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Abstract

Abstract

Partial discharge (PD) is a pre-breakdown phenomenon that can cause the insulation
deterioration of HV equipment. Thus, detection of PD signals enables us to evaluate the
insulation condition and avoid catastrophic breakdown. This also brings the reliable

operation of the electric power system consisting of the HV equipment.

The UHF method, one of the PD detection methods on the PD-emitted EM wave in
the UHF bands, has been widely used in the electric power system because this method
has many advantages, such as a non-direct connection with the HV circuit, high sensitivity,
quick response and so on. However, the rapid development of ICT and digital
technologies could impact the PD detection by the UHF method in view of the noise
interference by the communication waves, consequently reducing the UHF sensor’s
sensitivity and detection ability. Thus, eliminating the communication noise is strongly
required in parallel with the wideband PD detection in the UHF method. Under this
background, this dissertation dealt with the development of the wideband UHF sensor

with high noise resistance ability for PD detection under noise conditions.

The Multiple Narrow Band (MNB) antenna, a newly proposed and developed
wideband UHF sensor with high noise resistance, was designed and optimized based on
the theoretical and experimental discussion. The MNB antenna satisfies the main
requirements of the UHF sensor and has excellent properties; wideband detection (more
than 1 GHz) and high noise resistance for the communication and ISM bands (S11 > -6
dB). The design rule was summarized as a flowchart to develop the MNB antenna with

different detection and elimination frequencies depending on the purpose (Chapter 3).

The discharge detection property of the MNB antenna was clarified and compared with
the HA based on the PD experiments. As a result, it was proved that the MNB antenna
could detect different PD signals from the different insulations and discharge types, and
the signal intensity, i.e., the peak to peak amplitude of the antenna output, of the MNB
antenna showed a good correlation with that of the HA (Chapter 4).
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Abstract

The noise resistance ability of the MNB antenna was extracted using the PD in SFe
gas under the noise source experiment. The MNB antenna can detect the PD signal under
noise conditions with a higher signal-noise ratio (SNR) than HA under elimination
frequency noises. The PD in SFe gas under drone noise (2.4 GHz, Wi-Fi) experiment was
performed to make practical conditions. The 100 times measurement result showed that
the PD detection rate under drone noise was 1% and 94% for HA and MNB antenna,
respectively. The PD signal and drone noise repetition rates were investigated to
understand the advantage of MNB antenna compared with HA. As a result, it was
observed that the PD signal repetition was much lower than drone noise repetition for HA,
while the drone noise repetition was lower than PD signal repetition for the MNB antenna

because of the noise resistance ability (Chapter 5).

The communication noise elimination ability of the MNB antenna was further
improved by adding the low-pass filtering function without size extension. The Filtered
Multiple Narrow Band (FMNB) antenna was designed with higher noise resistance than
the MNB antenna. This enhancement increased the Wi-Fi noise resistance ability from 15
dBm to more than 30 dBm. Due to this noise reduction, the FMNB antenna detected the
PD signal under drone noise with a noticeable higher SNR than the MNB antenna. In
addition, the microstrip filter can be designed for different frequency bands to resist
certain noises. Moreover, the MNB antenna can be designed for different PD signals, and
different noise condition depends on the purpose by adjusting the detection and
elimination frequencies. It means the MNB antenna can be used in all types of HV
equipment as a UHF sensor. Also, the noise resistance ability makes the MNB antenna is
suitable to cooperate with other ICT and digital technology as a wireless and smart sensor.

(Chapter 6).
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Chapter 1

Introduction

1.1 Introduction

Energy is an essential issue related to the environment and economy as well as social
and industrial activities in modern countries. Due to the spread of the Covid-19 pandemic,
the global energy demand fell down by around 4% in 2020 [1]. However, the world
population grew 1.05% in 2020, and according to the United Nations in the worldwide
population prospect, it is expected to grow up to 8.5 billion in 2030, 9.7 billion in 2050,
and 10.9 billion in 2100 [2]. The global GDP is estimated to be overcome by 6% in 2021
and more than 2% higher than before the pandemic in 2019. The global energy demand
is predicted to increase by 4.6% in 2021, more than dropping in 2020. Thus, the global
energy demand will inevitably increase.

Therefore, the world energy consumption and economy are expected to steadily
increase and grow in parallel with the environmental issue even though an abrupt event
such as COVID-19 that affects everyday life worldwide could happen. The environmental
issue is crucial and has to be resolved without hindering economic growth as well as
social and industrial activities. Consequently, the Energy, Economic, and Environment
(3E) concept is more attractive and studied [3]. The coordinated development of the 3E
system is the main issue to achieve stable and sustainable development of the future
society because energy-economy-environment are mutually influential and mutually
restrictive [4]. Electricity (electric energy) is a key for the solution of the 3E system to be
a high balance because of high efficiency, easy transmission, and clean energy. Therefore,
the electricity demand is expected to increase by 4.5% in 2021, and the electricity’s share
in total energy demand could be above 20%.

In addition, International Communication Technology (ICT) is changing the world;
the major countries have already developed their own strategies as a Digital Twin,
Industrial 4.0, Society 5.0, and IoT. These ICT and digital technology, including Al,
reduce processing time, loss, and cost. However, they strongly require a reliable and
stable electricity supply while the high voltage (HV) equipment forming the electric

power system is aging and increases the failure risk.
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Therefore, it is necessary to develop the infrastructure inspection, diagnosis, and
maintenance technologies for the electric power system. Partial discharge (PD) detection
is a well-known monitoring technique for quality assessment of insulation condition of
HYV equipment because PD is a pre-breakdown phenomenon. If PDs are detected in the
early stage of insulation failure or deterioration of insulation system, it is possible to avoid
leading it to the breakdown and the resultant system collapse.

Therefore, PD detection methods are deeply studied, and the electric method, also
called the conventional method, is commonly used for PD detection in HV equipment.
This method has very high sensitivity and is standardized by (International
Electrotechnical Commission) IEC-60270 and is useful for a factory measurement.
However, it is difficult to on-line and real-time measurements such as the measurement
during the operation of HV equipment in an electric power system because this method
needs a direct electrical connection with the equipment under test and a high capacitance
for filtering.

Among other un-conventional methods, the UHF method is widely used for PD
detection because of high sensitivity, on-line, safety, and non-contact connection with
HV equipment based on electromagnetic (EM) waves emitted from PD activity. Also,
this method will be standardized near future as IEC TS 62478 “High voltage test
techniques — Measurement of partial discharges by electromagnetic and acoustic
methods™ [5]. Fig. 1.1 shows the overview of the impact of PD detection for this electric

and digital society.

Population growth,
Social and Industry activities
- . ‘:
! conom nergy !
v High Energy demand | Y |
v Economy growth : 3E |
v Global warming i i
! i
i Environment ,i

__________________ . ‘ - v Renewable and Green energy
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(efficient & green)

v’ Easy transmission

v' Inspection
v' Data processing ‘
v
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__________________ PD detection | v Avoid from catastrophic failure
(UHF method) v On-line and real-time monitoring

Fig. 1.1. The schematic overview of the PD detection effect
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In the UHF method, the wideband measurement is suitable for PD detection due to
the broadband EM wave emitted from the PD source. However, wideband measurement
is sensitive for not only PD-emitted signal but also noise, whose frequencies are included
in the detectable frequency bands. The ICT and digital technologies are used frequencies
mainly spread in the UHF band such as cell phone and ISM bands, which affect the PD
detection as noise interference. Therefore, a new wideband UHF sensor with high noise
resistance is required to detect the PD signal under the coming frequently wireless
communication age.

This chapter deals with the PD detection methods, especially the UHF method, and
a literary review of the UHF sensor. In addition, the aims, objectives, motivation, novelty,

and outline of this dissertation are also discussed.

1.2 HV equipment failures and insulation diagnosis

1.2.1 HY equipment failures

The main issue of electric power systems is the increasing energy demand in parallel
with aging high voltage (HV) equipment. Therefore, the influence of aged equipment in
electric power systems, especially power transformers and gas-insulated switchgear
(GIS), are studied to avoid breakdown, minimize blackout, reduce cost, and extend the
lifetime equipment and enhance the reliability of power system.

Power transformer: The main factors that affect the life expectancy of transformers
are (i) the initial thermal, electrical, and mechanical properties of insulation materials, (ii)
the stress of thermal, electrical, and mechanical stress (iii) environmental conditions such
as ambient temperature and (iv) permissible degree of deterioration [6]. It means the
transformer insulation system suffers degradation due to thermal, electrical, and
mechanical stress.

M.S.A. Minhas and other researchers [7] carried out the survey on failures in 188
power transformers in the voltage range of 88 kV to 765 kV and power rating from 20 to
800 MWA and reported that 30 % of failures due to aging of insulation, 23 % were tap-
changers, 15% were core problems, 12% were lightning and switching problems, and
others. In the study published by CIGRE [8], about 25 to 30 % of major failures are
associated with a breakdown of insulation being in service over 20-25 years due to
accumulation of moisture and contamination, and degradation. It showed the failure

reason of power transformer involves predominantly insulation problems in service.
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Gas-insulated switchgear (GIS): The GIS reliability survey was carried out based
on the information from utilities about their equipment population of SF¢ circuit breakers
and GIS in which 55 utilities from 24 countries participated [9]. This survey reported that
the major GIS failure modes were the failure to perform the requested operation (63 %),
dielectric breakdown (23%), loss of mechanical integrity (4%), loss of electrical
connections integrity in primary and secondary circuits (1%) and others (9%).

In addition, the dielectric breakdown failure mode tends to increase, and failed
components were changed due to the age of GIS. For example, in the GIS manufactured
before 1993, the circuit breakers and switches (disconnector and earthing) failed in about
90% of the cases; the rest of the failures were caused by the failure of bus bars/bus ducts
and instrument transformers. However, in GIS manufactured in 1994-2005, the
proportion of the components in model failure changed; the failures of bus bars/bus ducts
increased significantly, around 33% of total failures. It means the failure related to the
insulation degradation is more critical than failures caused by operation and mechanical
problems.

Therefore, the insulation diagnostic is an essential tool to prevent malfunctions and
a catastrophic electrical breakdown of HV electric equipment, leading to a huge financial
consequence. Thus, effective, accurate, and real-time insulation diagnosis technologies

are needed to determine the potential insulation failure earlier.

1.2.2 Partial discharge detection for the insulation diagnosis

Insulation diagnostic and condition monitoring systems are required to keep the
normal operation of the electric power system and diminish the probability of HV
equipment failure. The insulation condition monitoring system works based on
measurements such as temperature measurement, oil pressure monitoring, vibration
measurement, and partial discharge (PD) measurement, which is the well-known
insulation diagnostic method.

Partial discharge is an electric discharge that does not completely bridge the
electrodes [10], i.e., a pre-breakdown phenomenon. PD commonly exists in HV
equipment when the insulation system is deteriorating or has an inherent fault condition,
and the electric field exceeds the dielectric strength [11]. PD could be generated by initial
electrons and a high enough electric field to cause ionization [12]. Consequently, PD

development is influenced by space charges like electrons and ions generated by the
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ionization and the attachment as well as discharge channel conductivity [13]. Even if the
amplitude of the PDs is typically small, they cause the development of insulation
deterioration or continuously propagate until the insulation is unable to resist the electrical
stress, and it leads to breakdown failure of HV equipment. So, it is possible to estimate
the insulation condition and avoid a catastrophic failure of the HV equipment as detecting
PD activity. In addition, PD measurement is significant in the manufacturing process of
the HV equipment in view of quality control and assessment.

