reduce the computation time. Electromagnetic waves inside

the GIS are obtained by solving the following boundary value problem (BVP) [22, 74]:

1 OA 0’A )
V x (;V X A) + Ho0 0 -+ Lo€o <er—6t2 ) =0,inQCR? (3.3)
1
V x (M—V X A) + JwpgoA — wz,uoeoerA =0,inQCR? (3.4
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n x A = 0 over Jpgc, Q2 C R? (3.5)

1
—nx (—V xA)-— Ho gnx(nxA):
Mo Zport at
9 3.6)
Ho (n x Eg), over Opon 2 C R®
Zport
A=0fort< 0,inQC R? (3.7)

Equations (3.3) and (3.4) are used to solve EM wave propagation in the volume (R?) of the GIS
model. Equation (3.5) shows that no EM waves are propagating after the PEC boundaries (R?), but
rather, they get reflected. Equation (3.6) is used to calculate the intensity of EM waves received by
each port along the boundary (R?). In the above BVP, A represents the magnetic vector potential,
n is a unit vector normal to the surface, Z,. represents the impedance seen at each port, E is
the source electric field (for the sensor used to inject the pulse, or transmitting sensor), and /i, €,
and o represent the electric permeability, permittivity, and conductivity of the different materials,
respectively. Equation (3.3) is used to obtain the time-domain results, whereas (3.4) gives the
frequency-domain results. Equation (3.6) is used to obtain time-domain results. A similar equation

is also used to obtain the frequency-domain results at the port.
3.2 UHF Sensor Modeling

The following section presents the modeling approach of the used disk-type UHF sensor in-
side the GIS [102]. The diameter of the UHF sensor is 150mm, and its height is SOmm. Tufnol
(e, = 3.4) characterizes the sensor’s dielectric material. PEC is used to model all metallic com-
ponents of the sensor. A simplified GTEM cell model has been built to reduce the complexity and

computational time of the FE solver. The simplifications made are [91]:

» Half of the GTEM has been modeled due to the symmetry of the cell.
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Septum

() (b)

Figure 3.4: The modeled GTEM test cell. a) side-view "adapted from [103]", b) 3D modeled
structure.

» Side walls of the GTEM test cell are represented by “Scattering Boundary Conditions” to

absorb any incident signals and obtain a vertically polarized electric field.

* The cell length has been reduced to 2 m instead of using the full 3 m length. This assumption
is made to avoid having very fine mesh size at the input of the test cell. Figure 3.4 shows the

modeled GTEM [103].

A Gaussian pulse with a rise-time of 300ps is used at the input. Then, the sensitivity of the

UHF sensor was obtained by calculating the antenna factor (AF) using [103]:

AF(f) = —7, (3.8)

Sensitivity(f) = %(), (3.9)

where E(f) is the input electric field strength, and U(f) is the detected voltage at the antenna
terminal. Initially, time-domain signals were obtained, and FFT was then used.

Figure 3.5 shows the received voltage and sensitivity of the UHF sensor. It can be seen that
the sensitivity is higher than 6mV/Vm~! over 500MHz to 1500MHz, the minimum sensitivity
placed by a UK technical guidance note [91]. The average sensitivity in Figure 3.5(b) is obtained

over the frequency range set by the UK technical guide. By comparing the obtained frequency
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Figure 3.5: a) Voltage waveform obtained by the UHF sensor due to a Gaussian pulse input signal.
The input has a rise-time of 300ps and an amplitude of 31V/m. b) The frequency response of the
UHF sensor.

response with that in [102], the overall behavior is similar, with slight differences attributed to the

differences in the sensor’s implementation details.
3.3 Simulation Results

In this section, four different cases are modeled and discussed. The first model represents a
simple L structure GIS without any disconnecting parts. The model compares the obtained results
with analytical and experimental data from the literature to validate the obtained results. The
second and third models are used to investigate the impact of disconnecting switch lengths and
the L structure on the EM wave propagation. Finally, the fourth model is used to investigate the

attenuation of EM waves as a function of distance.
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3.3.1 Case I: Closed Switch

Normalized electric field distribution at three different frequencies, namely 10MHz, 400-MHz,
and 1400MHz, is simulated and shown in Figure 3.6. Since the input time-domain signal is a
Gaussian pulse with a very high rise-time, the frequency-domain representation of such a signal
has a very low magnitude since it covers a wide frequency range (refer to Figure 3.3). The input
voltage magnitude is 1.38e-8V at 10MHz, 1.085e-8V at 400MHz, and 7.4e-10V at 1400MHz.
Thus, the electric field distribution is normalized with respect to 1.25e-9Vm~"! at I0MHz, 9.8e-10
Vm~! at 400MHz, and 6.7e-11 Vm~! at 1400MHz to maintain a constant multiple of magnitude for
all cases. Coaxial waveguide structures support TEM mode, which is independent of frequency.
Nonetheless, for TE and TM modes to propagate, the frequency of operation should exceed the

associated cut-off frequencies given by the following equations [64, 96]:

TEml oM
Je - m(a+b) (3.10)
JoMn = % (3.11)

where a and b are the inner and outer radii of the coaxial waveguide, v represents EM waves ve-
locity, and m and n are integers that determine the mode of operation of the TE and TM modes,
respectively. Based on (4.7) and (3.11), the cutoff frequencies are around 340MHz and 1235MHz
for TE;; and TM;; modes, respectively. The subscripts associated with the TE and TM modes
indicate the number of full-wave patterns along the circumference and the diameter of the GIS
model. Moreover, Figure 3.6(a) shows that TEM mode components appear before and after the L
structure and are uniformly distributed along with the GIS. This agrees with the results obtained
in [22, 47, 53]. When the frequency is increased to 400MHz, some resonances are created, as
shown in Figure 3.6(b). For EM waves, GIS devices act as cavity resonators due to the existence of
dielectric spacers and metallic covers [22]. On the other hand, the electric field experienced large

attenuation due to the L structure, which agrees with the experimental data obtained in [47] since
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Figure 3.6: Electric field distribution inside the GIS enclosure at a) 10 MHz, b) 400 MHz, and c)
1400 MHz.
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most of TE;; mode of propagation gets reflected due to L structures. Finally, Figure 3.6(c) shows
the electric field distribution at 1400MHz where TM mode can propagate. Many resonances are
created inside the GIS cavity. This behavior is attributed to the fact that the TM mode of propa-
gation requires higher frequencies to propagate inside a coaxial waveguide. On the contrary, the
electric field intensity after the L structure remained strong as TM mode has longitudinal elec-
tric field components. These components act as sources for EM waves to propagate after the L
structure [22, 48].

Figure 3.7 shows the transmission coefficient, or S-parameters, between sensors 1 and 2. The
figure illustrates multiple dips and peaks created as a function of frequency verified by the exper-
imental work in [22]. Such behavior is attributed to the creation of cavity resonators, as stated
earlier. The power received by sensor 2 when § = 0 and § = 90 are identical at low-frequency.
TEM mode of propagation is independent of the angular position, which justifies such results. On
the other hand, as the frequency approaches 340MHz, the received power by sensor 2 (6 = 0) be-
comes higher than that when (§ = 90). At such frequencies, TE;; mode can propagate inside the
switchgear. TE;; mode is highly dependent on the angular position causing the observed behavior
in the S-parameters. Nonetheless, this behavior is not observed over the whole frequency range
where TE;; mode is dominant. Moreover, when the frequency approaches 700MHz, it becomes
difficult to differentiate which sensor receives more power due to the large number of resonances

created in the GIS. Such results are analytically verified in [41] using the following:

A T jwz
E™_ 20 (72 1) e 3.12
" 47rbln(§)n<?"1> e 12
T’zZ /
EIE”"ZAmn/ MWCOSW@I(W)FT”E"M), (3.13)
T1
T2
EM =B | X, (Upnr”)dr'cos(me) I (w) Fra (w), (3.14)

T1

where 7 is the characteristic impedance of the coaxial waveguide, r; and ry are variables to
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Figure 3.7: Transmission coefficient between sensor 1 to sensor 2 (S21) (Case I).

determine the radial path of PD current, /(w) is the frequency representation of the current pulse,
Ay and B, are constants calculated as in [41], Frg and Fry are complex exponential functions
of w, U, and v,,, are the mode eigenvalues of TE and TM modes, respectively, and Z,, and
X, involve some combinations of Bessel functions. The equations mentioned above verify that
the higher-order modes are dependent on the angular position between PD source and receiving
sensors, whereas TEM mode is not. Equation (3.13) explains the reduction on the received EM
waves by sensor 2 (6 = 90) as compared with (¢ = 0) for TE;; mode frequencies. However, when
the frequency gets higher, new modes are created, and the total received power is the superposition
of these modes.

Figure 3.8, on the other hand, shows the transmission coefficient between sensors 1 and 3. A

large similarity between the received power by sensor 3 when # = 0 and # = 90 can be observed.
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Figure 3.8: Transmission coefficient between sensor 1 to sensor 3 (S31) (Case I).

There is a smaller difference in the received power at TE; frequencies as compared with Figure
3.7. This is attributed to the high reflections of TE;; weakening the signal after the L structure.
At frequencies above 1300MHz, S31 behavior becomes very similar to S21 since TM mode is
propagating.

Figure 3.9 and Figure 3.10 show that the arrival time of EM waves from sensor 1 is around 3.1ns
and 8ns to sensor 2 and sensor 3, respectively. EM waves propagate at velocity of 2.964e8m/s in
SFgs and 1.369e8m/s inside dielectric spacers. Based on time calculations, EM waves arrive at
sensors 2 and 3 at 3.18ns and 8.08ns, considering that waves follow the shortest path between PD
source and sensors. Such results verify that waves travel in all directions away from the source.
This can also be observed from Figure 3.11, showing EM waves propagation in the GIS as a

function of time. When EM waves reach the L structure, they start propagating in all directions
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Figure 3.9: Voltage received by sensor 2 (Case I).

towards the second section of the GIS. In order to accurately calculate the arrival time of waves at
sensor 3, the shortest distance is to be considered. Albeit the inner conductor has an impact on the
arrival time of EM waves at sensor 3, # = 0 for this simulation case, such impact is minimal and
can be ignored [4].

Although the overall behavior between the obtained results and the experimental and analytical
results is similar, the obtained results’ magnitudes can be different. There is no clear relation be-
tween PD magnitude, and the received RF signal intensity via UHF sensors [95]. This justifies the

differences in the intensity of EM waves between the proposed model herein and the experimental

data.
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Figure 3.10: Voltage received by sensor 3 (Case I).

3.3.2 Case II: Open Switch (Length =150mm)

The electric field distribution, at I0MHz and 1400MHz with a 150mm long disconnecting
switch, is shown in Figure 3.12. Based on Figure 3.12(a), TEM mode is mostly attenuated because
of the switch. When a disconnecting switch is open, GIS is no longer regarded by EM waves
as a coaxial waveguide, but rather, it is seen as a circular waveguide that does not support low-
frequency (TEM) modes. This causes a rapid attenuation to TEM waves inside the GIS after the
switch. Figure 3.12(b) shows that higher-order modes can still propagate after the switch since
circular waveguides support the propagation of TE and TM modes.

Figure 3.13 presents the transmission coefficient between sensor 1 and sensor 3 when the dis-
connecting switch is open. S21 is not shown since it is similar to that of case I (Figure 3.7). When

the disconnecting switch is open, a rapid attenuation to TEM mode signals inside the GIS after

51



x10% mm x10% mm
mm mm

M R o — |
0.5 0.5
17 KN A | I

1.6 17 N | — | |

3 3
05 x10* mm 1 05 x10° mm 1

II( 0.6 0.6
¢ 0.4 0.4
- 15 15
z 0.2 z 0.2
L., , L. .
(@) (b)

Vim Vim
x10° mm x10° mm
mm 2 mm 2
0 0 0.5 1 0 0 0.5 1
1.8 - 1.8
M D onw— Y 1 o v 0.5
)7 N | I : 1.6 17 S : 1.6
1.4 1.4
0 0
1.2 1.2
3 3
05 X10°mm 1 05 X10°mm 1
0.8 0.8
1 0.6 1 0.6
0.4 0.4
-1.5 1.5
z 0.2 z 0.2
L y 0 I—‘ y 0

(c) (d)

Figure 3.11: Electric field distribution inside the GIS enclosure at a) 0.5ns, b) 5ns, c¢) 6ns, and d)
10ns. It is clear based on the obtained results at t = 6ns that EM waves propagate in all directions
once the L-structure is reached.

the open switch is observed. The main reason for that is, as explained earlier, the sudden change
of the waveguide structure from coaxial to circular waveguide. This explains the attenuation of
TEM waves in Figure 3.13 as compared with Figure 3.8. Higher-order frequency modes are not
primarily affected since they can propagate in circular waveguides.

Figure 3.14 shows the arrival time of EM signals received by sensor 3 when the switch is open.
Voltage received by sensor 3 is initially lower than the first case, whereas the arrival time of signals
is identical. This shows that open disconnecting switches do not cause a complete attenuation of

the TEM mode of propagation. If TEM mode is completely attenuated, the arrival time would be
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Figure 3.12: Electric field distribution inside the GIS enclosure at a) 10 MHz, b) 1400 MHz.
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Figure 3.13: Transmission coefficient between sensor 1 and sensor 3 (S31) (Case II).

different since higher-order modes are slower than TEM. Equation (3.15) shows the propagation

velocity of TE modes [96]:

2
VE=0-4/1— (%) (3.15)

where v is TEM wave propagation velocity, f. is the cutoff frequency of the different modes, and
f represents the frequency of operation. Based on (3.15), the higher the TE order mode, the slower

the propagation velocity becomes.
3.3.3 Case III: Open Switch (Length =300mm)

The voltage received by sensor 3 is shown in Figure 3.15 when the length of the switch is

increased to 300mm. The received voltage amplitude is initially slightly reduced compared with
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Figure 3.14: Voltage received by sensor 3 (Case II).

Figure 3.10 and Figure 3.14. TEM mode of propagation has undergone more attenuation compared
to Case II. An open switch does not necessarily cause a complete attenuation to the TEM mode
of propagation. Low-frequency waves would experience rapid attenuation due to open switches;
however, if the length of such switches is not sufficiently large, part of TEM frequencies would be

able to reach the coaxial structure and continue propagation.
3.3.4 CaseIV: Sensor 3 as a Transmitting Source

In this section, the disconnecting switch is closed, whereas sensor 3 (# = 90) is used as the
input to inject the pulse. This section is used to investigate the impact of distance between PD
source and sensors on the propagation of EM wave behavior. Figure 3.16 shows the transmission
coefficient from sensor 3 to 1 (S13) and sensor 3 to 2 (S23). The figure illustrates that S23 is

slightly higher than S13 over most of the high-frequency range. However, TEM mode shows that
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Figure 3.15: Voltage received by sensor 3 (Case III).

S13 is either identical to or higher than S23. The reason is that low-frequency components expe-
rience less attenuation as compared with high-frequency. On the other hand, the sudden reduction
in S23 at around 70MHz and 210MHz is attributed to the created resonances since GIS devices
comprise a complex structure for EM waves. Thus, fully understanding the exact behavior of such
propagating waves is complicated. High-frequency components experience higher attenuation,
causing a reduction in S13 compared with S23. This can be observed over frequencies ranging
from 500MHz to 630MHz. Finally, when the frequency is above 630MHz, the large number of

created resonances makes it challenging to distinguish which sensor receives higher energy.
3.4 Conclusion

Time-domain and frequency-domain results of the propagating EM waves inside a GIS were

obtained using a Maxwell finite element solver. The results were compared with experimental data
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Figure 3.16: Transmission coefficients S13 and S23 (Case IV).

from the literature. Step 1 of the CIGRE recommendations were used to analyze EM waves inside
GIS systems due to multiple disconnecting parts. The radiated EM waves were then collected
using the rest of the UHF sensors, and results were used to analyze the propagating EM waves.
The proposed model can be used to understand and analyze EM waves due to PD to better utilize

UHEF sensors inside GIS systems. The following concluding remarks are drawn:

* Finite element analysis can accurately model EM wave behavior inside complex structures

like GIS systems.

* CIGRE recommendations are convenient for analyzing EM wave behavior in GIS, even if
multiple disconnecting parts exist. Although step 1 of the CIGRE recommendations has
been utilized for analyzing EM waves, step 2 can also be used similarly since the UHF

detection ranges from 300MHz to 3GHz. In this frequency range, the interference with the
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different components of the GIS is minimal. Nonetheless, if the low-frequency components
are of interest, step 1 of the CIGRE recommendations is recommended to avoid the possible

interferences that might take place inside GIS enclosures.

PD-based UHF sensors can be modeled and calibrated using FE solvers. The calibration of

sensors involves using a GTEM test cell to obtain the sensitivity of the UHF sensor.

TEM mode propagates even in L structures, but opening a disconnecting switch can cause
significant attenuation to such mode of propagation. However, disconnecting switches do not
necessarily cause a complete attenuation to low-frequency EM waves unless the switches are

sufficiently large.

Opening a disconnecting switch does not have an enormous impact on the propagation of
higher-order modes. This is attributed to the fact that higher-order modes can still be propa-

gating in circular waveguides.

Although TEM mode is independent of the angular position, higher-order modes can be
largely affected. Simply put, the angular position of sensors concerning the source signifi-

cantly impacts the detected waves.

The arrival time of signals can be easily calculated for straight GIS devices. If L structures
exist, direct calculations cannot give accurate results for the arrival time. In this case, the

shortest path between the PD source and the sensor should be considered.

Unlike high-frequency components, low-frequency modes experience low attenuation with

distance.

The higher the frequency of operation, the more the created resonances inside GIS enclo-

sures, the higher the complexity of understanding EM wave behavior.
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4. PD SIGNAL ATTENUATION IN 550 KV GIS: IMPACT OF DIFFERENT BARRIERS ON
THE PROPAGATING ELECTROMAGNETIC WAVES

Accurate modeling of partial discharge within gas-insulated switchgear has become of paramount
significance to improve the utilization of ultra-high frequency sensors within such capital assets.
Providing better insight on how electromagnetic waves propagate within gas-insulated switchgear
(GIS) systems provides valuable information that can be used to determine the optimal allocation
of ultra-high frequency (UHF) sensors. Thus far, most existing models are not considering the full
complexity of the GIS systems due to the many associated challenges and the high computational
demand of such system modeling. In this work, a GIS system is modeled using the Maxwell solver
of COMSOL multi-physics. CIGRE sensitivity verification recommendations are used to inject
UHEF signals using an internal sensor. Then, two external sensors, placed on the outer belt of di-
electric spacers, are used to capture the radiated electromagnetic (EM) waves. The electric field
distribution at selected frequencies is presented and discussed under two operating conditions for
disconnecting switches. The modeled GIS contains many barriers, including two bends, multiple
sudden changes in the outer to inner diameters ratios, six dielectric spacers, and two disconnecting
switches. Time-domain simulation results are also presented to provide an insight into the attenua-
tion properties of EM waves due to the different barriers. Finally, a comparison between simulated
and measured results has been carried out to verify the modeling accuracy. The results show that
GIS systems form complex structures for the electromagnetic waves, and fully understanding the

propagating wave behavior can be tedious.
4.1 CIGRE Sensitivity Verification Recommendations

To bypass the limited information about the correlation between the magnitude of PD discharge
and the intensity of EM waves using UHF detection techniques, CSVR have been adopted since
1999 [101]. CSVR is a two-step procedure: laboratory test (step 1) and on-site test (step 2). In

step 1, a receiving sensor is initially used to capture the power associated with the EM waves due
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to a PD defect placed close to a transmitting sensor while the GIS is off (Step 1 is carried out
in this work) as shown in Figure 2.12. It should be noted that the captured power is frequency-
dependent. Hence, multiple peaks and dips would be seen when such power is received over a
particular frequency sweep.

After obtaining the received power due to the actual PD pulse, the transmitting sensor is used
to inject different artificial pulses. The receiving sensor will be capturing the EM wave intensity
as a function of frequency. Then, the captured power due to each artificial pulse will be compared
with the actual PD pulse response. The chosen artificial pulse would give close magnitude to the
actual PD pulse with a tolerance of 20% [101]. Figure 2.12 summarizes the experimental setup of
step 1 of CSVR. If readers are interested in additional details about the two steps of CSVR, they
are strongly encouraged to refer to [13] since a detailed experimental setup is provided.

CSVR mainly relies on the existence of internally connected sensors/antennas within the GIS.
Nonetheless, this limits the usage of such sensitivity analysis to the relatively new GIS systems
since old devices do not contain internally connected sensors. Thus far, most existing FE-based
GIS models which utilize CSVR to study EM wave behavior within the GIS enclosures rely on in-
ternally connected UHF sensors, or ideal ports of excitation [10]. Integrating internally connected
sensors to old GIS systems is not a feasible solution due to the high complications associated with
opening such metallic encapsulated structures, given that a high pressurized gas (SF6) is contained
within such capital assets. Moreover, GIS devices are extremely robust devices with a lifespan
extending to few decades. Old GIS systems require more monitoring as compared with newly
built systems. Hence, this work proposes applying CSVR using externally connected sensors as
receiving sensors due to a wideband signal. Such analysis can help determine the required distance
between the externally connected sensors to detect and localize PD activities within GIS devices.
This can help optimize the number and location of UHF sensors within old GIS systems. In other
words, applying such sensitivity analysis using externally connected sensors can improve UHF

detection techniques in GIS systems.
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4.2 FE Model Overview

A 550kV GIS model is used in this work to study the EM wave propagation within its enclosure.
Figure 4.1 shows the 7 structure GIS system. Two external sensors are connected at an aperture
made on the metallic belt covering the dielectric spacers, as shown in Figure 4.2. The two sensors
are used to acquire the resultant EM waves due to the injected signal at the transmitting sensor.
Only one external sensor has been used to acquire the propagating EM waves at the two specified
locations at a time. Two disconnecting switches, located between UHF sensor A and UHF sensor
B, are turned ON and OFF, and the results under the different disconnecting switches states are
recorded. This has been conducted to understand the impact of opening and closing disconnecting
switches on the propagating waves within the GIS enclosure.