Fig. 1.2. shows the concept to perform insulation diagnosis of electrical power
apparatus by PD detection [14]. Total understanding is needed to successfully perform
the diagnosis, which has four main parts (i) PD phenomena, (ii) Propagation properties,
(i11) Measurement system and sensor, and (iv) Data acquisition analysis / Judgment and
decision. In addition, it needs to consider the noise environment, which strongly affects
the insulation diagnosis technology. Depending on the signal types, the different
frequencies affect for PD detection process as noise. For example, the communication
and ISM bands work as noise for the UHF method, while the amateur radio and
broadcasting bands represent noises for the acoustic emission method. Especially

nowadays, the digital technology rapidly developed, the noise condition is a big factor for

PD detection.
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Fig. 1.2. Concept to perform insulation diagnosis of electrical power apparatus
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PD phenomena: The discharge phenomenon differs depending on the configuration
of the insulation system, the surrounding environment, the applied voltage, the
electric field distribution, and it is necessary to consider the change with time when
the insulating material is deteriorated or charged. In addition, the PD mechanism is
changed based on the insulation media. For liquid insulation, the free metal particle
and impurity of insulation media can affect the PD development as an internal
discharge [15]. For solid insulation, if impurity or structural defects could cause the
internal PD. For example, the voids in epoxy resin are one of the sources of PD in
solid insulation. Also, the surface discharge can occur in solid insulation when an
electric field stress component is parallel to a dielectric surface. For example, the
discharge can occur at the end of power cables, the overhang of generator winding,
and the metal casing of bushing that contacts the epoxy resin insulator. The corona
discharge occurs at a sharp protrusion or edge of high electric field metallic
conductors in the gas-insulated system. Small sharp particles or dust on the surface,
which acts as contamination in the gas-insulated system, may initiate the discharge.
Then, the electrical discharge will develop at the tip of the particle and cause
insulation failure. This study investigates the PD in SF¢ gas for the main PD source.
PD type in SF¢ gas is typically streamer and leader discharges that differ from the
conductivity of the discharge channel, which results in a difference in the breakdown
risk.

Propagation properties of PD signal: Signals generated by PD include electromagnetic
waves, ultrasonic waves, decomposed gas, and light. Because those signals propagate
through the environment and are acquired by a sensor, it is necessary to understand
the propagation mechanism that depends on the device structure up to the sensor
position. For example, attenuation, reflection, and resonance can change the signal
properties. It is important to clarify the mode characteristics unique to signals and
structures such as TEM, TE, and TM modes when propagating electromagnetic waves
in the HV equipment. For example, the TE mode affects the UHF signal propagation
as a resonant frequency depending on the physical dimension of the GIS tank.
Sensor and measurement system: The sensors are the most important device for the
measurement system and can be designed in many ways based on the purpose. For
example, current transformer, UHF, acoustic emission, and light sensors are used

based on purpose. The sensor installation position affects sensitivity and can be
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roughly divided into the inside and the outside of the equipment. Even if the inside
sensor gives the highest sensing, very few equipments have hand holes for inside
sensor installation. Thus, the outside sensor is required for PD detection. The sensor
can be evaluated by sensitivity, frequency band, time response, radiation pattern,
detection field, etc. In addition, smart sensors are attracted for wireless signal
transmission, single-board computing (SBC), 10T, Al, etc.

e Data acquisition analysis / Judgment and decision: Since insulation diagnosis is
performed based on the acquired signal, it is important to select the data processing
method, timing, and format according to the purpose, such as PD discrimination, PD
location, and so on. In addition, it is necessary to distinguish the PD emitted signal
from unnecessary signals in order to measure PD signal, especially from noise.

Understanding the whole series processes of insulation diagnosis technology as
described above is important in establishing an insulation abnormality diagnosis system.

In this study, the PD measurement system and detection methods are discussed more

detail, especially the UHF method and sensor.

1.2.3 Partial discharge detection methods

PD activity generates related physical phenomena such as PD current, light emission,
acoustic and ultrasonic waves, chemical reaction and byproduct, and electromagnetic
(EM) waves. Accordingly, PD detection and/or measurement are carried out based on
these physical phenomena by considering which phenomenon is suitable to apply in terms
of diagnostic purpose and requirement. Some monitoring methods were developed for
PD detection, such as electrical, acoustic, chemical, optical, and ultra-high frequency
(UHF) methods. Those methods are roughly divided into two parts conventional and
unconventional methods.

Conventional method: Measurement of the apparent charge (Q) of PD is known as
a conventional or electrical PD detection method and standardized by (International
Electrotechnical Commission) IEC 60270 [16]. Fig. 1.3 shows the basic measurement
circuit of the conventional PD measurement, where Z and Ci represent the filter for high-
frequency interference from the power sources, and C: represents a coupling capacitor
and test object; R is the input impedance of the measuring system. The PD charge is
measured when PDs are first observed in the test object at the lowest applied voltage,

called partial discharge inception voltage (PDIV). The apparent charge is the integrated
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current generated by PD activity transmitting through the test circuit and measured by the
measurement device. The charge amount is generally measured by picocoulombs (pC).
The capacitor blocks low frequency and passes high frequency of PD current. The PD
current is discriminated from noise signals using their rise time because PD current
usually generates high rise time. However, the noise from power systems can be detected
by the capacitor. The conventional PD detection method is useful for factory and

laboratory conditions but is not appropriate for on-site, on-line detection of PD.

— 1<

©,

Cy

Measurement
R device

Fig. 1.3. Basic measurement circuit of PD charge

Unconventional PD detection methods: The unconventional PD detection methods
use special sensors to detect physical phenomena caused by PD activity. The sensors are
not electrically connected to the HV circuit, such as chemical, optic, sound, vibration, and
EM wave sensors, as shown in Fig. 1.4. In addition, all methods have advantages and also
disadvantages. In order to fill the disadvantages, combined methods were used for PD

detection, such as the UHF method combined with the optical or acoustic method.
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Fig. 1.4. Unconventional PD detection methods
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Chemical method: The chemical method, called a dissolved gas analysis (DGA), is
based on the volume and content of gas dissolved in insulation. This method is commonly
used for PD detection inside power transformers and GIS as detecting the chemical
decomposition of insulation materials caused by thermal and electrical stress. For power
transformers, the decomposition of paper and oil insulation produces many chemical
compounds, gas and solid such as carbon monoxide (CO), carbon dioxide (COz),
hydrogen (H2), methane (CHa4), acetylene (C2H2), ethylene (C2H4) and ethane (C:2Hs).
There are some standards for DGA methods, ICE 60599 and IEEE Std C57.104TM-2008,
which indicate the level of the chemical compounds for normal operating conditions of power
transformers [17].

Also, the chemical PD detection method is useful for GIS filled with SF¢ gas (Sulfur
hexafluoride). SFe¢ gas is chemically inert and thermally stable for normal temperature
[18], but SFs gas is decomposed into metal fluorides and sulfur fluorides (SF4) due to PD
phenomena. If discharge occurs around aluminum and copper conductor, the SFs gas is
decomposed into SF4 and copper fluoride (CuF2). The DGA method is very effective PD
detection inside of power transformer and GIS, but the measurement result shows the
historical in nature and not descriptive of the instantaneous condition monitoring. It
means the DGA method is not on-line and cannot detect the PD location.

Acoustic Emission (AE) method: AE method using the piezoelectric sensor for
detecting PD is commonly used for power transformers. The electron avalanche of a PD
activity releases energy that causes local heating of the gas or other material and, hence,
causes a rapid local pressure increase. The resulting pressure wave propagates through
the medium at a certain speed as acoustic signals such as 343 m/s in the air, 133 m/s in
the SFe¢ gas, and 1380 m/s in the transformer oil [20-21]. Due to the propagation
characteristics of the insulation medium and apparatus structure, ultrasonic AE is
measured in the 20 kHz to 500 kHz frequency range [21]. The AE method is on-line and
enables to determine PD location as three-dimensional. However, the drawback of this
method is sensitivity for noisy environments, outside corona discharges, high attenuation,
and structure-borne interference depending on the path between the sensor and PD source
[22].

Optical method: The optical method detects the light emission of PD activity. The
spectrum and intensity of the optical signal depend on the insulation medium (insulation

type) and the intensity of PD activity. The optical spectrum extends from ultraviolet over
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the visible range into the infrared. The corona discharge emits the optical signal with the
wavelength from 280 nm to 400 nm, while discharge in oil insulation emits the signal
from 400 nm to 700 nm [23]. The optical method is highly immune against
electromagnetic noise and is a safety method because the entire measurement system is
isolated. However, it needs eye contact with the PD phenomena for detection, and the
detection area is limited [24].

Ultra-high frequency method: The UHF method was first introduced by B. F.
Hampton in 1987 for PD detection in GIS based on the electromagnetic wave emitted
caused by rapidly increasing PD current pulse [25]. Then, a multiple-year research effort
has been developed the UHF method to monitor insulation condition, and application of
the UHF method widened for other HV equipment such as power transformer, cable, and
so on. Among other unconventional methods, the UHF method is mostly used because of
high sensitivity for PD detection, an immunity for low-frequency noise, on-line and real-
time monitoring, non-direct connection with HV circuit, compact and low-cost structure.
In addition, the UHF method is suitable to cooperate with other methods such as optical
sensors [27] and standardized by IEC TS 62478 “High voltage test techniques —
Measurement of partial discharges by electromagnetic and acoustic methods” standard.

The electromagnetic (EM) waves emitted from PD activity have very high frequency
(VHF; 30 ~ 300 MHz) and ultra-high frequency (UHF; 300 MHz ~ 3 GHz) components
and are propagated from the PD source in all directions. It is possible to evaluate and
estimate the PD activity by catching these EM waves. In order to evaluate PD activity by
the UHF method, at least three stages of information are needed; (i) PD detection, (ii)
classification, and (iii) location. For the detection stage, the UHF sensor can detect the
PD signal existence and amplitude in the time domain. Based on the measured EM wave
shape and frequency component, it is possible to discriminate the PD type and
classification. Then, PD location can be calculated as a time difference between the

signal’s arrival time at multiple sensors located at different locations.
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1.3 UHF sensor types and comparison

The UHF sensor is an essential part of the UHF method to receive the EM wave.
Therefore, many researchers pay attention to designing different UHF sensors depending
on the purpose. This section discusses the literature review based on the IEEExplore
database. The “partial discharge, UHF method, and antenna or sensor” were used as
keywords; as a result, 72 journal papers introducing the UHF sensor were found from
IEEExplore. Fig. 1.5 shows a relation between published year and published numbers of
papers. It seems that the research interest related to the UHF method and sensor is

increasing with each passing year.
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Fig. 1.5. Relation between number of published papers and published year

Table 1.1 shows the sensor types used for the UHF method; the UHF antennas are
used as UHF sensors. Depending on the detection frequency band, the sensors could be
classified into narrow and wideband sensors. Fig.1.6 shows the proportion of narrow and
wideband sensors using founded journal papers. The wideband sensor is commonly used
for the UHF method because the PD emitted signal has a broadband characteristic.
Consequently, the advantage and disadvantages of the above types of sensors are

discussed.