The two external UHF sensors (UHF A and UHF B) are identical and have similar sensitivity.
The layout and details of the external sensors are given in Figure 4.3. On the other hand, the
dielectric material properties used in the modeling are given in Table 4.1. It should be noted that
all external metallic parts of the UHF sensors (Feed point metallic body and the two external
metallic extensions) were not considered in the model, as depicted from Figure 4.3(a). The coaxial
lumped port used to model the feed point on the model represents the BNC connector that has been
used to capture the EM signal power in the actual experiment.

External UHF sensors in GIS are usually connected over the dielectric spacers connecting the
different GIS tubes. GIS structures are metallic encapsulated structures that do not allow EM
waves to escape the GIS enclosure. Nonetheless, part of the propagating EM waves injected inside
the GIS can escape through the dielectric spacers. Hence, external UHF sensors are usually placed
on top of the dielectric spacers, as shown in Figure 4.2. In this case, the external sensors can detect
part of the EM waves escaping the GIS enclosure. The main reason for placing the external UHF
sensors, as shown in Figure 4.1, is to study the attenuation properties of EM waves due to the
different barriers inside the GIS. This is done by obtaining the received power by each UHF sensor
over frequencies ranging between 250MHz and 2GHz and comparing the obtained results.

The 3D-full Maxwell solver of COMSOL multi-physics has been used to build the GIS shown
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in Figure 4.1, considering the full complexity of the structure. All inner and outer metallic compo-
nents have been modeled as a perfect electric conductor (PEC) to reduce the computational time.

PEC is modeled using [104]:

nxE=0, 4.1

where E represents the electric field intensity and n is a unit vector normal to the PEC boundary
surface.

The time-harmonic electric field is numerically evaluated by solving the following in the do-

- ==- =TT ssmmmmsmmm B (mmmmmmm e e —m e —- A
: 550 kV Test ! ' Externally-Connected Sensors !
| Transformer ! | (UHF A on the right side, and !
R —— i :

..... -'.--.‘

Internally-Connected i
Transmitting Sensor !

Figure 4.1: 550kV 7-structure GIS System. A transmitting sensor, internally connected, is used to
inject the PD-like signals whereas the 2 external sensors are used to capture the EM waves.
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Figure 4.2: Externally connected sensor placement over the dielectric spacers connecting the dif-
ferent GIS tubes.

main R3 [104]:
V x <iV><E)—kO (ET—£>E=0, (4.2)

Hor wep
where kg is the wavenumber in free space, y, is the relative permeability, o is the electrical con-
ductivity, ¢, is the free space permittivity, and ¢, is the relative permittivity of the material. The
electrical properties of the materials utilized in the model are summarized in Table 4.1.
All ports for the transmitting and receiving sensors are modeled using lumped port boundary

condition using [105]:
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Figure 4.3: a) Top view of the external UHF sensor, b) side view of the external UHF sensor, c)
3D model of the utilized external sensor. All metallic parts are modeled using PEC (boundaries
colored in purple), and d) coaxial lumped port used as a feed point (colored in purple). The used
lumped port is equivalent to a BNC connector where both inner and outer conductors are modeled

using PEC.

Viort
Zport = IP_,

port

4.3)

where Z,,,, represents the impedance seen at the port, V), is the voltage measured at the port,
and I, is the current measured at the port. Coaxial port boundary condition has been utilized to
represent the inputs and outputs to the internal and external UHF sensors. This boundary condition
is used to excite or terminate an RF device with a specific impedance (502 in this model).
Finally, the test transformer and its section are not considered to reduce the complexity of the

structure. Second-order scattering boundary condition (SBC) has been used instead to reduce the
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Table 4.1: Used Electrical Material Properties in the Computational Model

Component Conductivity Relative Relative
(S/m) Permittivity Permeability
Insulating Gas 2e-12* 1.00204 1
(SF6)
Dielectric Spacers 0 4.8 1
External UHF 0 2.6 1
Sensors
UHF Sensors 0 2.1 1
Connectors

reflections coming from that side. Such an assumption is valid given that the signal would mostly
be attenuated by the time it reaches the test transformer and gets reflected. The agreement between
measured and simulated results also verify that such an assumption does not significantly alter the

results. SBC in COMSOL is modeled by:

n><(VxE)—jknx(Exn)—QijVx(nn-(VxE)):O, (4.4)
0

where k is the material’s wavenumber.

Figure 4.4 shows a schematic of the modeled GIS section and the placement of the external
sensors (colored in purple in Figure 4.4(b)). A minimum number of five elements per wavelength
(assuming a maximum frequency of 1.5GHz) has been utilized to mesh the GIS model. Conse-
quently, a total number of 1,719,945 domain elements, 221,929 boundary elements, and 25,882
edge elements comprised the total number of elements required to model the GIS. Due to this vast
number of elements, a total number of 8 frequency points has been simulated. The total simula-
tion time is 1 hour, 29 minutes, and 35 seconds using Intel(R), Xeon(R), Gold 6138CPU @ 2GHz
(40CPUs), 192GB RAM.
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Figure 4.4: 3D schematic of the modeled GIS system. a) the full 3D structure, b) the external
sensors placement (highlighted in purple).
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4.3 FE Model Results

This section presents the electric field distribution at different frequencies inside the GIS cham-
ber. Investigating the attenuation behavior at different frequencies helps determine the required
distances between externally connected sensors to ensure that at least two UHF sensors can detect
PD activities inside the GIS enclosure. Detecting PD activities using multiple sensors is signifi-
cant to localize the source of PD defects using time difference of arrival (TDoA) or time of flight
(ToF) localizing techniques. It should be noted that external sensors are usually placed on top of
the dielectric spacers connecting the GIS tubes, limiting the locations at which UHF sensors are
placed. Moreover, the electric field distribution helps show the frequency-dependent electric field
intensity distribution inside the GIS enclosure. Finally, the resonances created within the GIS can

also be visualized.
4.3.1 Closed Disconnecting Switch

In this section, the impact of opening and closing the disconnecting switches on the attenuation
behavior of the EM waves is presented and discussed. Figures 4.5 - 4.8 show the electric field
distribution at four different frequencies, namely 250MHz, 425MHz, 775MHz, and 1475MHz.
The first cutoff frequency (TE11) for the simple tubes, where inner and outer diameters exist
without sudden bends or radii change, is around 290MHz. The cutoff frequencies for the TE
modes can be calculated using [96]:

vm

TEmn1 __
Je o = by (4.5)

where v represents the propagating velocity within the space (close to the speed of light in SF6), a
is the inner radius of the coaxial structure, and b is the outer radius.

Figure 4.5 represents the Transverse Electromagnetic (TEM) mode of the propagating EM
waves. Minimal signal intensity can be observed from this figure as compared with the remaining
plots near the internal (transmitting) sensor. It is seen that the transmitting signal is placed in a tube

having a circular waveguide shape. TEM mode of propagation is not supported in such a waveguide

67



A 4572

I30

20

10

-10

-20
V¥ -142

Figure 4.5: Electric field distribution inside the GIS model (closed disconnecting switch) at
250MHz.

since two electrodes are needed for TEM mode to propagate. Consequently, most of the signals
at 250MHz would be attenuated as shown near the edge of the GIS (to the left of the transmitting
sensor). It can be observed from Figure 4.5 that the intensity of the waves attenuates due to the
bends and the dielectric spacers. This attenuation is also attributed to the many changes in the
outer to inner diameters ratio within the GIS enclosure. All these factors cause multiple reflections
within the GIS enclosure, weakening the signal as it propagates through the GIS. Nonetheless, the
attenuation experienced by EM waves at this frequency due to the bends is not as significant as the
425MHz case where TE11 mode can be excited.

Figure 4.6 shows the electric field distribution at 425MHz. At such a frequency, TE11 mode
can propagate within the GIS cavity. Circular waveguides support such a mode of propagation, and
thus, the intensity of the EM signal is much higher than in the first case (Figure 4.5) near the trans-
mitting sensor. Once EM waves reach the first bend, a considerable attenuation can be observed

due to the significant reduction of the electric field intensity after the bend. TE11 mode is highly
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Figure 4.6: Electric field distribution inside the GIS model (closed disconnecting switch) at
425MHz.

dependent on the angular position between the PD source and sensor. When TE11 mode waves
reach the bend, the inner conductor causes a significant reflection to such a mode of propagation,
reducing its intensity after the bend.

Figure 4.7 shows the electric field distribution at a higher frequency. Many resonances are
created within the GIS. Also, at higher frequencies, it becomes difficult to understand the behavior
of such propagating waves. The two bends significantly impact EM waves at 775MHz, as depicted
in Figure 4.7 (although not as significant as the 425MHz case). The dielectric spacers also affect the
intensity of the waves in this case compared with the lower frequency ranges. The reduction of the
EM waves due to the dielectric spacers is attributed to reducing the wavelength as the frequency
increases. This would cause dielectric spacers to have a larger electrical length than the lower
frequency ranges, trapping EM waves within the dielectric spacer and causing more reflections to
the waves.

When the frequency is increased to 1475MHz, as depicted in Figure 4.8, the impact of the
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Figure 4.7: Electric field distribution inside the GIS model (closed disconnecting switch) at
775MHz.

first bend is vastly reduced. Such behavior is attributed to the propagation of Transverse Magnetic
(TM) mode. In TM mode, longitudinal electric field components will be propagating, which acts
as a source for the EM waves to propagate to the second part of the GIS. The large attenuation seen
by the EM signals is mainly attributed to the dielectric spacers.

On the other hand, the EM wave intensity is largely reduced after the second bend, as can be
perceived by Figure 4.8. This reduction is because most TM waves propagating before the first
bend act as a source for the EM waves in the second section (between first and second bends).
Nonetheless, most of the electric field components propagating in this section have radial electric
field components. Hence, the second bend causes a significant reflection of the propagating waves
before reaching the last section of the GIS (after the second bend).

Finally, it can be seen in Figures 4.5 - 4.8 that multiple changes in the outer to inner diameter
ratios are taking place, especially near the bends and along the disconnecting switches. These

changes contribute to the reflections happening within the GIS model due to the changes in the
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Figure 4.8: Electric field distribution inside the GIS model (closed disconnecting switch) at
1475MHz.

characteristic impedance of the coaxial cable. All these factors and the fact that the GIS is a
metallic encapsulated structure contribute to the multiple resonances created within the GIS. Fully
comprehending the propagation of EM waves within GIS structures can be cumbersome, and con-
sidering GIS systems as simple waveguides cannot provide accurate insight on the UHF wave

analysis.
4.3.2 Open Disconnecting Switch

Figures 4.9 and 4.10 show the electric field distribution within the GIS when the disconnecting
switch is open. The electric field is shown at two frequencies only: 250MHz and 1475MHz. The
reason for not showing 425MHz and 775MHz is attributed to the fact that the EM wave intensity is
low at these two frequencies even when the disconnecting switches are closed. Thus, no additional
information has been added at these two frequencies.

Figure 4.9 shows that the intensity of the electric field at 250MHz. It is seen that a rapid

attenuation to the EM waves has been experienced. When the disconnecting switches are open, the
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Figure 4.9: Electric field distribution inside the GIS model (open disconnecting switch) at
225MHz.

coaxial waveguide structure would be changed to a circular waveguide. TEM mode of propagation
does not support the propagation of such waves. Thus, waves would experience reflections and
attenuation when they reach a disconnecting switch. The electric field distribution before the first
disconnecting switch is similar to that of the first scenario (closed disconnecting switch).

Figure 4.10, on the other hand, presents the electric field distribution at 1475MHz. The elec-
tromagnetic wave intensity is still high even after the disconnecting switch. This is attributed to
the fact that at such a high frequency, higher-order modes will be propagating inside the GIS. Such
modes of propagation can propagate in circular waveguides. Thus, the attenuation and reflections

experienced by the TEM mode alone will not be clear in this case as in the previous case.
4.4 TImpact of Barriers on EM Wave Propagation

To better understand the effect of the barriers mentioned above, their impact on the propagation
of EM waves is discussed in this section. Time-domain simulations have been utilized in this

section. Modulated Gaussian pulses at two different frequencies, namely 250MHz, and 800MHz

72



A 31.4

r
!
!
g

L:_._@_Jl_c Ay, L X .: ) ,- I30

20

10

-10

-20
¥ -65.6

Figure 4.10: Electric field distribution inside the GIS model (open disconnecting switch) at
1475MHz.

are injected into the different GIS sections.

Figure 4.11 shows the modeled GIS sections. Port 1 is used as the input to the modulated
Gaussian pulses, whereas port 2 is matched to the coaxial structure to absorb incoming waves.
Each of the models shown in Figure 4.11 is discussed separately in this section. It should be
noted that the utilized simulation time is 100ns to ensure that most of the signal has either been
fully reflected or transmitted. Nonetheless, Figures 4.12-4.15 are plotted over 60ns to visualize the
results properly. To have better quantitative measure of the obtained results, the cumulative energy

of the reflected and transmitted signals are obtained using:

b
CE = / p(t) dt (4.6)

where a and b are 16ns and 100ns for all scenarios to measure the reflected signal. On the other
hand, a is Ons, and b is 100ns for evaluating the cumulative energy of the transmitted signals. Then,

the reflected and transmitted portions of the different signals are obtained and tabulated in Table
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Figure 4.11: Modeled GIS sections with a) changes in the inner and/or outer diameters, b) open
disconnecting switches, c) dielsctric spacers, and d) L-bend.
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4.4.1 Change of Outer to Inner Diameter Ratios

Figure 4.12(a) and Figure 4.12(b) show the simulated power magnitude sensed at port 1 (upper
plots), whereas Figure 4.12(c) and Figure 4.12(d) show the power magnitude sensed by port 2
(lower plots). It can be seen that reflections are taking place at all selected frequencies. The
reflection is attributed to the change in the characteristic impedance of the coaxial transmission
line, causing reflections to part of the signal. A large portion of the signal is transmitted at 250MHz.
This can be attributed to the large electrical size associated with 250MHz. Hence, the multiple
changes in the outer to inner diameter might not be fully perceived by the EM signal at such
a frequency, and the reflected signal would be equivalent to minor changes in the characteristic
impedance.

On the other hand, multiple reflections due to the changes in the characteristic impedance are
seen when the frequency is increased. Having said that, many more reflections are perceived by
the EM waves. The electrical size gets smaller at higher frequencies, causing more reflections due
to the multiple changes in the characteristic impedance. Table 4.2 shows that the reflected portion

of the signal is higher when the frequency is 800MHz.
4.4.2 Disconnecting Switch

Figure 4.13 shows the power magnitude sensed by the ports when a disconnecting switch ex-
ists (refer to Figure 4.13(b)). It can be seen that high portion of the EM waves are reflected for
250MHz. Moreover, a small portion of the signal will propagate after the switch to reach the sec-
ond port (receiving end). TEM mode of propagation cannot freely propagate when a disconnecting
switch exist since, as previously mentioned, circular waveguides do not support the propagation of
TEM mode.

On the other hand, higher-frequency signals can propagate within the GIS, even if open dis-
connecting switches exist. When such waves hit the disconnecting switch, the reflected portion is
lower than the first case since waves can, in this case, adapt to propagate even in the existence of

circular waveguide structures. The transmitted portion is hence much higher as compared with the
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Figure 4.12: Power magnitude received by port 1 (upper plots) and port 2 (lower plots) at 250MHz,
and 800MHz when a change of outer to inner diameter ratios exists. a) Input and reflected signal

seen by port 1 at 250MHz, b) Input and reflected signal seen by port 1 at 800MHz, c¢) Transmitted
signal seen by port 2 at 250MHz, and d) Transmitted signal seen by port 2 at S00MHz.
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first case (250MHz). Although Figure 4.13 shows that the transmitted portion at 800MHz is low,
this reduction is mainly attributed to the sudden changes in the characteristic impedance (as in the
previous case). Table 4.2 shows the reflected and transmitted cumulative energy portion due to an
open disconnecting switch. By comparing the results with the closed disconnecting switch (previ-
ous case), it can be seen that higher-frequency signals are not largely affected by the disconnecting

switch, whereas the low-frequency EM waves experience significant reflection.
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Figure 4.13: Power magnitude received by port 1 (upper plots) and port 2 (lower plots) at 250MHz,
and 800MHz when a disconnecting switch exists. a) Input and reflected signal seen by port 1 at
250MHz, b) Input and reflected signal seen by port 1 at 800MHz, ¢) Transmitted signal seen by
port 2 at 250MHz, and d) Transmitted signal seen by port 2 at 800MHz.
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4.4.3 Dielectric Spacer

Figure 4.14 shows the impact of dielectric spacers on the reflected and transmitted power mag-
nitude at different modulation frequencies (i.e., 250MHz and 800MHz). The permittivity of the
dielectric spacer is different from SF6. Hence, the characteristic impedance will be different over
the dielectric spacer as compared with the coaxial structure. Figure 4.14 shows that the Gaussian

pulse at 250MHz and 800MHz is transmitted, and a small portion is reflected. The reflected por-
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tion of the signal in both cases is proportional to the reflection coefficient due to the change in the
characteristic impedance.

It should be noted that part of the signal is trapped inside the dielectric spacer causing multiple
peaks to be detected by ports 1 and 2. The trapped portion stays longer inside the dielectric spacer
at higher frequencies. Hence, the maximum sensed power amplitude is lower at higher frequencies,
but the signal attenuates at a slower rate. Hence, high-frequency signals are more susceptible to

dielectric spacers due to the smaller electrical size of waves. Table 4.2 shows that the reflected and
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Figure 4.14: Power magnitude received by port 1 (upper plots) and port 2 (lower plots) at 250MHz,
and 800MHz when a dielectric spacer exists. a) Input and reflected signal seen by port 1 at
250MHz, b) Input and reflected signal seen by port 1 at 800MHz, c) Transmitted signal seen
by port 2 at 250MHz, and d) Transmitted signal seen by port 2 at S00MHz.
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transmitted portions of EM signals are similar at 250MHz and 800MHz.
444 L-Bend

Finally, the impact of the L-Bend on the propagating EM waves is investigated using the mod-
ulated Gaussian pulses at the frequencies mentioned above. It can be seen that an L-bend has a
significant impact on both low and high-frequency EM signals. This is mainly attributed to the
metallic inner and outer conductors facing the propagating EM waves. An L-bend barrier causes
the most significant overall attenuation to the EM waves compared with the barriers mentioned
above (except the open disconnecting switch for TEM mode of propagation). Table 4.2 shows that
the transmitted and reflected portions of the signal are similar for both 250MHz and 800MHz.

It can be observed that the reflected signal attenuation factor is, in general, slower at higher fre-
quencies, as depicted from Figures 4.12-4.15. Such behavior can be attributed to different factors.
Such factors include the electrical size of the EM waves. Smaller electrical size causes EM waves
to detect smaller objects inside the enclosure. Hence, more reflections are perceived at higher fre-
quencies. Another critical factor that causes the slower attenuation of EM waves is the dispersion
effect. Higher-order EM waves can be slower than the TEM mode of propagation. The velocity of

the TE modes is obtained using:

2
UTE = C 1-— (%) (47)

where f. represents the cutoff frequency of a certain TE mode, f is the frequency of operation, and

c is the speed of light.
4.5 Experimental Setup and Results
4.5.1 Experimental Setup

A 0dB wideband (0.250GHz-2GHz) input signal is injected into the internally connected sensor
using a wideband RF signal generator, as shown in Figure 4.16. After injecting the input signals
to the GIS, EM waves start propagating within the GIS enclosure. Then, the externally connected

sensors (refer to Figure 4.2) will be used to detect the EM wave intensity to obtain the power (dBm)
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Figure 4.15: Power magnitude received by port 1 (upper plots) and port 2 (lower plots) at 250MHz,
and 800MHz when an L-bend exists. a) Input and reflected signal seen by port 1 at 250MHz, b)
Input and reflected signal seen by port 1 at 800MHz, c¢) Transmitted signal seen by port 2 at
250MHz, and d) Transmitted signal seen by port 2 at S00MHz.

as s function of frequency.