Narrowband

Fig. 1.6. The ratio of wide and narrowband antennas usage for UHF method
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Table 1.1 UHF sensors used for PD detection

# Type Number
1 Disc antenna 16
2 Archimedean spiral, two arm spiral antenna 9
3 Conical antenna 8
4 Monopole antenna (narrowband) 7
5 Hilbert, Hilbert fractal, Moor fractal Antenna 7
6 Dipole antenna 5
7 Patch antenna (narrowband) 4
8 Printed circular, ellipse monopole antenna (wideband) 4
9 Horn antenna 3
10 | Biconical antenna, Bowtie antenna, Elliptical dipole antenna 4
11 Discone antenna 2
12 Log-periodic antenna 2
13 Loop antenna (narrowband) 2
14 Slot antenna 2

1.3.1 UHF sensor types

Horn sensor: The Horn antenna (HA) is one of the highest sensitive and plate

response antennas, which consists of a horn and waveguide section that reduces the

reflection of open-end aperture. However, their large dimension is difficult to install in

the HV equipment and would change the electric field distribution and reduce the distance

between the HV conductor and equipment body, leading to the breakdown. Therefore,

HA is generally used for laboratory conditions as an external reference sensor [27].

if ¥
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i

Fig. 1.7. Horn antenna (BBHA9120A; 0.8~5.2 GHz)

Disc sensor: The disc sensor represented as disc antenna and disc coupler is one of

the most used sensors for the UHF method because a flat shape made it is simply installed

GIS and transformer as an external and internal sensor. The disc antenna is the wideband
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antenna and covers the PD emission frequency band [28]. However, it can be interference

by communication and radio frequency noises.

Mounting plate - Sensor

Aluminum disc

Nylon insulation

Signal aperture

Fig. 1.8. Disc antenna (0.5~1.5 GHz) [28]

Spiral sensor: The printed spiral, Archimedean spiral, and two arm spiral antennas
represent the spiral sensor. The advantages of the spiral antenna are broadband detection
and compact printed structure [29]. However, theoretical calculations have shown that
the input impedance spiral antennas are approximately 188 Q [30]. Thus, the spiral
antennas need the impedance matching part to achieve impedance consistency from the
transmission line to the antenna. On many occasions, to achieve impedance matching a
coaxial Balun, a printed microstrip transmission line or a coplanar waveguide is used to

feed the spiral antenna from the middle point. This feed structure would increase the

thickness of the spiral antenna, which is a disadvantage for the UHF sensor.

200 mm

wuw 007

(a) The planar equiangular spiral antenna (b) The printed spiral with tuning
with microstrip feed modules

Fig. 1.9. Printed spiral antennas [29, 30]

Dipole antenna: The standard dipole antenna is generally a narrow band antenna.
Thus, the detection sensitivity is low compared with a wideband antenna. To increase the
detection bandwidth of the dipole antenna, the pole shape should be changed or adding

some stubs. For example, an elliptical dipole sensor is used for PD detection in [31], and
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K. Khotimah developed a T-shaped dipole antenna [32]. Even if the changing shape

increases the frequency bandwidth, it also increases the antenna size.

60mm

(a) T-shaped dipole antenna (b) Ellipse dipole antenna

Fig. 1.10. Printed dipole antennas [31, 32]

Loop antenna: The typical loop antenna is narrowband and is commonly installed
in the support insulator of GIS because this type of antenna is sensitive to magnetic fields.
The loop types antennas are more sensitive to TM waves propagating in GIS than
antennas, which are sensitive to an electric field, but less sensitive to TEM and TE mode
[33, 34]. Therefore, the detection performance of loop antenna is related to the PD type
and signal propagation in GIS. In addition, the magnetic field detection characteristic is
a cause of difficult installation for the inside of GIS, which reduces the distance between

the conductor and grounded flange.

ring electrodes (metal)

Dielectric
substrate

A
inner conductor

epoxy resin

N type connector

grounding shell

(a) Printed meandering loop antenna (b) The wire loop antenna embedded in
the barrier insulator

Fig. 1.11. Printed and wire loop antennas [33, 34]

Conical antenna: The conical antenna is an excellent wideband antenna for PD
detection in transformers using an oil drain valve [35], but its detection frequency is
related to the size. Since the antenna size for PD detection has limitations, the wideband
conical antenna is difficult to use in the GIS tank. Also, the low-frequency band detection

is not suitable for the UHF method due to low sensitivity and high noise interference.
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flange_’ n T l ‘ l m

dielectric
/
supporting metal cone
N type connector
(a) Conical antenna (b) Installation of the conical antenna

Fig. 1.12. Conical antenna [35]

Patch antenna: Patch antenna is one of the compact flat-type antenna, generally
narrowband characteristic [36]. Even if the patch antenna is compact and easily installed
for high voltage equipment, the detection sensitivity is lower than wideband antennas

because of the antenna bandwidth. In addition, it is difficult to discriminate the PD types.

Ground Plane

Fig. 1.13. Patch antenna with microstrip feed [36]

Monopole antenna: The typical monopole antenna is generally narrowband, but
changing the shape of the pole adjusts the bandwidth of the monopole antenna like a
dipole antenna [37, 38]. In addition, due to electric field detection, compact and adjustable
structure, printed monopole antennas are widely used for PD detection, such as circular,

ellipse, octagonal, and strip monopole antennas.

(a) Octagonal shaped (c¢) Bio-inspired shaped
Fig. 1.14. Wideband monopole antenna [37, 38]
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1.3.2 Comparison of UHF sensors

Based on the literature review of the UHF sensor, it can be concluded that the UHF
antennas are used as a UHF sensor, and wideband antennas are suitable for PD detection
more than narrowband antennas because of high sensitivity.

The UHF sensors used for PD detection are shown in Table 1.2 with some main
parameters.

e The detection bandwidth is an important parameter for UHF sensors to define the
detection sensitivity; thus, the wideband sensor is appropriate for the UHF method.

e The sensor size is a considerable parameter because of installation issues in HV
equipment. So, flat and compact-sized sensors have advantages for preventing the
effect of the insulation distance of HV equipment such as patch, printed monopole,
and dipole antennas.

e The determining PD location is one of the superiorities of the UHF method. Using the
UHF sensor can detect the wide-angle or omnidirectional, it is possible to detect the
PD signal location using a few sensors.

e In addition, electric antennas are used wider than magnetic antennas because of the
difficulty of installation in HV equipment.

Table 1.2. Comparison of UHF sensors

4 Antenna Frequency | Bandwidth Size (mm) Radiation Field
band (GHz) (GHz) pattern detection
Horn antenna 245x220x142
1 .8~3. 2.2 Directivit Electri
(BBHA9120A) 0.8~3.0 WxLxT irectivity ectric
Disc antenna 0.55~1.0;
2 1.1~1.4; 0.85 r=60, T=16 Directivity Electric
[28]
1.5~1.6
Spiral antenna r=109, . . .
3~3. 2. D El
3 [29] 0.3~3.0 7 T=211.5 irectivity ectric
ical
4 Conica 0.1~1.0 0.9 r =855, T=54 Directivity Electric
antenna [39]
5| Dwp 01[6321]“6““2‘ 1.1~2.0 0.9 1&]0;‘6{) ’;O'T3 Omnidirectional |  Electric
Loop antenna 0.48~0.52;
P 0.8~0.85; 1.0 r=54, T=1.6 | Omnidirectional | Magnetic
[33]
1.1~1.2
Patch ant 174x174x1.5 .. .
ate [ ;2] enna 0.485~0.515 0.03 W); L :((T Directivity Electric
M 1 124x77x1.6 . .
mgﬁg;; 0.575~3.0 2.425 WiLiT Omnidirectional Electric
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1.4 Research motivation and objective

The wideband sensor is more suitable for the PD detect field than the narrowband
sensor because the PD-emitted EM wave has broadband characteristics. However, in view
of the situation spreading the digital and communication technologies into the many
fields, including the high voltage field, the wideband sensor is in a disadvantageous
selection for PD detection under the very frequently communication environment, e.g., a
digital substation or an IoT world. In the UHF band related to the UHF method, many
frequencies have been ordinarily used for communication and broadcasting, e.g.,
cellphone for 700, 800, 900MHz and 1.5, 1.7, 2.1, and 2.5 GHz bands, ham radio for
430MHz and 1.2 and 2.4 GHz bands, Wi-Fi connection for 2.4 and 5 GHz bands, and
some of the industry, science and medical (ISM) bands are also included in the UHF band
as the center frequencies of 433.92 and 915MHz and 2.45 GHz. It means these utilized
frequencies work as noise against the UHF method. Fortunately, the communication and
ISM frequencies are limited in very narrow frequency bands. Thus, if the wideband sensor
realized only eliminating these communication frequencies in the detectable bandwidth,
this sensor could have high sensitivity for PD detection without noise interference. This
idea motivates the development of the novel wideband UHF sensor with noise resistance.

Using the wideband antenna with cascaded lumped filter, it is possible to detect the
PD signal without noise interference, as shown in Fig. 1.15 [40]. However, this method
has many disadvantages, such as the large size of a measurement system, a vulnerable
connection, an interference of cascaded structure, and difficulty of installation in HV
equipment. From this point of view, a new Multiple Narrow Band (MNB) antenna has
been developed as a UHF sensor [41]. Fig. 1.16 shows the schematic diagram of the

MNB antenna concept. The antenna designing process is discussed in detail in Chapter 3.

________________________________

HH 1

1stfilter 2" filter 3 filter Nt filter

Intensity

123 N Diagnostic
/'\ ﬂ l‘\ ! \ ! \ system

Frequency

Fig. 1.15. Wideband antenna with cascaded filter for multi-resonant frequency [40]
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Fig. 1.17 shows the ideal comparison of UHF sensors as the time and frequency
domain for PD detection. The wideband antenna can detect the PD signal, but it can be
masked by noise because the noise intensity and repetition rate are higher than the PD
signal at the communication and ISM frequency band. Using the narrowband antenna
makes it possible to avoid noise interference, but the acquired intensity of the PD signal
is reduced drastically. The multiple-band detection increases the detection frequency
bandwidth of the MNB antenna to be the same as a wideband antenna and eliminates
some selective noise frequencies as noise resistance. Therefore, multiple-resonant
frequency antennas can detect the PD signal with high sensitivity, same as the wideband
antenna, and avoid communication noises as a narrow band antenna.

There are few UHF sensors with multi-resonance introduced for the PD detection
field. For example, the quarter-wavelength monopole and loop sensors receive the target
frequency band and high-order oscillations [33], even narrowband antennas.
Unfortunately, those high-order oscillations frequencies could not be adjusted
independently. Therefore, the objective of this study is to develop the new MNB antenna
for PD detection as a wideband UHF sensor with noise reduction ability, and the detection
and elimination frequencies of the MNB antenna should be simply adjusted
independently of each other [42] for different types PD detection and different frequency
noises. The noise elimination ability increases the PD detection ability of the MNB
antenna under the communication and ISM band. In addition, it gives a chance to

cooperate with the drone and other electronic devices as a smart sensor based on the IoT,
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Al, and digital technologies without the inference of communication and ISM frequency
band [43].