After injecting the EM waves to the internally connected signals, A network analyzer (Fig-

ure 4.16(a)) was used to display the obtained results. The power received by each sensor over

frequencies ranging between 0.25GHz-2GHz has been obtained.
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Table 4.2: Received EM Wave Intensity, Measured and Simulated Cases, under Different Discon-
necting Switch States

Frequency Power Portion (%)
(MHZ)
Reflected Portion of Signals
Change of Open Dielectric L-Bend
diameter Disconnecting Spacers
ratio Switch
250 21.54% 85.23% 26.03% 75.57%
800 50.69% 46.06% 25.83% 72.56%
Transmitted Portion of Signals
Change of Open Dielectric L-Bend
diameter Disconnecting Spacers
ratio Switch
250 77.24% 14.52% 72.27% 23.15%
800 46.82% 51.97% 72.24% 24.31%

:E]f:

- -
i

(b)

Figure 4.16: Experimental Setup for injecting a OdB input signal to the GIS. a) Wideband signal
generator, and b) location of the internally connected sensor used to allow EM waves to propagate
within the GIS.
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4.5.2 Experimental Results and Discussion

The power received by UHF A and UHF B has been obtained and is presented in Figure 4.17
and Figure 4.18. Table 4.3 shows a comparison between measured and simulated power received
by the two external UHF sensors. By inspecting the results of Table 4.3, a considerable agree-
ment between most measured and simulated results is observed, which verifies the accuracy of
the model. It should be noted based on Figure 4.17 and Figure 4.18 that the noise floor is around
-55dBm. The simulated results showed that some values are lower than the noise floor since noise
is not considered in the FE model. To avoid a large discrepancy in the obtained results, if the
simulated value is less than the noise floor, the value is mentioned as less than -55dBm. On the
other hand, the 600MHz frequency point has a sudden jump, as depicted in Table 4.3 and Figure
4.17. Such a jump results from external sources of interference. Nonetheless, the remaining read-
ings show high agreement, which verifies the accuracy of the model. This also indicates that the
obtained results are reasonably accurate even for the first few points since the external UHF sensor
sensitivity is very low at frequencies below S00MHz. It should be noted that the measured values

of Table 4.3 can be obtained from Figure 4.17 and Figure 4.18.
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Figure 4.17: Captured EM wave intensity (dBm) by UHF A when a) disconnecting switches are
closed, b) disconnecting switches are open.
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Table 4.3: Received EM Wave Intensity, Measured and Simulated Cases, under Different Discon-

necting Switch States

Frequency Acquired Power (dBm)
(MHZ)
Closed Disconnecting Switch
UHF Sensor A UHF Sensor B
Measured Simulated Measured Simulated
250 -55 <-55 -54 <-55
425 -54 <-55 -54 <-55
600 -37 <-55 -54 <-55
775 -55 <-55 -54 <-55
950 -41 -49 -48 <-55
1125 -29 -29 -49 -40
1300 -42 -34 -45 -41
1475 -43 -34 -53 -47
Open Disconnecting Switch
UHF Sensor A UHF Sensor B
Measured Simulated Measured Simulated
250 -54 <-55 -54 <-55
425 -53 <-55 -54 <-55
600 -35 <-55 -45 <-55
775 -50 <-55 -54 <-55
950 -48 -49 -54 <-55
1125 -32 -30 -50 -36
1300 -40 -34 -49 -43
1475 -43 -43 -54 -51

By inspecting the results of Table 4.3, it can be seen that there are slight variations between
the simulated and measured results. Many factors might contribute to such variations in the re-
ported results. First, the electrical parameters reported in Table 4.3 might experience some slight
variations in reality due to the temperature, pressure, or frequency variations (frequency-dependent
electrical parameters are not considered). Such variations can cause slight alteration in attenuation,

reflection, or transmission of the propagating EM waves. Moreover, some details of the external
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and internal sensors were not fully provided (Like exact dimensions and shapes of the sensors,
especially the internal sensor). Hence, some discrepancies in the sensitivity of the sensors exist,
causing some variations in the obtained results. On the other hand, utilizing certain boundary
conditions in the simulation model, which are used to simplify the FE model, is an essential fac-
tor contributing to the slight discrepancy in the obtained results. To exemplify, utilizing the SBC
boundary condition absorbs most incident waves to model an open boundary (EM waves pass with
no or minimal reflections). The actual GIS extends to reach the test transformer, as depicted in
Figure 4.1. Although such parts are far from the PD source (input signal source), some reflections
might exist due to such an extension. Finally, the complicated behavior of the EM waves within
the GIS due to the multiple and sudden variation on the received power at different frequencies can
also contribute to slight variations. In other words, a small change or variation in the frequency of
operation can cause a significant change in the received power.

Figure 4.17 shows the power received by UHF A over frequencies ranging from 250MHz-
2GHz when the disconnecting switches are closed (Figure 4.17(a)) and open (Figure 4.17(b)). The
multiple peaks and dips seen on the received signals are attributed to the fact that a GIS acts as a
cavity resonator since the GIS comprise an encapsulated hollow metallic structure.

As depicted from Figure 4.17, the overall behavior of the obtained results is similar, with
variations in the amplitude depending on the state of the disconnecting switch. To illustrate, in
both scenarios, an overall increase in the power above the noise floor can be seen at frequencies
above 775MHz, reaching the maximum power at about 1125MHz. Then the overall power starts
decreasing beyond 1125MHz. The similar overall behavior can be attributed to the location of
UHF A with respect to the disconnecting switches. The UHF sensor lies before the disconnecting
switches (refer to Figure 4.4). A significant signal attenuation is caused by the disconnecting
switches (especially at lower frequencies). Hence, the power received by the UHF sensor, which
lies before the disconnecting switches, is expected to be varied only due to the reflected portion
of the EM waves. The reflected portion of the EM waves causes the differences in the peaks and

dips amplitude perceived by Figure 4.17. Having said that, no significant change in the received
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Figure 4.18: Captured EM wave intensity (dBm) by UHF B when a) disconnecting switches are
closed, b) disconnecting switches are open.

power’s overall behavior is expected, as seen in Figure 4.17.

It can also be seen that the sensor’s frequency response is centered at around 1125MHz. The
UHF sensor receives its maximum power at its center frequency, and an overall decay of the re-
ceived power if it is more significant than or less than the center frequency. Moreover, a sudden
peak at 600MHz can be seen as well. This peak can be attributed to different sources of external
interference, including land mobile and broadcast applications.

Figure 4.18, on the other side, shows the power received by UHF B when the switches are
closed (Figure 4.18(a)) and open (Figure 4.18(b)). A significant discrepancy in power can be
seen by comparing Figure 4.18(a) and Figure 4.18(b). The main reason for such a difference
is the attenuation experienced by the EM waves when the disconnecting switches are opened.
Figure 4.18(b) shows that EM wave intensity is barely above noise floor over minimal frequency
ranges. Based on these obtained results of Figure 4.17 and Figure 4.18, the impact of opening a
disconnecting switch on the propagating EM waves for a sensor placed before the disconnecting
switch is not as significant as that of a sensor located after the disconnecting switch.

By comparing the results of Figure 4.17 and Figure 4.18, it is seen that the EM wave intensity

has experienced a significant attenuation. Such attenuation is attributed to the different barriers
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seen by the EM waves before reaching UHF B. Such barriers include the two bends, two addi-
tional dielectric spacers, and multiple changes in the characteristic impedance of the GIS due to
the changes in the outer to inner diameters ratios. These three factors have contributed to signal
attenuation and multiple reflections to the propagating EM waves, reducing the signal intensity as

depicted by the power received by the external couplers.
4.6 Conclusion

In this study, the impact of different barriers, including 90° bends, sudden changes in the outer
to inner diameter ratios, dielectric spacers, and disconnecting switches on the attenuation properties
of the EM signals, has been analyzed using a 550kV GIS. Experimental and simulated results have
been presented and discussed to provide better insight into the propagating EM waves and improve
the utilization of UHF sensors in PD detection. This work is the first trial to model a GIS to the full
complexity while utilizing external UHF sensors, to the best of authors’ knowledge. Most existing
FE and FDTD based studies rely on internal detection in modeling. The following concluding

remarks have been drawn based on this work:

External sensors are more susceptible to noise as compared with the internally connected

counterparts.
¢ External UHF sensors can be used in PD detection in both old and new GIS enclosures.

* The propagating waves experience multiple reflections and attenuation as they propagate

within the GIS due to the different barriers within the GIS.

* Low frequencies are less susceptible to dielectric spacers as compared with the higher fre-
quency ranges. This is attributed to the fact that when the frequency increases, the wave-
length decreases and becomes more and more comparable to the size of the dielectric spacer.
Hence, high frequency signals can be trapped within the dielectric spacers, causing more

reflections over time.

* Sudden changes in the outer to inner diameters ratios cause changes in the characteristic
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impedance, and thus, EM waves experience reflections. High-frequency EM waves experi-

ence higher reflection rate due to the electrical size.

Disconnecting switches cause large attenuation to the TEM mode of propagation, and lower
attenuation (or reflections) to the higher-order modes of propagation. When the disconnect-
ing switch is open, the GIS is perceived by the EM waves as a circular waveguide rather than

a coaxial waveguide, which does not support the propagation of TEM mode.

L-bends have a significant impact on the propagating EM waves. Such reflections are usually
high for both low-frequency and high-frequency waves (although it can be higher if TE11

mode is excited).

GIS systems cannot be simply treated as simple coaxial/circular waveguides for UHF de-
tection applications. The different existing barriers within such capital assets cause multiple
reflections and attenuation within the GIS enclosure complicating the propagating EM wave

behavior.

As the frequency of operation increases, more resonances are created within the GIS, as
perceived by the multiple dips and peaks seen in the captured EM waves by the external

sensors and electric field distribution.
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5. A SIZE REDUCTION METHODOLOGY FOR STRUCTURALLY SYMMETRICAL
PD-BASED WIDEBAND UHF ANTENNAS

Testing high voltage (HV) devices using ultra-high frequency (UHF) sensors have been pre-
dominantly employed for decades due to the high sensitivity and immunity to the noise of UHF
techniques in detecting, localizing, and classifying various partial discharge (PD) defects. This
work reports on implementing and testing a coplanar waveguide (CPW)-fed annular monopole
antenna for PD detection. The 3D Maxwell solver of COMSOL multi-physics has optimized the
antenna parameters and improved its performance. The original size of the antenna has been re-
duced by about 47% utilizing structural symmetry and current resonances. The radiation pattern
and the reflection coefficient of the proposed sensor are obtained using an anechoic chamber. The
antenna exhibits a wide bandwidth over frequencies ranging between 0.5-3GHz with three notches
at 0.6GHz, 1.2GHz, and 2.75GHz (based on measurements). The proposed sensor shows an over-
all increase, as a function of frequency, in the gain with a peak value of 6.25dBi at 2.75GHz. The
antenna ability to detect external discharges has been tested against corona discharge, generated
by applying 6-12kV between a sharp conductor and a ground plane. All obtained results show that

the antenna is an effective tool in PD detection.
5.1 General Overview

Different types of UHF-based antennas have been proposed and used for PD detection. Horn
antennas, log-periodic antennas, dipole antennas, and loop antennas comprise some examples of
the most used UHF sensors [75]. On the other hand, the rapid growth of planar antennas as com-
pact, efficient, and low-cost devices has dramatically increased their demand for PD detection.
Nonetheless, patch antennas do not attain a large bandwidth (BW) required for the Ultra-Wide
Band (UWB) applications. Thus, researchers have come up with many different approaches to
increase the BW of such antennas. Spiral, Hilbert, and Moore fractal antennas exhibit wide band-

width and have recently been utilized for PD detection [78, 104, 106]. For internal PD detection in
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GIS and transformers, disk-type antennas are used, and the antenna factor (AF) is usually obtained
to verify that the antenna sensitivity is sufficient to detect PD activities [91]. The AF is usually
obtained using a gigahertz transverse electromagnetic test cell [102].

Unlike the miniaturized antennas utilized in communications, fulfilling the compact yet wide-
band antenna requirements for PD detection is not an easily attainable task. This is attributed to the
low starting frequency at which the antenna should be operating (300MHz to 3GHz). Tremendous
efforts have been made to improve PD UHF antennas bandwidth and ascertain their robust PD
detection performance [85]. Among these, L. Yang et al. proposed that using antenna arrays can
improve the overall gain of antennas [107]. On the other hand, adding tuning nodules to the spiral
antenna has recently shown a significant bandwidth improvement [104].

This chapter presents the development, implementation, and testing of a CPW-fed monopole
antenna, which could be utilized for PD detection. The original antenna structure is taken from
the disk-cone (DISCONE) antenna, known for its broad bandwidth properties [81]. The structural
symmetry of planar antennas can reduce the size by 50% [108]. This technique has been applied
to the proposed sensor. Nonetheless, a considerable degradation of the antenna performance was
observed. Thus, the feedline of the antenna was modified to improve the bandwidth of the antenna.
In fact, by reducing the antenna size, the directivity has been improved, as depicted by the H-
plane radiation pattern. Although CPW-fed annular monopole antennas have been used in wireless
communication applications, they were not utilized in PD applications, to the best of the authors’

knowledge. The novelty of this work can be summarized as follows:

* Optimizing CPW-fed annular monopole antennas to utilize it for PD detection application.

 Utilizing the structural symmetry and improving the feedline width to improve the antenna’s

performance compared with the conventional size reduction.

5.2 Proposed Antenna Overview

The original antenna structure is taken from the DISCONE antenna [81]. The proposed sensor’s

first design was implemented and tested in 2007, exhibiting an ultra-bandwidth with a higher than
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21:1 ratio [109]. In this work, the first step was optimizing the sensor to cover the UHF frequency
range. The optimized antenna exhibits a large bandwidth extending from 0.53GHz exceeding
3GHz. Nonetheless, to ensure that the antenna operates at low frequencies, the optimized antenna
size 1s 245mm x 300mm.

Due to the antenna’s structural symmetry, a size-reduction technique has been utilized to re-
duce its size by 50% [108]. Nonetheless, this size reduction dramatically degrades the antenna’s
performance due to the reduced feed point width, increasing the observed input impedance. Thus,
the new antenna size was slightly increased to ensure that the feed point width is maintained as in
the original design. Figure 5.1 shows the development of the antenna implementation steps.

Although the modified antenna does not exhibit the same bandwidth as the original design, the
radiation pattern has been improved for PD applications since the new design has a maximum gain

in a single direction, whereas the original antenna gain is bi-directional.
5.3 Finite Element Model

3D Maxwell solver of COMSOL Multi-physics is used to implement the antenna designs. The
frequency-domain interface of the RF module has been utilized to test the antenna’s performance.

The following equations are evaluated:

X .
Vx—(VxE)—k()(er—ﬂ)E:O, (5.1)
Hor Wep
Vo
Zport = [P_IT7 (52)
port
nxE=0, (5.3)

where E represents the electric field, ky represents the free space wavenumber, ¢, is the relative
permittivity, € is the free space permittivity, u,. is the relative permeability, and o is the electrical

conductivity. Equation (1) is used to solve for the time-harmonic electric field. On the other hand,
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Figure 5.1: UHF antenna development. The original antenna size is 245mm x 300mm, whereas
the modified size is reduced to 245mm x 160mm.
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(2) is used to obtain the port impedance and the reflection coefficient (S11) (using the electric and
magnetic fields), whereas (3) sets the tangential electric field to zero (i.e., perfect electric conductor
(PEC)). PEC has been used to model all metallic parts in the model. "Uniform lumped port" is used
to represent the port of excitation. The model has been excited with a 50 {2 impedance.

The antenna is built in a Rogers RO4003C substrate, whereas air has been used to model the
surrounding domain. Moreover, a perfectly matched layer (PML) was used at the domain’s outer
surrounding area. Setting the maximum frequency to 3GHz, the wavelength for both air and the
substrate was obtained to assign the mesh. Six elements per wavelength was used to ensure the
accuracy of the obtained results. Table 5.1 summarizes the computational properties for the three
antenna designs. All simulations were performed using Intel(R), Xeon(R), Gold 6138CPU @
2GHz (40CPUs), 192GB RAM workstation. The simulation covers frequencies between 0.3GHz
and 3GHz with a 0.01GHz frequency-step. Hence, a total of 271 points has been utilized for each
simulation scenario. It is perceived by Table 5.1 that the computational time has experienced a
significant improvement as the system’s size is reduced. Figure 5.2 shows the geometry of the
original design and the assigned dimensions. The remaining two designs are not given since they

can be easily built based on the same given parameters.
5.4 Antenna Performance Results
5.4.1 Original Design

The original antenna exhibits the best performance when it comes to bandwidth. Figure 5.3
shows the reflection coefficient of the antenna. As depicted from Figure 5.3, the antenna covers
frequencies between 0.53GHz-3GHz with a less than -10dB reflection coefficient, verifying the
wide bandwidth of such antennas. Such wideband behavior is expected since the antenna’s tapered
ground helps maintain an oscillating input impedance around the 502 impedance over a wide fre-
quency range [35]. Moreover, the antenna’s H-plane radiation pattern at three different frequencies
is shown in Figure 5.4. The antenna radiation pattern is symmetric about the y-axis contributing

to two maxima at every single frequency point due to the antenna’s structural symmetry. This can
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Figure 5.2: Geometry of the UHF sensor. W = 300mm, L = 245mm, a = 257.2mm, b =
64.3mm, H1 = 160.8mm, H2 = 165.8mm, Wg = 6.42mm, Wt = 5.8mm, Wb = 2.15mm,
and G = 19.3mm.

increase the noise captured by the antenna from the environment.
5.4.2 Size-Reduced Antenna

The size of the antenna can be reduced by 50% when structural symmetry is utilized. Such
size reduction does not affect the antenna’s resonance frequencies if chopped along the magnetic
wall axis. Figure 5.5 shows the current distribution before and after applying the size-reduction

technique at 1GHz.
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Table 5.1: Computational properties of the three simulated antennas

Antenna Computational Time Number of Elements
Original 10 Hours, 8 Minutes, 559940 Domain
Antenna and 43 Seconds Elements
53977 Boundary
Elements
2001 Edge Elements
Size-Reduced 4 Hours, 35 Minutes, 298318 Domain
Antenna and 28 Seconds Elements
29856 Boundary
Elements
1373 Edge Elements
Modified 5 Hours, 0 Minutes, 307794 Domain
Feed Point and 51 seconds Elements
Antenna 31065 Boundary
Elements

1441 Edge Elements

Although applying the size-reduction technique on the antenna does not significantly affect the
current distribution, the reflection coefficient experienced a major degradation, as depicted from
Figure 5.6. The antenna, in this case, is operating properly over limited frequency ranges. This is

attributed to the reduction of the feed point width when applying such dimensionality reduction.

Thus, the antenna size has been slightly increased to allow the feed point width to be conserved.

Figure 5.6 shows the modified antenna performance as compared with the size-reduced an-
tenna. A considerable improvement in the reflection coefficient is observed. The bandwidth of the
antenna is still not as wide as that of the original design. Nevertheless, the reflection coefficient
of the sensor is covering most of the UHF frequency range with few notches. In fact, if the -8dB

limit is considered instead of the -10dB, the antenna would have a notch centered at 0.6GHz and it

would cover frequencies below 2.75GHz.
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Figure 5.3: Reflection coefficient of the original antenna design.
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Figure 5.4: H-plane radiation pattern of the original antenna design.

Figure 5.7, on the other hand, shows the H-plane radiation pattern (simulated) of the modified

antenna. It can be seen that the antenna radiation pattern has a maximum in a single direction in

this case. This behavior reduces the captured noise from the environment when utilizing the UHF

sensor in PD applications.
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Figure 5.5: Surface current distribution a) before and b) after applying the size-reduction.
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Figure 5.6: Impact of size reduction on the sensor’s reflection coefficient.
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Figure 5.7: H-plane radiation pattern of the modifed antenna design.

5.4.3 Experimental Validation

Figure 5.8 shows the measured and simulated reflection coefficient of the proposed sensor. The
sensor operates over frequencies ranging between 0.5GHz-3GHz, with notches centered at three

frequencies as shown by the figure (0.6GHz, 1.2GHz, and 2.75GHz), considering the -10dB limit.
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Figure 5.8: Measured and simulated reflection coefficient of the proposed sensor.

The anechoic chamber is used to obtain the proposed sensor’s gain and radiation pattern, as
shown in Figure 5.9. The gain of the antenna is plotted and shown in Figure 5.10. The gain
increases with frequency, reaching a maximum gain of 6.25dBi at 2.75GHz. The antenna exhibits
a relatively high gain as compared with other existing antennas.

On the other hand, Figure 5.11 shows the E-plane and H-plane radiation patterns of the pro-
posed antenna. The E-plane radiation pattern shows that the antenna acts as a dipole antenna at low
frequencies. At higher frequencies, the pattern has significantly deviated from the dipole behavior.
This could be attributed to the impact of the feedline connecting the main radiating structure to the
port of excitation. The wavelength would be large enough that the propagating waves do not see
the feed point at low frequencies. At higher frequencies, the feed point could have an enormous
impact on the propagating EM waves. Hence, a significant deviation from the dipole radiation

pattern could be seen.
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Figure 5.9: Modified UHF sensor setup in anechoic chamber. This setup is used to obtain the
radiation pattern and gain.
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Figure 5.10: Measured gain of the modified UHF sensor.
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Figure 5.11: Measured E-Plane and H-plane radiation pattern of the implemented antenna.