Amp
“ HWT Diagnostic system

Frequency UHF (Time domain) (Frequency domain)
Wideband

Intensity

sensors
PDin HV ™\ PD emitted EMW
equipment (300 MHz - 3 GHz) :: x W
)) Disc /////////
antenna Noise detected Frequency

) ))) Patch Narrowband
@antenna Intensity )
\\ — 0 I n Q |
ISM, WiFi\ ) @— |. t
ow sensitivity Fi
phone.... Multiple-narrow fequency

Amp Noise band antenna
(Line spectrum)

Frequency

Digital technology

Wideband detection + Noise resistance
Fig. 1.17. The comparison of UHF sensors as a time and frequency domain response

for PD detection under noise conditions

1.5 Dissertation Outline

This dissertation presents the novel wideband UHF sensor realized by the multiple
narrowband antenna with the communication noise resistance ability for insulation
diagnosis of HV apparatus. The multiple narrowband means that the sensor is able to
detect PD signal with wideband by selectively choosing the frequency component
eliminating the communication frequencies working as noise. This dissertation consists
of seven chapters, and the outline of each chapter is as follows:

Chapter 1 introduces the background and objectives of this dissertation, which deals
with the UHF sensor for the insulation diagnosis, i.e., the UHF method, to detect PD
signals in the HV electric power system. There are researches on the UHF sensors and
noise elimination technologies, but the combined sensor has never been developed so far.
The author firstly proposed the wideband UHF sensor with high noise resistance ability
for the insulation diagnosis. Also, the literature review of UHF sensors and dissertation

outline are promoted.
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Chapter 2 describes the experimental setup, including the wideband UHF sensor the
author designed and developed and the experimental procedure. As a discharge signal,
not only breakdown and partial discharges in the air but also PDs in SFe gas or electric
tree in XLPE sample were prepared. As a communication noise, artificial noise emitted
from SG and HA or an actual Wi-Fi communication signal emitted from a commercial
drone was applied. Breakdown, partial discharge, artificial and Wi-Fi noise used in this
study are explained based on the experiment condition, apparatus, and setup.

Chapter 3 deals with how to design and fabricate the novel wideband UHF sensor
that is realized by the MNB antenna with a single surface PCB and an SMA connector.
Also, the parameter optimization of the antenna is shown based on experimental results
together with theoretical performance obtained by the COMSOL simulation.

Chapter 4 indicates the experimental result on fundamental properties of the
developed wideband UHF sensor on the discharge signal detection with different
discharge sources. The (i) PD detection ability and (ii) discrimination ability of MNB
antenna for PDs in different insulation based on the breakdown and partial discharge
experiments results. The frequency components of the PD emitted signal are changed
based on the insulation materials and PD types. The MNB antenna can be designed to
detect PD in different insulations by adjusting resonant frequencies of the MNB antenna
as changing the length of strips.

Chapter 5 also indicates the experimental result of the developed wideband UHF
sensor on the elimination properties with two different types of noise. The MNB antenna
was applied to measure the PD in SF¢ gas under the following two noises: (i) Artificial
noises — emitted by a signal generator through HA (elimination frequencies of MNB
antenna) and (ii) Real Wi-Fi communication noise emitted from a commercial drone —
2.4 GHz.

Chapter 6 shows the improvement of the noise elimination ability by introducing the
low-pass filtering function into the sensor by which the capacitance and the resistance
were formed by making the micro-strip patterns on the PCB. This sensor added the
filtering function was called the enhanced filtered multiple narrowband (FMNB) sensor.
The FMNB antenna was applied to measure the PD in SF¢ gas under Wi-Fi noise emitted
from the commercial drone and compared with the MNB antenna and standard HA.

Chapter 7 summarizes all the contents discussed in this dissertation and

recommendations for future work.
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Chapter 2

Experimental Setup and Procedure

2.1 Introduction

As described in Chapter 1, the aim of this study is to design, develop, and evaluate
the novel wideband UHF sensor, which has a high sensitivity for partial discharge (PD)
detection and noise resistance ability for communication and ISM frequency bands. This
chapter explains the following topics in detail: (i) a simulation and a test setup for UHF
sensor design, (i) PD experimental setup to assess PD detection ability of UHF sensor
(i11) noise emission sources to evaluate noise resistance ability of UHF sensor and (iv) the

environment condition and devices used in this research.

2.2  Antenna simulation and test setup

2.2.1 Antenna simulation setup

The proposed UHF sensor is simulated by COMSOL Multiphysics software [1], RF
module, releasing on the finite element method, specifically the frequency domain form
of Maxwell’s equations, to evaluate the initial and boundary conditions. In this research,
the Electromagnetic Waves, Frequency Domain interface was used to solve the time-
harmonic wave equation for the electric field:

VX (urlVXE)— kie,E=0 (2.1)

where E is the electric field, ¢, is the relative permittivity, €, is the permittivity of a
vacuum, K, is the relative permeability, o is the electrical conductivity and k, is the
wavenumbers of free space. The equation solves the electric field, E, at the operating
frequency. Other inputs are the material properties and can be fitted for simulation
conditions. This study used the FR-4, glass-reinforced epoxy laminate material as a
substrate. Table 2.1 presents the material properties used for the simulation.

Table 2.1. Material properties used for sensor simulation

Relati Relati
Component Material | Conductivity (S/m) © 'a 1,V? o “,/e,
permittivity permeability
PCB substrate FR-4 0.004 4.5 1.0
Enclosing domain Air 0 1.0 1.0
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The Perfect Electric Conductor (PEC) boundary condition is used to design the
metallic radiation and ground parts, including the microstrip feeding transmission lines
[2]. This boundary condition sets the tangential component of the electric field to zero, as
shown in Equation 2.2. It is used to model a lossless metallic surface (for example, a
ground part) or a symmetry-type boundary condition. It imposes symmetry for magnetic
fields and “magnetic currents” and antisymmetric for electric fields and electric currents.
It supports induced electric surface currents, and thus any prescribed or induced electric
currents (volume, surface, or edge currents) flowing into aperfect electric
conductor boundary is automatically balanced by induced surface currents.

nxE=0 (2.2)

The sensor’s simulation needs the non-reflection boundaries far away from the
source. However, it is impossible to make a large infinity model. RF module suggests two
methods to make a non-reflection simulation area; Perfect Matching Layers (PML) and
Scattering Boundary Condition (SBC) [3]. The PML is a high-quality approach for
radiation absorbing, but the PML uses more memory than the SBC. In this study, to
decrease the calculation size and reduce the simulation time, the SBC was used to model
a small region around the sensor without reflection, as shown in Fig. 2.1. According to
Equation 2.3, it is non-reflection if incident radiation is exactly normally incident to the
boundary. In another case, an incident upon the SBC at a non-normal incidence is slightly
reflected. This study used a spherical-shaped SBC domain with a 250 mm radius.

n X (VE) +ikoE =0 (2.3)

Scattering boundary
condition
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Fig. 2.1. Simulation design for UHF sensor
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The Lumped port (Coaxial and uniform type) function was used for feeding. This
function sets the coaxial feed cable to operate in the Transverse Electro-Magnetic (TEM)
mode. The characteristic impedance of the port was set to 50 €, which matches that of
the SubMiniature version A (SMA) type connector. The mesh discretization was
performed automatically by COMSOL using the physics-controlled mesh option. This
option optimizes the mesh size based on frequency, i.e., the size and elements number of
mesh is adjusted automatically when the frequency changes. As a result, the memory
requirements and the computation time for the simulation are minimized since the optimal
size of elements is selected for each frequency step. Table 2.2 shows the mesh parameters
used in this study.

Table 2.2. Mesh parameters used for antenna simulation

Parameters Minimum element size | Average element size
Number of elements
Antennas (mm) (mm)
Single strip antenna 228,471 0.1924 0.6517
MNB antenna 169,388 0.1828 0.6484
FMNB antenna 211,681 0.1546 0.6544

The simulation performed in the range 0.1~3.0 GHz in 10 MHz steps for the UHF
method and estimates the main parameters for UHF sensor performance, such as
reflection loss, radiation pattern, input impedance, electric field distribution, and so on.
The environment temperature and pressure were fixed as 20°C and 1 MPa in simulation.
The initial optimization process achieved a reflection loss (S11 parameter) lower and
higher than -6 dB at detection frequency and elimination frequency, respectively. The
reflection loss of -6 dB (around 25% of power reflected) was considered a reasonable
reference level to noise elimination ability. The simulation was repeated with a different
value for one parameter when other parameters were fixed as an iterative approach to
investigate the effect of physical dimensions on antenna performance.

In addition, there are some research works for developing UHF sensors for PD
detection using COMSOL software [4-5].

2.2.2 Antenna test setup

After receiving an acceptable simulation result, the MNB antenna was fabricated by
CNC 3018 mini PCB engraving machine, whose programable resolution is 0.06 mm. The
fabricated MNB antenna was calibrated based on the following measurements:

e Reflection loss measurement (S11)

e Transfer function measurement (S21)
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e Antenna factor measurement (AF)
e Radiation pattern measurement (RP)

Table 2.3 shows the list of equipment which used for the antenna test. The standard
wideband antennas (HA, BBHA9120A, and BiConiLog, Model 3142E) were used for
comparison purposes. The standard Horn Antenna (HA) is used to reference antenna for
antenna test measurement because of flat and wideband detection characteristics, and Fig.
2.2 shows the reflection loss of HA. The network analyzer (TTR506 A) was used to
measure the antenna’s reflection loss, transfer function, and antenna factor. The
oscilloscope (RTO1044, 10 GS/s) is used for radiation pattern measurement.

Table 2.3. Measurement devices used for antenna calibration

# Device name Type Frequency range Used for

1 Horn antenna BBHA 9120 A 0.8 GHz ~ 10 GHz S11,S21

2 BiConiLog antenna Model 3142E 30 MHz ~ 6 GHz S11, S21

3 Network analyzer TTR506 A 100 kHz ~ 6 GHz S11,S21, AF
4 Oscilloscope RTO1044, 10 GS/s Upto 4 GHz RP

0

10

20

30

Reflection loss, S11 (dB)

gl e
0.5 1.0 1.5 2.0 2.5

Frequency, f (GHz)

Fig. 2.2. Reflection loss of standard Horn Antenna

The experiment setup used to measure the reflection loss and the transfer function is
shown in Fig. 2.3. The distance (d) between antennas was selected as 1m to satisfy the
far-field regions of detection frequency of both antennas used in the experiment. The
antennas’ directions exactly matched the front side of the antennas. Table 2.4 shows the
Network Analyzer (NA) setup, calibrated before every measurement using OSLT 3.5mm
BN533828 calibration kit.

Table 2.4. Setup of the network analyzer for antenna calibration

# Device name Type

1 Frequency range 100 kHz ~ 3 GHz
2 Measurement points 1500

3 Power level 10 dBm
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MNB antenna HA
.....4=t0m
Port1 Network Port2
analyzer

Fig. 2.3. The antenna test setup for reflection loss and transfer function measurements

The antenna factor (AF) is one of the important parameters for receiver antennas to
calculate a received electric field strength from received power. There are two acceptable
methods to measure the AF; the reference antenna method and three antennas (or standard
site) methods [6-7]. The three-antenna method was used in this study because of not need
the reference antenna. In the three-antenna method, three measurement results are
collected using transmit/receive (Tx/Rx) pairs of three antennas with identical setups.
Then, three unknown AFs are calculated from system equations of three measurement
results.

In this study, first, three identical HA were calibrated, and measurement results were
compared with the factory datasheets value [8] of antennas to validate the AF calibration
setup. Fig. 2.4 shows the AF measurement setup, and the calculated AFs of three identical
HA are shown in Fig. 2.5 compared with the datasheet’s value. The difference between
measurement and datasheet values was around 1.5 dB/m and almost constant. The
identical HA’s measurement results agreed well with each other and have a similar trend
with datasheet value, which means this method can be used to evaluate the AF
measurement. Therefore, the same measurement setup is used for antenna factor
measurement of proposed MNB antennas. The radiation pattern measurement is

discussed next section because it was performed based on breakdown discharge detection.

Antenna-A :II {:AIEEZ':B

Port 1 Port 2

NA

Fig. 2.4. Arrangement of AF measurement
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Fig. 2.5. AF measurement results compared with reference value when identical three
HA were used.