5.5 PD Detection using the Proposed Antenna
5.5.1 PD setup and measurement using the proposed antenna

A PD test setup has been utilized to verify the effectiveness of the proposed sensor in PD
detection. A sharp point to ground arrangement has been used to generate PD as depicted in
Figure 5.12. The antenna has been placed so that the maximum gain direction is set towards the
PD source. After that, a 150kV test transformer has been used to raise the voltage gradually to
generate the PD pulses between the sharp electrode and the grounded electrode. The antenna
is connected to a 2GHz oscilloscope to detect the time-domain radiated PD signals. It is worth

mentioning that only at around 15kV a hissing sound, as an indication of corona, was noticeable
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Figure 5.12: UHF sensor testing setup. Corona discharge is used by applying high potential differ-
ence between a sharp electrode, and a ground.

from the PD source. The antenna exhibits a good sensitivity by capturing PD signals when the
voltage is raised to only 6kV.

Figure 5.13 shows the captured PD signals by the proposed UHF sensor when the applied
voltage is set to 6kV (Figure 5.13(a)) and 15kV (Figure 5.13(b)).

5.5.2 Comparison with Other Existing Antennas

To explore the advantages and limitations of the proposed antenna. A comparative analysis
between the proposed sensor and other commonly used sensors in PD applications is carried out

and presented in Table 5.2 below. Based on the color coding used in this analysis, the proposed
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Figure 5.13: Captured time-domain signals by the UHF sensor due to corona discharge when a
voltage of a) 6kV, b) 15kV is applied.

antenna outperforms most other sensors. The Spiral antenna is the only antenna that can potentially
outperform the proposed UHF sensor (depending on the application).

By inspecting the different performance metrics separately, it can be seen from the obtained
results that the proposed UHF sensor covers most of the UHF frequency range. Log-periodic
and horn antennas have better bandwidth and gain but at the expense of size and cost. Hence,
since the proposed sensor covers most of the UHF frequency and has a relatively moderate gain, it

outperforms the two antennas mentioned above, especially since building such a sensor is cheaper.
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Table 5.2: A Comparison between Different Types of Antennas Used for PD Applications
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On the other hand, dipole, loop, and microstrip antennas are usually limited in bandwidth and
gain. Finally, the spiral antenna has a comparable overall performance to the proposed sensor,
but it is circularly polarized. Thus, if the PD application requires a linearly polarized antenna,

the proposed sensor is a better fit compared with the spiral counterpart. Such applications might

include the external detection of PD in GIS and transformers [40].

5.6 Conclusion

In this work, a CPW-fed annular monopole antenna has been utilized for PD detection. A size

reduction technique that utilizes the structural symmetry of the antenna has been applied. The

following concluding remarks are drawn:

* CPW-Fed annular monopole antennas can be utilized in PD detection, given their large band-

width.
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Planar antenna structural symmetry can reduce the antenna size by about 50

Reducing the antenna size can improve such UHF sensors’ PD detection capabilities (direc-

tivity).

The proposed UHF sensor exhibits high sensitivity in detecting PD activities.

The following specifications are obtained for the antenna:

1. Antenna dimensions are (L X W xH) 245mm x 160mm x 1.524mm.

2. Antenna bandwidth is 0.5GHz-3GHz with notches centered at 0.6GHz, 1.2GHz, and

2.75GHz.

3. The proposed sensor gain reaches its peak value of 6.25dBi at 2.75GHz.

104



6. SUMMARY AND CONCLUSIONS

6.1 Concluding Remarks

This dissertation addresses the development of ultra-high frequency techniques in partial dis-
charge detection, localization, and classification. Finite element analysis has been utilized to imple-
ment different gas-insulated switchgear models using the 3D Maxwell solver of COMSOL Multi-
physics. This work proposes new modeling approaches for GIS systems based on the CIGRE sen-
sitivity verification recommendations to understand the propagation behavior of electromagnetic
waves within such capital assets. Hence, the implemented FE models can improve the utilization of
UHF sensing techniques inside GIS systems. A new class of UHF antennas has also been proposed
to detect PD activities within the insulation material of high voltage apparatuses.

In Chapter II, an extensive literature review on the propagation of electromagnetic waves within
GIS systems has been presented. Different PD modeling approaches have been discussed. The
three-capacitor model and the dipole model comprise the most common modeling approaches.
The three-capacitor model suffers from the lack of geometries that such an approach can represent.
On the other hand, the dipole or induced charge model accurately represents PD for many different
geometries. The dipole model requires complicated field modeling and finding solutions to such
models can be cumbersome.

The impact of different barriers in GIS has also been presented and discussed in Chapter II.
Most existing works consider a single discontinuity within the GIS at a time. Such barriers in-
clude L bends, T bends, dielectric spacers, the relative angle between PD source and sensors, and
disconnecting switches. FDTD has been predominantly used to model simplified GIS systems
and discuss the impact of the barriers mentioned above. The implemented FDTD GIS models
utilized the simplified dipole model to represent PD activities within the GIS. Such PD modeling
does not take into consideration the treeing effect experienced by PD current pulsations. Hence,

a significant discrepancy between measurements and simulations has been perceived. Finally, it
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has also been concluded that the internal sensors used for PD in GIS have better sensitivity and
better immunity against noise than their external counterparts. Nevertheless, reintegrating internal
sensors in old GIS devices can be very costly. Thus, external detection is still used nowadays for
PD monitoring in GIS devices.

Chapter III proposes the first GIS model built using the FEA tool. A 252kV L structure GIS
model has been implemented using COMSOL multi-physics. To overcome the limitations of utiliz-
ing the simplified dipole model, CSVR has been used as the primary modeling approach. Analyt-
ical and experimental results from the literature have been initially utilized to verify the modeling
accuracy. Then, four different simulation scenarios have been simulated. In the first scenario, the
impact of disconnecting switches and L bends is considered. Multiple reflections due to the L
bend are perceived, especially the TE11 mode of propagation. On the other hand, the dielectric
spacers cause reflections to the higher-order mode frequencies. In the second and third simulation
scenarios, the impact of a disconnecting switch is added to the model. Low-frequency (TEM) com-
ponents experienced significant attenuation and reflection due to the switch. On the other hand, a
minute attenuation has been perceived by the higher-order mode components. Finally, the last sim-
ulation scenario studies the impact of distance between PD source and sensors on the attenuation
of EM waves. It has been shown that the TEM mode of propagation experience a small attenuation
as a function of distance, whereas higher-order modes rapidly attenuate with distance.

In chapter IV, an extended-T (7) GIS system has been modeled. The utilized 550kV GIS has
multiple barriers, including sudden changes in inner and outer diameters, disconnecting switches,
bends, and dielectric spacers. In other words, the full complexity of a GIS has been considered in
the model. Experimental results were used to verify the accuracy of the obtained simulated results,
and considerable agreement has been perceived. This work is a first trial to model a GIS to the full
complexity while simultaneously utilizing CSVR and externally connected sensors. The obtained
results show that many resonances are created within the GIS enclosure. It has also been shown
that a significant attenuation to the propagating EM waves is caused by the 7 bend, dielectric

spacers, and disconnecting switches. In addition, time-domain results show that the TEM mode

106



of propagation experiences a significant reflection if disconnecting switches are opened. Higher-
order modes are capable of propagating even in the existence of open disconnecting switches. This
is because TEM mode cannot propagate inside circular waveguides, whereas higher-order modes
can freely propagate.

In chapter V, a new class of UHF antennas to detect PD discharges has been proposed and
tested. A CPW-fed annular monopole antenna has been initially implemented in COMSOL, and
the antenna was optimized to cover the UHF range. The reflection coefficient of the optimized
antenna showed an acceptable performance over frequencies ranging from 0.5GHz to 2.95GHz.
The H-plane radiation pattern of the antenna showed that the antenna has two maxima over the
frequency of operation. The size was reduced to 50% utilizing the structural symmetry of the
antenna since current resonances were not affected. However, due to the reduction of the port of
excitation width, the antenna performance degraded. The size of the antenna was slightly increased
to ensure that the port of excitation width is not affected and reduce the performance degradation.
The proposed sensor has been implemented, and the results show that it covers frequencies ranging
between 0.5GHz and 3GHz with few notches centered at 0.6GHz, 1.2GHz, and 2.8GHz. The H-
plane radiation pattern showed that the antenna has a maximum in a single direction, reducing the
noise captured from the environment. Finally, the measured gain showed that the antenna has a

steady increase in gain (with frequency), reaching a maximum gain of 6.25dBi at 2.75GHz.
6.2 Recommendations for Future Work

In this work, the main focus was on analyzing the propagation of EM waves within GIS sys-
tems. Similar analyses could also be applied in other high voltage devices including transformers,
and electric machines. Transformers comprise a highly complex structure to the EM waves since
a transformer tank is a metallic cage filled with multiple metallic and nonmetallic barriers. A min-
imal effort has been made thus far to analyze the EM waves within transformers, and hence, UHF
detection within such devices is considered a hot topic to be tackled. On the other hand, electric
machines are fully encapsulated devices with small openings at different places. Thus, employing

UHF detection in electric machines can be potentially improved by understanding the propagation
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of EM waves within electric machines.

Proposing new UHF sensors for PD detection is of paramount significance since many differ-
ent antenna classes exist, and a minimal number of antennas are used in PD detection. In this
work, a linearly polarized class of antennas has been proposed. Circularly polarized antennas are
also essential in the internal detection of PD activities with GIS and transformers. Hence, propos-
ing small, cheap, wideband, and easily fabricated class(es) of UHF sensors is very significant to
improve the utilization of UHF sensors in PD detection.

This work focuses on improving the utilization of UHF detection techniques for PD detec-
tion. Although most existing techniques have been mainly investigated and analyzed, combining
multiple techniques can improve PD detection in the different high voltage systems. To illustrate,
Combining UHF and optical detection techniques can improve the detection sensitivity in GIS sys-
tems. Optical detection can detect the photons radiated during the electron attachment regardless
of the current magnitude; hence, low-magnitude discharges can be detected. On the other hand,
Optical detection might not correctly detect PD activities when the applied voltage is very high.
At high applied voltage, the streamer discharge occurs, and UHF detection is very effective under
such conditions. Other combinations might include acoustics with the UHF and acoustics with the
optical detection techniques.