2.3 Discharge Detection Setup

The proposed MNB antenna was applied to discharge measurement to investigate the
discharge detection ability, and the measurement result was compared with standard HA.
All experiments were performed in the noise reduction anechoic room, as shown in Fig.
2.6. The background noise condition is shown in Fig. 2.7. The background noise
amplitude and intensity were under 5 mV and -75 dBm, respectively. The environmental
condition was relatively constant during the measurement because of the anechoic room.

Table 2.5 shows the environmental condition measured during each discharge

measurements.
Table 2.5. Environment condition of partial discharge measurement
# Parameter PD in air PD in SFs PD in XLPE
1 Temperature (°C) 239 25.5 26
2 Humidity (%) 61.4 38.8 39.5

Fig. 2.6. The anechoic room used for the experiment
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Fig. 2.7. Background noise measurement

The needle-plate electrode system was used as a discharge source in this study. The
following discharge sources were used to evaluate the discharge detection characteristic:
1. Breakdown discharge in air
2. Partial discharge in SF¢
3. Partial discharge in dry air
4. Partial discharge in XLPE insulation
Table 2.6 shows the devices list used in the discharge measurement setup. The pre-
amplifier is used to increase the amplitude of partial discharge, while the attenuator is
used to measure PD current to protect the measurement device.

Table 2.6. Measurement devices used for discharge measurement

# Device name Type Main parameter Used for

1 HV-source Special design +4.1 kV, DC BD source
2 HV-amplifier Trek, Model 20/20C 20 kV peak AC PD source
3 Limiting resistor - 50 kQ PD source
4 | Function generator Tektronix, AFG3102 10 Vpp, 100 MHz PD source
5 Oscilloscope LeCroy, 104Xi-A 1GHz, 10 GS/s PD source
6 Horn antenna Schwarzbeck, BBHA 0.8 GHz ~ 10 GHz | Measurement

9120A

7 Preamplifier R&K, AA220 25 dB Measurement
8 Attenuator Anritsu, 41KC-20 20 dB Measurement
9 Oscilloscope Tektronix, DPO7254C 2.5 GHz, 40 GS/s Measurement
10 Oscilloscope R&S, RTO1044 4 GHz, 40 GS/s Measurement

2.3.1 Breakdown discharge measurement setup

First, the proposed MNB antennas were applied to breakdown discharge (BD)
measurement because the BD phenomena have high amplitude and are more easily
detected than PD phenomena. The measurement result was compared with
simultaneously measured HA’s result and experiment setup as shown in Fig 2.8 [9]. The

HA was used to define the original characteristic of the discharge emitted signal except
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for the reference antenna’s role. The BD signal was emitted from the HV source and

needle-plate electrodes with a 0.5 mm gap, as shown in Fig. 2.9.

Tektronix DPO7254C
(2.5 GHz, 40 GS/s)

[ Bischarge source ! HA 0SC
! l ,’}——‘
1 X T
| oourcs I d
oo L ! Y |
/' MNB

antenna

Fig. 2.8. BD measurement experiment setup

Breakd‘owm

Fig. 2.9. Needle-plate electrode representing BD source

In addition, the BD measurement was used to evaluate the radiation pattern of the
proposed MNB antenna. The MNB antenna was applied to detect BD signal with six
different positions, as shown in Fig. 2.10 when the BD source position was fixed. Then,

measured results compared each other and the result of HA as a reference value.

] D
Front Back Right Left Top Bottom
side side side side side side

Fig. 2.10. The position of MNB antenna for radiation pattern measurement
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2.3.2 Partial discharge in a gas insulation measurement setup

The many types of gas insulation materials are used for HV equipment. The dry air
and SFe gas were used as a dielectric gas medium for the PD source in this study [9-10].
The atmospheric air is a natural dielectric material, while the SF¢ gas is commonly used
in high voltage equipment as a gas insulation medium because of its high dielectric
strength.

Before the PD measurement, the BD inception voltage for each insulation for safety
purposes. Then, applied high voltage was selected as 20 kV peak and 12 kV peak for SFe
gas and dry air, respectively. Fig. 2.11 shows the PD in the gas insulation measurement
setup. PD source was represented a needle-plate electrode system in the acrylic chamber
filled by gas insulation at 0.1 MPa. The needle electrode used for the PD experiment are
shown in Fig. 2.12, and Table 2.7 shows the needle size.

Table 2.7. Measurement condition and needle size

# Parameters Dry air SFe
1 Radius of curvature (um) 50.6 77.3
2 Gap length, g (mm) 15 13

Limiting resistor

50 KQ
HV Power Source

(AC voltage)

Tektronix DPO7254C
(2.5 GHz, 40 GSig)

0sC

R&K AA220.0S
(25 dB, 0.5~3.0 GHz)
1

B

antenna

Coaxial cable
I Attenuator

Anritsu 41KC-20
(20 dB, 40 GHz)

Fig. 2.11.PD in the gas insulation measurement setup

PD in SF, gas
PD in air

Fig. 2.12. Needle electrode used PD source

Kyushu Institute of Technology, Graduate School of Electrical Engineering
-33-



Chapter 2: Experiment Setup and Procedure

The PD emitted EM waves are simultaneously acquired by HA and MNB antennas,
which were identically connected to the digital oscilloscope through 50 Q coaxial cable
and 25 dB pre-amplifier to increase the amplitude of the PD signal. The frequency range
of the pre-amplifier was 0.5 GHz ~ 3.0 GHz, crossing to the frequency band of the UHF
method. Also, the PD current was measured through the needle electrode, coaxial cable,

and 20 dB attenuate by the oscilloscope for comparison purposes.

2.3.3 PD in XLPE insulation measurement setup

Fig. 2.13 shows the experiment setup of PD in XLPE insulation. PD source was
represented as metal protrusion mounted in the XLPE insulation as shown in Fig. 2.14.
This practical defect sample was made by Sumitomo electrical industries in Japan. The
XLPE insulation material and making way are high identity with real XLPE insulated

power cable.

Limiting resistor

50 KQ
HV Power Source
(AC voltage) Tektronix DPO7254C
(2.5 GHz, 40 GS/s)
L
- 0sC
HA
e 4
ol — J
- XLPE If MNB
insulator antenna

Fig. 2.13.PD in XLPE insulation measurement setup

PD of electrical“‘“ .
tree in XLPE

Fig. 2.14. Practical defect sample made with a metal protrusion in XLPE

The PD current and pre-amplifier were not used in this experiment to prevent the
breakdown, which grows the electric tree of the defect sample. The applied high voltage

was 7 kV, satisfying the non-growing electric tree in XLPE insulation. UHF sensors were
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located 1 meter from the PD source and simultaneously measured the PD-emitted EM

wave.

2.4 Noise source and measurement setup
The main advantage of the MNB antenna is its noise elimination ability. The MNB

antenna was applied to measure the noise to evaluate noise reduction. This study used

two different noise sources: artificial and real Wi-Fi noises.

2.4.1 Artificial noise source and experiment setup

Fig. 2.15 shows the PD in SFs gas under the artificial noise experiment setup. The
PD source and measurement system were similar to previous sections 2.3.2. The artificial
noise was emitted from the signal generator (SG, Rohde&Schwarz, SMA100A) through
standard HA (Schwarzbeck, BBHA 9120A), the same as the receiver antenna. The noise

transmitted antenna was located 1 and 2 meters from PD source and receiver antennas,

respectively [12].
Limiting resistor
50 KQ
D HV Power Source
(AC voltage) Tektronix DPOT254C
1 (2.5 GHz, 40 GS/s)
SF; gas 0sC
Artificial noise 69 HA
-
d I e I R&K AA220.05
B é o (25 dB, 0.5~3.0 GHz)
K Amp
Signal generator = U MnB =
(0.3 V; 0.1~3.0 GHz) antenna
Coaxial cable

Anritsu 41KC-20
(20 dB, 40 GHz)

Fig. 2.15.PD in SFes gas measurement setup under artificial noise
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Fig. 2.16. Measured Vrp compared with reflection loss of receiver HA.
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The artificial noise frequency was selected based on the operation frequency of the
proposed MNB antenna as four elimination and four detection frequencies. The amplitude
of SG was fixed as 300 mV. Fig. 2.16 shows the measured Vpp of receiver HA and
compared with reflection loss of it. The received Vpp is directly related to the receiver

antenna’s reflection loss.

2.4.2 Actual Wi-Fi noise source and experiment setup

Fig. 2.17 shows the PD in SF¢ gas under the Wi-Fi noise experiment setup. The Wi-
Finoise is emitted from an unmanned aerial vehicle (Phantom-4, commercial drone). The
drone was located in 3.5 and 4.5 meters from PD source and receiver antennas [13].
Phantom-4 drone operates at a 2.4 GHz frequency band, and the operating channel is
automatically changed based on the environmental condition. Fig. 2.18 shows the
measured EM waveform and frequency spectrum of receiver HA. The average Vpp was

815 mV, and the intensity was around -17.7 dBm at 2.45 GHz.

Limiting resistor

50 KQ
HV Power Source
(AC voltage) Tektronix DPO7254C
1 (2.5 GHz, 40 GS/s)
_Dr_one_ A 0sC
Wi-Fi noise
. -
- - L e T
" a1 R R&K AA220-05
+ 9 € d (25 dB, 0.5~3.0 GHz)
- 'Amp'
= IFmng =
antenna
Coaxial cable
Anritsu 41KC-20
(20 dB, 40 GHz)
Fig. 2.17.PD in SFe gas measurement setup under Wi-Fi noise
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Fig. 2.18. Wi-Fi noise emitted from the commercial drone (Phantom-4)
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Chapter 3
Design of a Novel UHF Sensor for PD Detection

3.1 Introduction

As described in Chapter 1, the main part of the ultra-high frequency (UHF) method
is sensors which are installed on the high voltage (HV) equipment without direct
connection to the HV circuit and are able to detect the EM wave emitted from partial
discharge (PD) activity in safety and on-line operation mode. The UHF antennas are
commonly used as UHF sensors in the PD detection and monitoring field. Due to rapidly
developed communication and digital technology, multiple-band antennas are required to
detect PD signals with high sensitivity and without communication noise interference.

There are very few attempts to develop the multiple-band antenna for the PD
detection field. In [1], the meandering printed loop antenna is introduced as a multiple-
band antenna for PD detection in transformer oil. The loop, dipole, and monopole types
antennas have a high-order resonant characteristic, which gives an ability to detect
multiple resonant frequencies. However, these multi resonance bands are just high-order
oscillations of the first resonant frequency of the antenna, and it is impossible to adjust
the resonant frequencies independently from each other.

In addition, the wideband antenna with a number of cascaded resonators for
signifying the identification data of PD emitted signal was suggested in [2]. The cascaded
resonators operate as bandstop filters and attenuate certain frequencies, and this method
is useful for detecting multiple band signals. However, adding the passive resonators
increases the sensor’s size, connection loss, and the vulnerability of the diagnostic system.

This chapter describes the requirements of a UHF sensor and how to design and
fabricate the novel multiple narrow bands (MNB) antenna for PD detection under high
communication noise conditions as a wideband UHF sensor with high noise resistance.
In addition, the MNB antenna’s physical parameters are optimized. The important
antenna parameters are shown based on experimental results compared with theoretical

performance obtained by the COMSOL simulation software.

Kyushu Institute of Technology, Graduate School of Electrical Engineering
-39-



Chapter 3: Design of a Novel UHF sensor for PD Detection

3.2 Requirements and Development Method

3.2.1 Requirements of UHF PD sensor

The UHF sensor is actively studied for PD detection in all types of HV equipment
since the UHF method was proposed for diagnostic measurements in gas-insulated
substations (GIS) by B. F. Hampton [3]. The UHF sensor for insulation diagnosis should
satisfy the following requirements.

e A highly sensitivity: The operation frequency band of the UHF sensor is required to
match the entire emission frequency band of the PD signal and the wider bandwidth
as possible to increase the sensitivity of PD detection. According to the IEC TS 62478
standard [4], the measurable spectrum in the UHF band should be high or comparable
to the spectrum of a moving particle with a discharge level of 5 pC.

¢ Noise elimination: Due to rapidly developed wireless communication, the PD signal
could be masked by UHF environment noise. Therefore, UHF sensors need noise
resistance ability [5].

e The flat and compact size for simple installation: The UHF sensor should not affect
the insulation distance between high voltage conductors and grounded flange when
installed in high voltage equipment. Also, the electric field detection is more
comfortable than the magnetic field sensor due to installation difficulties.

e Low cost: A complex monitoring system can be performed using multiple UHF
sensors. Therefore, UHF sensors are highly required to reduce the production and
mounting cost depending on the practical application.

e Wide area detection: In order to investigate the PD signal coming from an unknown
location, omnidirectional radiation property is needed to catch the signal from all
sides of the sensor [6]. The receiving time and amplitude difference between multi-

sensor allow an investigation of PD location and on-line monitoring.

The above requirements clearly show that the multiple-narrow band, a flat printed
and omnidirectional antenna is suitable for UHF sensor because it can be a solution to
satisfy the high sensitivity of the PD detection in parallel with noise resistance.

In addition, the EM wave emitted from PD activity is changed depending on PD type
and signal propagation. Therefore, a simple adjustable structure is good for UHF sensors

for different PD detection and noise environments. Also, the cooperation with digital and
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ICT technology gives a big advantage for UHF sensors such as [oT and Al technology to
develop complex diagnostic systems.

From the above summary, it seems that the PD detection field needs a UHF sensor
with (i) multiple-narrow band resonant frequencies, (ii) high noise resistance, (iii)
omnidirectional radiation characteristics, (iv) printed flat structure and (v) electric field

detection ability.

3.2.2 Approaches to achieving MNB antenna
The multiple-band antennas are widely used in the communication field to transfer

EM signals, such as double band and triple-band antennas. However, a typical multi-band

antenna, a composite structure of narrowband resonant components, has great design

difficulties because of the sophisticated structure and extremely sensitive impedance
bandwidth [7]. Two methods can be used to develop multiple-band antennas.

e Notching method: Wang-Sang Lee and others introduced a multiple band-notched
antenna system developed by adding the narrow frequency notch band in the printed
wideband monopole antenna [8]. The notching element works the same as the narrow
bandstop filter. Fig. 3.1 shows the concept of a multiple band-notched antenna system.
The notching method is compact and can eliminate the frequency band with a
narrowband. It means the detection frequency band could be much wide. However,
the notching elements could interfere each other due to mutual coupling and
inductance. As a result, the design and adjustment of resonant and elimination
frequencies will be difficult. Also, the notching elements’ number and the antenna

size are increased when the number of elimination frequencies is increased.

_—-'-"/ - ___——-"‘"-——- .
Wideband Notch filter
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Fig. 3.1 The concept of multiple band-notched antenna system [8]
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e Composed structure method (multiple narrowband integrations) [9]: It needs the
single-band antennas that respond to target narrow frequency bands such as dipole
and monopole antenna; then, integrating single band antennas can develop multiple
narrowband antennas, which respond to every single antenna’s detection frequency
band. Fig. 3.2 shows the concept of the multiple narrowband integration method’s
structures. When using this method, the detection frequency numbers are defined by
a single antennas number. The advantages of this method are simple adjustment and
compact size because the detection and elimination frequencies can be changed

independently from each other.

Narrowband antenna A

Narrowband antenna B
Narrowband antenna C

Spectral Spectral Spectral
Response Response Response

N A

' Vo

-~

-—

¥ ~ 7/ / <
I fy fp o fp ¢ Freq. I fa fg fc fp fe Freq. I fa fg fc fp f¢ Freq.

" Spectral
Multiband antenna Response

é I fo fg fc fp fc Freq.

Fig. 3.2 The concept of the multiple narrowband integration antenna [9]

The PD emitted signal is changed based on many factors such as insulation and defect
types, and the noise frequencies are also varied depending on the environmental
conditions. The simple adjustment of detection and elimination frequencies is a high
advantage for the UHF sensors. Therefore, the multiple narrowband integration method
is used to develop the MNB antenna for PD detection because of the simple and compact

structure.

3.2.3 Antenna type selection for MNB antenna

Once the composed structure method is selected, the narrowband antenna is needed
to develop the MNB antenna. The antenna type is important to develop the UHF sensor
because the main characteristics of the UHF sensor depend on the antenna type.
According to the requirements of the UHF sensor, an antenna has to be printed flat

structure, omnidirectional radiation, and electric field detection characteristics.
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In chapter 1, many types of UHF sensors are compared. Among them, the patch,
loop, dipole, and monopole are commonly used narrowband antenna types. The loop
antenna is a magnetic field detection characteristic, which impedes the antenna
installation process in HV equipment [10]. Integrating multiple patch antenna is not
suitable for size limitation because of the rectangular-shaped radiation part. Thus, there
are two antenna types to satisfy all criteria; printed dipole [11] and printed strip monopole
antenna [12]. In this study, the printed quarter wavelength, strip monopole type is used
for the multiple narrowband integration method as shown in Fig 3.3 because integrated
strip monopoles can work with one ground plate, reducing the mutual inductions between
radiation parts of the antenna. In addition, changing only one strip can adjust the

corresponding resonant frequency of the antenna.

Z-axis «_

Z-axes

X-axes Yaxes

a) Two dimensions b) Three dimensions

Fig. 3.3 Printed single strip antenna design

3.2.4. Frequency band selection of MNB antenna

The aim of the MNB antenna is a high sensitivity for PD detection and the noise
resistance of specific noises such as communication, broadcast, and Wi-Fi frequencies.
PD signal frequency depends on insulation media, discharge types, discharge condition,
and so on, while they have band distribution in the UHF band. Therefore, it needs to
define the operation frequency zone of the MNB antenna as an initial limitation. The
operation frequency zone was selected as 0.5 ~ 2.5 GHz for the MNB antenna proposed
in this study to consider PD in SFs gas.

Since the operation frequency zone was selected, the elimination frequency (fe) bands

were defined by considering the environment noisy frequencies, and the number of fe
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could be chosen selectively. However, the high number of fe reduces the PD detection
sensitivity due to decreased detection frequency zone. Of course, the noisy frequency
band is changed based on the measurement location, cell phone operation frequency band,
cell phone transmission substation, etc. The four noise frequencies related to the
communication and ISM frequencies in the UHF band were selected as fe; (i) for cell
phone frequency band, 850 MHz, (ii) for amateur radio band, 1250 MHz, (iii) for cell
phone frequency band, 1700 MHz, and (iv) for a Wi-Fi frequency band of ISM frequency,
2.4 GHz [5].

After selecting the fe, it needs two requirements to select the detection frequency (fz)
bands; (i) cover the frequency band of PD-emitted signal as much possible as wider range
and (i1) avoid from the noise frequencies. In addition, the strip monopole antenna is
resonated not only at its detection frequency but also at a higher-order resonance of that.

Fig. 3.4 shows the explanation of the high-order resonation of strip monopole antenna.
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Fig. 3.4 Higher-order odd number oscillation of the strip monopole antenna

The strip monopole antenna is resonated at target frequency (strip length equals

quarter wavelength in this study). Also, it is resonated at the higher-order odd number
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oscillation, for example, third and fifth-order in Fig. 3.4 (a). Therefore, it needs to
consider the high order resonant frequency band to select the fz bands. The four fz were
selected in this study as 0.6, 1.0, 1.4, and 1.8 GHz. The detection frequency band and
high-order resonant frequencies should not cross the selected elimination frequency
bands, as shown in Fig. 3.5. The simply adjustable feature of the MNB antenna is suitable

for designing with different detection and elimination frequency characteristics

selectively.
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Fig. 3.5 Frequency band selection for MNB antenna
3.3 Design and simulation of MNB antenna

3.3.1 Single strip monopole antenna

As earlier mentioned, the printed strip monopole antenna was selected for developing
an MNB antenna because this type’s antenna is adequate for all requirements such as EF
detection, simply adjustable, omnidirectional, compact, low cost, and so on. Therefore,
the printed single strip, i.e., monopole type, antenna was investigated using a simulation
made by COMSOL software [13] before designing the MNB antenna. In the simulation,
main parameters were calculated, such as the reflection loss, i.e., the S11 parameter, as
reflecting the detection properties together with the electric field (EF) distribution around
the strip as well as the radiation pattern from the antenna.

Based on the repeated simulation results, the antenna physical dimensions were
optimized, and whose effect for antenna performance was estimated and explained
theoretically. Fig. 3.3 shows a typical configuration of the single strip antenna patterned
on the printed circuit board (PCB), whose back surface has no metal plate and one feed

point formed between the strip and the ground plate. There are three feeding methods for
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printed monopole antennas; coaxial, coplanar waveguide, and microstrip. The coaxial
feed method is used for MNB antenna because one-side printing and connection of SMA
port are suitable for simply installing HV equipment. The other feeding methods are
discussed deeply in Chapter 6 for enhanced MNB antenna.

There are a few main physical parameters for a single strip monopole antenna to
optimize; strip length, strip width, ground length, ground width, feeding gap. The
substrate’s thickness and relative permittivity were set as ¢t = 1.6 mm and & = 4.5 as
commercial FR-4 types PCB.

Strip length (Ls) - The strip length Ls corresponds to the resonant frequency, i.e., f,
based on a quarter wavelength (1/4) arising on the strip, and the approximate formula on

the strip length Ls at the fa is given as equation (3.1).

(3.1)

where c is the speed of light of 3 x10% m/s, 4 is a full wavelength, and eey is the effective
relative permittivity of the substrate.

Using equation (3.1), the strip length was calculated. Then, a single strip antenna was
simulated with the calculated strip length when Ws, Wi, Ws, and f were fixed as 1mm,
100mm, 100mm, and 3mm, respectively. Fig. 3.6 shows the relation between calculated
and simulated resonant frequencies based on the reflection loss parameter. Simulated
resonant frequencies, fs, generally agree with the calculated resonant frequencies, f:.
However, there was a slight difference between the estimated length from equation (3.1)
and the simulated result of the COMSOL. Namely, some modification is needed to

improve the accuracy of the equation (3.1).
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Fig. 3.6 The comparison between simulated and theoretical calculated frequencies
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Strip width (Ws) - The strip width was determined based on the simulation result. In

Fig. 3.7, the reflection loss curve of the single strip monopole antenna is shown depending

on the strip width when Ls was fixed as 90.5 mm for 0.6 GHz frequency band. As a result

of the increment of Ws, the frequency bandwidth is increased.

Ws=1 mm, BW=0.09 GHz
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Fig. 3.7 Effect of strip width for reflection loss

The equivalent circuit of the antenna helps to understand the effects of the physical

dimensions. Fig. 3.8 shows the five-element equivalent circuit used for printed strip

monopole antenna [14, 15]. The equivalent circuit includes two parts; the parallel

component represents the radiation part and resistance of the antenna, while the series

circuit acts as the feed part and compensates for the reactance of the antenna. The value

of lumped elements is changed based on the physical dimension of the antenna [14].