Machine learning has recently been extensively used to classify and localize different classes
of PD defects. Nonetheless, the utilized machine learning algorithms in PD applications are very
limited, even though many machine learning techniques are being proposed daily. Hence, there are
potentially multiple techniques that might outperform most, if not all, utilized techniques for PD

classification.
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APPENDIX A

IMPACT OF DIMENSIONALITY-REDUCTION TECHNIQUES ON THE CLASSIFICATION
ACCURACY OF PD DEFECTS IN DISK-CERAMIC INSULATORS*

UHF-based testing of disc ceramic insulators has been predominantly used to detect and clas-
sify PD defects. The initiated electromagnetic waves due to PD currents can be captured using
UHF antennas. In this chapter, three ceramic insulator defects, namely corona discharge, cracks
on insulator, and voids, are classified using machine learning (ML) techniques. The classification
accuracies are presented with and without the use of two-dimensionality reduction techniques,
i.e., principal component analysis (PCA) and recursive feature elimination (RFE). A total of 322
signals were obtained from laboratory tests using a wideband Horn antenna. Then, wavelet de-
composition was applied to the obtained signals, and some statistical features, which were fed to
the ML algorithms, were obtained at each decomposition level. Four score metrics are used for the
classification, namely accuracy, precision, recall, and f1-score. Recall (sensitivity) and f1-score
are essential metrics when dealing with imbalanced data. It has been shown that although PCA
is very efficient in reducing the number of input features, it reduces the classification score met-
rics. This is attributed to the loss of important information associated with the use of PCA. On the
other hand, RFE does not have a significant impact on the different score metrics. In other words,
the impact of feature selection (RFE) and feature extraction (PCA) on the classification metrics is

discussed and analyzed in this chapter of the thesis.
A.1 General Overview

Generated PD pulses can be classified based on the different sources of defects on the power
apparatuses. Various machine learning (ML) models have been built to localize and classify PD

defects for different medium and high voltage devices. To obtain accurate prediction of PD classes,

*Reprinted with permission from "Impact of Dimensionality Reduction Techniques on the Classification of Ce-
ramic Insulators Defects" by A. Darwish, A. H. El-Hag, S. S. Refaat, H. A. Toliyat and H. Abu-Rub, 2021. Conference
on Electrical Insulation and Dielectric Phenomena (CEIDP), copyright [2021] by IEEE.
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different ML techniques have been proposed in the literature. Such techniques include the inte-
gration of classifiers such as support vector machine (SVM), artificial neural network (ANN), and
random forest, in addition to some deep networks including convolutional neural networks (CNN)
[110, 111].

In this chapter, three different PD types are obtained and used for the classification. Corona
discharge (225 samples), cracks in insulators (85 samples), and voids inside the disc insulators
(12 samples) comprise the utilized dataset. Dealing with imbalanced data requires using the f1-
score metric since it provides an equal balance between precision and recall (sensitivity), which is
considered an important metric when dealing with imbalanced data [112]. Thus, the main contri-

butions of this chapter are:

» Studying the impact of integrating two dimensionality reduction techniques with the ML

algorithms on classification accuracy, precision, recall, and f1-score.

* Examining the performance of four ML techniques namely ANN, SVM, random forest (RF),

and adaptive boosting (AdaBoost) on classifying PD based disc insulators defects.

A.2 Methodology

Figure A.1 shows the flowchart of the proposed PD classification approach, which was initially
performed using the dataset without any dimensionality reduction techniques. After that, RFE
and PCA were used to reduce the input feature dimensions. The four classification metrics were

computed for the different scenarios, and results are represented and discussed in the next section.
A.2.1 Experimental Setup

Three different defective disc insulators comprise the test samples used in the experiment. The
first class is the internal discharge produced by creating a hole through the cap of the ceramic insu-
lator. A cracked disc insulator is used as the 2™ class of defects. Corona discharge, obtained using
sharp points, comprises the 3™ defective class. Such defects arise either during the manufacturing

of the insulators or due to the exposition of high electrical and mechanical stresses when they are
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Figure A.1: Flowchart of the used classification techniques.

in service. The dataset used in this chapter is imbalanced since there exists a large discrepancy
between the obtained number of samples for the corona (225 samples), cracks (85 samples), and
internal discharges (12 samples). In addition, healthy data is not utilized since there are no associ-
ated UHF PD signals. This is because PD signals are generated due to the current pulses associated
with PD activities.

Raw UHF PD signals are captured using a wideband horn antenna. The antenna is connected

to a wideband oscilloscope to acquire the captured UHF signals. To initiate PD defects, samples
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are connected to a 300kV test transformer at the pin (lower part) and grounded at the cap (upper
part). A maximum applied voltage of 13kV,,,s is used to conduct the experiments. Figure A.2

shows the experimental setup used to initiate and acquire the PD signals.
A.2.2 Feature Extraction

After obtaining the UHF signals, discrete wavelet transform (WT) was applied to obtain the
decomposed levels. Each input signal is decomposed to five different levels using the Daubechies
mother wavelet. A comparative study on the correlation between the original signal and the de-
composed outputs was initially performed using Db-2 to Db-6 and revealed that Db-4 achieved
the highest correlation [113]. Then, the decomposed layers were reconstructed using the obtained
wavelet coefficients.

The obtained PD signals were considered in terms of the following features: maximum voltage

amplitude, minimum voltage amplitude, average power, variance, kurtosis, skewness, and cumula-
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Figure A.2: UHF PD signals acquisition setup. The UHF horn antenna is connected to the digital
oscilloscope via a 50¢2 coaxial cable.
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tive energy. The reason for choosing these seven features is related to the significant discrepancies
found on these features between the three defect classes, as shown and discussed in section 6.3.
These features were obtained for the original signals and the approximate (app) and detail recon-
structed signals at each wavelet-decomposed layer. Thus, a total of 77 different features were
initially chosen for the classification.

To study the impact of the dimensionality reduction techniques on the classification, RFE and

PCA were used. The impact of deploying PCA and RFE will be discussed in the next section.
A.2.3 Machine Learning

After the extraction of the input features, four ML algorithms were used to train and test the
data, namely ANN, SVM, random forest, and AdaBoost [114, 115]. The reason for choosing
these ML techniques is that they have been used in PD classification and localization and showed
high levels of effectiveness [116, 117]. 10-fold cross-validation is used to obtain the classification
metrics due to the limited amount of utilized data. This ensures that the obtained classification
metrics are not biased.

To choose the optimal hyperparameters, the “GridSearchCV,” an exhaustive search technique
in Scikit-learn library over specified values of parameters, was used [115]. The features were
initially preprocessed through the random shuffling and scaling of the dataset using features stan-
dardization. The used ANN has an input layer, two hidden layers, and an output layer. The number
of hidden layers was chosen such that deep learning (more than three layers other than the input
later) is avoided since deep learning requires larger data sets. ANN is used due to the simplicity
of implementation and the robust performance exhibited by such ML techniques in classifying PD
defects. The number of layers has been defined based on a predefined search space with the grid
search method. Then, the number of layers was decided by choosing that with the highest ob-
tained accuracy. The classification results are obtained using PYTHON programming language in

a Windows 7 system, Intel (R) Core (TM) i7-7700HQ CPU, and a memory size of 16 GB.
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A.3 Results and Discussion

Figure A.3 shows typical UHF PD signals for the three different defects, i.e., internal void,

cracks on insulator surface, and corona discharge. It can be seen that the internal discharge has
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Figure A.3: Typical UHF PD signals for a) Internal void, b) Cracks on insulator, c) Corona dis-
charge.
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Figure A.4: 3D Visualization of the three PD defects against skewness (x-axis), kurtosis (y-axis),
and variance (z-axis).

higher maximum and minimum voltages as compared with the other two defects. Such a significant
difference in the amplitude also affects the total cumulative energy and the average power received
by the UHF antenna for the different defects. On the other hand, by comparing the cracks on insu-
lator and corona discharges, the former’s attenuation is faster than the latter, causing a significant
discrepancy on the features mentioned above. Figure A.4 shows a visualization of the three defects
against the variance, kurtosis, and skewness. It can also be seen that the three different defects can
be easily classified or clustered into different categories, although some points overlap. Using the
seven features, an accuracy of more than 96% was achieved using both ANN and SVM. Thus, the
number of statistical features used in this study was limited to the discussed features.

Table A.1 shows the obtained accuracy, precision, recall, and f1-score using the four ML al-
gorithms. Results validate that wavelet decomposition along with the statistical parameters is an
effective tool to obtain distinct features. The score metrics were obtained by taking the average of
running each ML algorithm 20 times to ensure that the obtained results are not biased. F1-score is
an important metric when dealing with imbalanced datasets since it combines the significance of
both precision and recall.

On the other hand, the use of RFE did not significantly impact the score metrics in any of the
ML algorithms, as depicted in Table A.1. The use of RFE has reduced the number of features to

69. Table A.2 shows the features that were dropped allaying the use of RFE. Finally, the utilized
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Table A.1: Summary of the ML Results

Without RFE and PCA
ML Technique || Accuracy | Precision | Recall | F-Score
ANN 96.25% 96.62% | 95.34% | 95.54%
SVM 96.56% 93.83% | 94.43% | 93.98%
Random Forest | 93.41% 92.40% | 91.09% | 91.55%
AdaBoost 91.25% 91.59% | 90.04% | 90.34%
RFE
ML Technique || Accuracy | Precision | Recall | F-Score
ANN 97.18% 97.02% | 95.65% | 96.03%
SVM 96.49% 93.38% | 94.32% | 93.74%
Random Forest | 91.98% 91.80% | 91.47% | 91.35%
AdaBoost 94.38% 92.82% | 91.19% | 91.76%
PCA
ML Technique | Accuracy | Precision | Recall | F-Score
ANN 93.44% 92.25% | 89.71% | 90.41%
SVM 95.05% 91.85% | 93.02% | 92.15%
Random Forest | 87.88% 74.99% | 68.90% | 70.55%
AdaBoost 84.69% 83.46% | 77.34% | 78.99%

Table A.2: Dropped RFE Features

Level | Category Feature Level | Category | Feature
1 app kurtosis 4 app energy
2 app Min. Voltage 4 app skewness
2 app skewness 4 detail energy
2 app kurtosis 5 app skewness

PCA retained 95% of the variance and reduced the input features from 77 to 14. Nonetheless, a

reduction in all score metrics can be observed.
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Utilizing RFE did not significantly impact the score metrics since RFE caused a minor vector
feature reduction on the input dataset (77 to 69). It improved the accuracy and f1-score for ANN
and AdaBoost since RFE reduces any potential overfitting in the dataset. On the other hand, PCA
caused a degradation in the accuracy of the different ML algorithms due to the loss of important in-
formation associated with reducing the number of features. This is because PCA might sometimes
drop principal components (PC) that are important for distinguishing the different classes if such
PC contributes to a minimum variance. Also, since the utilized PCA retained 95% of the variance,

a reduction in the precision and recall, and thus, on f1-score can also be perceived.
A.4 Conclusion

In this chapter, the classification of three different defects in ceramic insulators has been carried
out. The classification utilized two dimensionality-reduction techniques: principal component
analysis and recursive feature elimination to investigate their impact on imbalanced datasets. The

following remarks are concluded:

* The use of wavelet decomposition and statistical parameters can provide distinct features to

obtain high classification accuracy.

* Although RFE might not largely reduce the number of input features, utilizing such tech-
nique can improve the classification score metrics since such technique can reduce overfit-

ting.

» PCA degrades the classification score metrics when dealing with imbalanced datasets since

it has a large impact on the precision and recall, and thus, the f1-score.
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