Feeding part
G Lo
——r]

Ly
AN
3

e

Radiating part

Fig. 3.8 Five-element equivalent circuit of the antenna [17]

The input impedance of single strip monopole antenna is shown in Fig. 3.9 when Ls

=90.5mm, Ws =1mm, Ls =100, and Ws =100 mm. At the resonant frequencies, the Zin
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was equal to 50 Q. The second resonant frequency comes from the high order oscillation

of the first resonant frequency.
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Fig. 3.9 Input impedance (Ls =90.5mm, Ws=1mm and Lc = W¢ =100 mm)

The capacitance and inductance of the antenna have a direct and reverse relationship
with the strip width, respectively. It means that when strip width increased, the inductance
reduced, and capacitance increased. These affect the antenna’s quality factor (Q-factor).
The Q-factor is defined as a dimensionless parameter that describes the underdamped

condition of an oscillator or resonator and is calculated by equation (3.2) [16].

Q=— |=; BW="=; (3.2)

From equation 3.2, it is clearly seen that the reduction of inductance and increment

of capacitance made the Q-factor is reduced; consequently, the antenna bandwidth is

increased.

In this study, MNB antenna is designed to realize narrow bandwidths because it
increases the eliminate ability for untargeted frequencies, and multiple strips afford
enough bandwidth for PD detection. Thus, the strip width was 1 mm, and further narrow
strips than 1mm are difficult to fabricate.

Ground length and ground width (Lg and W) - The ground parts are used to take

into the image theory. The ground size selected be longer than the radiation part to

represent infinity ground as the following equation:
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where, / is substrate thickness, Ls is strip length. Fig 3.10 showed the simulation result
when Lg was changed from 50 mm to 150 mm with a 25 mm step. The growth of L¢
increases the equivalent circuit’s parallel inductance (L/). As a result, the resonant
frequency is reduced, and the bandwidth is increased. The lowest reflection loss occurred
when Ls was 100 mm, the same as image theory.

Fig. 3.11 showed the simulation result when W was changed from 50mm to 150mm
with 25 mm step. It seems that the W does not noticeably affect the antenna performance.
Therefore, the ground length and width were fixed as 100 x100 mm, longer than the

longest strip length (90.5 mm for f2:=0.6 GHz).
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Fig. 3.10 Effect of ground length (Ws=100 mm, Ls=90.5mm, and Ws=1mm)
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Fig. 3.11 Effect of ground width (Le=100 mm, Ls=90.5mm, and Ws=Imm)

Feed length (f) - The feed length is a gap between radiation and ground parts of the
antenna. According to the equivalent circuit, the C0 is reduced, and bandwidth is reduced
if the feed length increases, as shown in Fig. 3.12. However, connecting the radiation and
ground parts to the SMA connector is difficult. Therefore, the feed gap was selected as 3
mm to simplify the connection of the SMA port.
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Fig. 3.12 Effect of feed length (W= Lc=100 mm, Ls=90.5mm, and Ws=1mm)

1.0

Simulation for target frequencies - Consequently, the single strip antennas are

simulated for four detection frequencies (0.6, 1.0, 1.4, and 1.8 GHz). Table 3.1 shows

strip length and the simulated resonant frequencies.

Table 3.1 Simulation result of the single narrowband antenna

Band far fa fa3 Jaa

Target frequency (GHz) 0.6 1.0 1.4 1.8
Strip length (cm) 90.5 56.5 34.8 22.6
Resonant frequency (GHz) 0.61 0.98 1.4 1.82

Fig. 3.13 shows the reflection loss properties of single strip monopole antennas when

the strip length is the same as shown in Table 3.1, and the Ws is fixed as 1 mm. The

simulation result demonstrated that the detection frequencies decreased with an increase

in the strip length, as expressed in equation (3.1). The reflection loss was lower than -6

dB at each resonant frequency, and resonant frequencies agree well with the target

frequencies.

Reflection loss, S11 (dB)

— L¢=90.5 mm
20 — L¢=50.3 mm
25 — L¢=34.8 mm
— L¢=22.6 mm
230 PR IR I T ST TR T NN SR TR S S | 1
0.5 1.0 1.5 2.0 2.5
Frequency, f (GHz)
(a) Design (b) Reflection loss

Fig. 3.13 Simulated reflection loss properties of the single strip antenna with

different strip lengths.
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In particular, two peaks were found in the longest strip of Ls = 90.3 mm; that is, 0.6
GHz and around 1.8 GHz. The former resonance corresponds to the designed frequency,
while the latter is caused by the third-order resonance of the designed one. To confirm
this, the electric field distributions of the single strip antenna (Ls = 90.5 mm) at 0.6 and
1.8 GHz were simulated (Fig. 3.14). At 0.6 GHz, the electric field accumulated around
the strip edge to receive high power. While, the high intensity appeared in two points at
1.8 GHz; edge and one-third of the strip. It verified that the second resonant frequency is

the third-order resonance of the first one.
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Fig. 3.14 Electric field distributions of the strip of Ls = 90.3 mm at different
frequencies corresponding to the two peaks of the S11 properties in Fig. 3.13

3.3.2 Multiple Narrow Band antenna

The simulation result of the single narrowband antenna demonstrates applicable
performance. Thus, the four strips antenna, i.e., MNB antenna, patterned on the PCB, and
one feed point formed between the line bar connected with the four strips and the ground
plate were configurated as shown in Fig. 3.15. Each strip length was designed the same
as the strip length of a single strip monopole antenna for each detection frequency. The
strip length was calculated from the horizontal connection line connected to the feed
point. The gap length between the strips, g, was decided as 5 mm as a reasonable value.
If reducing the g, the mutual inductance between strips is increased.

In addition, the larger reflection loss, approaching zero at elimination ability of the
frequencies represents good performance, can be deteriorated by increasing g due to the
decrease in the Q-factor of the resonance even though the increasing g can reduce the

interference between the strips.
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Fig. 3.16 shows the simulated reflection loss properties of the four strips MNB
antenna shown in Fig. 3.15 compared with the sum of the reflection loss values of each
single strip monopole antenna in Fig. 3.13. In Fig. 3.16, the peak frequencies of the MNB
antenna agreed well with the designed detection frequencies except for the second
resonant frequency (1 GHz). This difference is related to the mutual inductance between
strips. The second resonant frequency came from the second-longest strip, located
between the first and third strip, and the mutual inductance between strips was highest in
the second strip because that is directly related to the parallel strip lengths and reverse
relation with the distance between strips. When the electric field accumulates the strip
edge, the parallel strip works like parallel inductance, and the mutual inductance increases
the self-inductance of the second strip. As a result, the resonant frequency of the second

strip is increased.

Z-axes

X-axes Y-axes

Fig. 3.15 Design of MNB antenna

= Sum of SNB antenna —— MNB antenna

Reflection loss, S11 (dB)

30 E Af i
s 10 185 20 25
Frequency, f (GHz)

Fig. 3.16 Simulated S11 properties of the MNB antenna shown in Fig. 3.15

compared with the sum of the S11 values of each single strip antenna in Fig. 3.13
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The second resonant frequency was adjusted from 1.1 GHz to 1.0 GHz by reducing
the second strip length. Fig. 3.17 shows the reflection loss curve of MNB antenna after
adjustment (Simulation-B) and compared with the previous result (Simulation-A). Table
3.2 shows the strip length and peak of resonant frequencies of simulations A and B. The
simulation result demonstrated that it is possible to adjust the resonant frequency by

changing the corresponding strip length without influencing other resonant frequencies.
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Fig. 3.17 Simulated S11 properties of the MNB antenna after adjustment and
compared with the previous one

Table 3.2 Simulated resonant frequencies of MNB antenna

Band 1 2 31 4"

Target frequency, fr (GHz) 0.6 1.0 1.4 1.8
Simulation-A Ls(cm)/fs(GHz) |90.5/0.61| 56.5/0.9 |34.8/1.4| 22.6/1.82
Simulation-B Ls(cm)/fs(GHz) |90.5/0.61|50.3/1.02]|34.8/1.4|22.6/1.82

In addition, the detection frequencies were confirmed as the typical electric field
distribution on the resonance appearing on the corresponding strip shown in Fig. 3.18.
The existence of additional high order resonance of longest strip appeared at 1.8 GHz.

V/m

Fig. 3.18 Electric field distribution of the four strips MNB antenna at different
detection frequencies.
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As an example of the directivity of the MNB antenna, the simulated results of the
radiation patterns in the 2D and 3D displays are shown in Fig. 3.19. In the figures, the
direction of the strip length corresponds to the Z-axis, so the X and Y axes correspond to
the perpendicular direction to the strips. The frequencies selected in the figures
correspond to the detection ones. It seems that the MNB antenna has a good
omnidirectional pattern in the X and Y-axis direction while weak in the Z-axis direction,
which means that the directivity of the MNB antenna is fundamentally similar to a
standard monopole antenna [12]. In addition, the omnidirectional radiation pattern can be

adjusted flexibly using the cavity structure to increase the directivity at the target

direction.
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Fig. 3.19 Examples of a radiation pattern of the four strip MNB antenna at the

detection frequencies as directivity.
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3.4 Fabrication and test of MNB antenna

The four strips MNB antenna designed above was fabricated in a one-sided FR-4
PCB using a CNC machine as shown in Fig. 3.20 and connected an SMA connector at a
feed point. Fig. 3.21 shows a photograph of the fabricated MNB antenna together with a

Horn Antenna (HA), which is used in this study for comparison.

Fig. 3.21 Comparison of size and shape between the fabricated four strips MNB

antenna and a Horn antenna (HA)

Table 3.3 shows the physical dimension of the fabricated MNB antenna. The
fabricated four strips MNB antenna is a flat printed type antenna, thus having a relatively
thin and compact shape compared with the HA. This becomes an advantage when
applying this antenna into the HV power equipment in view of freedom of arrangement
and safety together with the nature of electric field detection. This section discusses the

main antenna parameters based on experimental results such as reflection loss, transfer
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function, and antenna factor. The directivity of the MNB antenna is experimentally

examined in Chapter 4 by detecting the breakdown emitted signal.

Table 3.3 Physical dimension of fabricated MNB antenna

# Parameters Dimension (mm)
1 Lsi 90.5
2 Ls> 50.3
3 Ls3 34.8
4 Lsy 22.6
5 Ws 1.0
6 L, 100.0
7 W, 100.0
8 f 3.0
9 g 5.0
10 h 1.6

3.4.1 Reflection loss and transfer function measurement

After fabrication, the reflection loss of the MNB antenna was measured using a

vector network analyzer, and the measurement setup is explained in Chapter 2. The

measured reflection loss property is shown in Fig. 3.22 compared with the simulated

result. The measured result basically agreed well with the simulated one even though the

peak frequencies increased slightly from the simulated one, and a new remarkable dip

around 2.0 GHz appeared. This difference in frequency might be caused by some

parameter differences such as the relative permittivity and the thickness of the substrate

that affect mutual inductance and coupling capacitance formed between the strips and/or

between the strips and the ground plate, as well as the resultant Q-factor of the antenna.
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Fig. 3.22 Comparison of the reflection loss properties between the measured and

simulated results for the four strips MNB antenna.
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Also, the substrate thickness is changed due to the fabrication error. However, this
difference affects as positive for antenna performance because the detection bandwidth
was increased, and the important thing is that the reflection loss was lower than -6 dB at
elimination frequencies.

As earlier mentioned, to belong to the detection frequency band, it is required that
the reflection loss should be less than the threshold level (-6 dB). Based on the above
definition, the detection bandwidth of the MNB antenna was calculated, and the result is
shown in Table 3.4 for each detection frequency band. The total frequency bandwidth of
the MNB antenna is 1.03 GHz. For antenna definition, if the absolute bandwidth exceeds
500 MHz or fractional bandwidth exceeds 10% of central frequency, that antenna is
considered the wideband antenna [17]. Therefore, the MNB antenna is considered as a
wideband antenna.

Table 3.4. The frequency bandwidth of MNB antenna

" Resonant frequency Detection frequency zone BW of MNB antenna
(GHz) (GHz) (GHz)
1 0.62 0.55 ~0.69 0.14
2 1.07 1.01 ~1.12 0.11
3 1.43 1.39 ~ 1.56 0.17
4 1.97 1.77 ~2.38 0.61
Total 1.03

Fig. 3.23 shows the measured transfer function of the MNB antenna when the
reference antenna is HA. The transfer function was high at the fz and reduced at the fe. At
the fa4, the transfer function was slightly low. It could be related to the reference antenna
or antenna gain because the transfer function is calculated based on two antennas’
performance and gain.
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Fig. 3.23 Transfer function of MNB antenna compared with reflection loss
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3.4.2 Antenna factor measurement

The UHF antenna receives the electric field emitted from discharge and transmits it
to the voltage at the output of the antenna terminal. The antenna factor (AF) represents
the transmission coefficient between the incident electric field and output voltage. As
determining the AF, the original electric field emitted from discharge could be calculated.
In practice, a logarithmic expression for the AF is much simpler to apply and is more
commonly used. As discussed in Chapter 2, the three antennas method used to measure
the antenna factor of MNB antenna. The two standard-HAs were used with MNB antenna
as three transmit/receive pairs, and a vector network analyzer was used to measure the
S21-parameter for each pair.

From the Friis formula, the relation between antenna gains and S21-parameter can

be represented as the following equations:

41R

Gy + Gy = (Sy)ap + 20 l0g (T) (3.4)
41TR

Gy + G, = (Sy1)pe + 20108 (T) (3.5)
41TR

G, + Gy = (Sy1)eq + 20108 (T) (3.6)

where G is the gain of the corresponding antenna and 20 log (?) is free space

propagation loss, R is the distance between two antennas, A is the wavelength.

By simplifying the above system equations, the antenna gain of each antenna can be

obtained as below equations.

4R\
Gg = > (S21)ap t+ (S21)ca — (S21)pc +2010g (T) ; 3.7)
1 4R\
Gy = > (S21)ap + (S21)pc — (S21)cq + 2010g (T) ; (3.8)
1 41R
G, = 2 (S21)pc + (S21)ca — (S21)ap + 2010g (T) (; (3.9)

Consequently, the AF is calculated using the following equation.
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21 ’ 2.4

Fig. 3.24 (a) shows the AF measurement result of HA compared with the AF from

the datasheet, which is the general specific document of BBHA 9120 A types HA. The
main trends of the measured AF and datasheet values agreed well except for the small
gap, around 1.5 dB, same as Chapter 2. From 2.1 GHz, the measured AF was slightly
increased because of the reflection of the ground. Fig. 3.24 (b) shows that the measured
AF of the MNB antenna, which has high relation with a transfer function. The electric
field emitted from the discharge signal could be calculated using AF.
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Fig. 3.24 The measurement result of AF compared with the datasheet of the factor

3.4.3 MINB antennas with a different structure for comparison

The proposed MNB antenna has been evaluated theoretically and experimentally,
and the result shows the desirable antenna performance. However, the proposed MNB
antenna is a general study. There is the same way to improve the antenna structure. For
example, the L-shape or a meandering radiation part can reduce the antenna size [18],
discussed in the Appendix. Also, the MNB antenna can be developed with a microstrip
circuit without size extension as a changing feed method. This topic is introduced in
Chapter 6 [19].

This section discusses the MNB antennas with different connection structures for
comparison purposes with the proposed MNB antenna, as shown in Fig. 3.25. The MNB-

B and MNB-C are designed and fabricated for the same detection and elimination

Kyushu Institute of Technology, Graduate School of Electrical Engineering
-59-



Chapter 3: Design of a Novel UHF sensor for PD Detection

frequency band with the proposed antenna, MNB-A. The MNB-B and MNB-C antenna
was designed with U-shaped and a short straight connection line. Also, the MNB-C
antenna was designed with a short ground plate. The measured reflection loss of MNB

antennas is shown in Fig. 3.26.

Fig. 3.25 The MNB antennas with different connection structure

The total detection bandwidth of MNB antenna is 1.03 GHz, 1.15 GHz, and 0.81
GHz for MNB-A, MNB-B, and MNB-C antenna, respectively. The MNB-B antennas
detection BW is slightly higher than the MNB-A antenna, but the resonant frequency of
MNB-B and MNB-C antennas are shifted from target frequencies due to the change of
radiation part size and mutual inductance between strips. The fabricated MNB antennas’
performances are compared based on the discharge measurement experimental result in

Chapter 4.
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Fig. 3.26 Reflection loss of MNB antennas shown in Fig. 3.25
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3.5 Conclusion
The multiple narrowband antenna was designed as a novel wideband UHF sensor for

PD detection with high noise resistance in this chapter. The antenna performance was

clarified based on simulation and experimental results. The conclusions are shown below.

1.  The multiple narrow band (MNB) antenna has been successfully designed for the
UHF method with noise reduction ability.

2. Using the integration method, the MNB antenna kept the resonant frequency of all
single strips, and it means each detection frequency can be adjusted independently
from others.

3. The MNB antenna satisfies the main requirements of the UHF sensor, such as
multiple narrow bands for high sensitivity, elimination frequency bands for noise,
omnidirectional radiation pattern, compact, simply adjustable, and low-cost
structure.

4.  The based on the theoretical and experimental results, the MNB antenna designing
flow chart was made, as shown in Fig. 3.27. Following this flow chart, it is possible
to selectively design the MNB antenna for different types of PD and different noise
conditions.

5. This study is fundamental research, so we did not focus on size reduction of the
antenna and used a straight strip for the MNB antenna. However, if there are some
size limitations, it is possible to reduce the antenna size using the L-shape or

meandered strip.

Kyushu Institute of Technology, Graduate School of Electrical Engineering
-61-



Chapter 3: Design of a Novel UHF sensor for PD Detection

Substrate thickness (/) and
dielectric constant (&)

Detection frequency zone

o in & )
12
rElimination frequencies () ) |
»|
v

| Select detection frequencies (/) ) |

No
Calculate the strip length
1
(Lsp = Z * Aeff,n)

Size limitation?

(Select radiation shape)

Straight strip line

v

Calculate the strip width
(W based on BW)

v

Calculate the ground size
(L, &W >L;  *(6%h)

S max

Within size limitation?

<
<

A

L-shape radiation or
Meandered line radiation

Feed method selection
(Based on purpose)

S =1,

dn

&& fon # 1,y

Yes

Adjustment L  and W

A

v

End

Fig. 3.27 MNB antenna designing flow chart
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Chapter 4
Discharge Detection Properties of MNB antenna

4.1 Introduction

Chapter 3 clarified a new Multiple Narrow Band (MNB) antenna design and
evaluated the antenna’s performance theoretically and experimentally. As integrating the
printed strip monopole antennas, the MNB antenna was developed as the wideband UHF
sensor with high noise resistance. The advantage of the MNB antenna can be fabricated
for different types of PD and different noise conditions using the designing rule as shown
in Fig. 3.27. The proposed MNB antenna consists of four strips with different lengths to
detect four detection frequencies, fs, and eliminate four elimination frequencies, fe. The
detection frequencies of the MNB antenna were selected as 0.6, 1.0, 1.4, and 1.8 GHz,
which skipped the elimination frequencies (0.85, 1.25, 1.70, and 2.40 GHz) and
corresponded to the PD emitted frequency zone at the UHF band. The simulation and test
results showed that the MNB antenna satisfies all requirements of the UHF sensor. In
addition, the two different MNB antennas (MNB-B and MNB-C) were fabricated with
different connection structures for checking the versatility of MNB antenna and
comparison purposes except for the proposed MNB antenna (MNB-A).

In this chapter, the fabricated MNB antennas are first compared based on breakdown
discharge (BD) measurement; then, the proposed MNB antenna is further investigated
compared with the standard wideband Horn Antenna (HA). The discharge detection
ability of the MNB antenna is assessed on the breakdown and partial discharge (PD)
experiments results. The frequency components of the PD emitted signal are changed
based on the insulation materials and PD types [1]. The SF¢ gas is known as a highly used
insulation gas for GIS because of extremely chemically stable, non-flammable, and
highly electronegative, with excellent dielectric properties of approximately three times
more than air. Therefore, the MNB antenna, discussed in this study, is designed for the
PD in SF¢ gas, and detection frequencies are selected for PD in SFe¢ gas. However, in the
electric power substation, a complicated and combined substructure, many HV equipment
work together simultaneously. For example, the GIS is connected to the electric system
through a high voltage power cable (XPLE insulation) or overhead transmission line (air

insulation).
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Therefore, the MNB antenna is applied to detect the PD in SFs gas, dry air, and XPLE
insulations and compared with HA, whose technical parameters are shown in Chapter 2.
The purposes of HA were (i) the comparison of detection abilities of antennas and (ii) to
understand the original characteristic of discharge signal because the HA has excellent

wide and flat frequency response.

4.2 Breakdown discharge detection

Electrical breakdown is defined as the process by which an insulating material in a
strong electric field becomes electrically conductive. The electric field needed for BD
occurrence depends on many factors, including the distance between electrodes,
environment condition (humidity, temperature, pressure), insulation material condition,
and so on. BD phenomena cause the high electric current, large electric spark, steep
temperature, and pressure rise, which are the reason for the catastrophic failure of electric
equipment and can affect the stability and reliability of electric power systems. Also, EM
waves are emitted from BD with a higher amplitude than PD phenomena. Therefore, the
MNB antennas shown in Fig. 3.25 were applied to detect BD emitted signal for the first

trial of discharge detection.

4.2.1 Comparison of fabricated MNB antennas
Fig. 4.1 shows a schematic diagram of the experimental setup to measure BD
phenomena in the air as discharge signal measurement. BD phenomena were generated

between a needle to plane electrode system in the air by applying the high voltage.

| UNB-A
, [MnB-B T1Lo%¢

MNB-C

Discharge signal

High
Voltage

A

Fig. 4.1 Experiment setup to measure the breakdown signals in the air.

The MNB antennas simultaneously measured BD signal with the same measurement
system. As an example of the simultaneous measurement, the typical discharge
waveforms are shown in Fig. 4.2. The MNB-A and B antennas’ peak-to-peak amplitudes
(Vpp) were similar and much higher than MNB-C due to the detection frequency band of

antennas. The detection frequency band of MNB antennas was discussed in Chapter 3.
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Fig. 4.3 shows the scattering of Vrp based on 100 times measurement results. The average
Vpp of antennas was 240, 242, and 122 mV for MNB-A, B, and C antennas. The MNB-C
antennas detection ability was much lower than the other two antennas, and MNB-A and
MNB-B antennas detection abilities have very high similarities because of the detection

bandwidth of antennas.
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-200
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100
0 A ey
-100
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Time, t (20 ns/div)
Fig. 4.2 BD emitted EM wave measured by MNB antennas
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0 1 1
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MNB-A MNB-B MNB-C Scattering of number
Fig. 4.3 Vprp of BD emitted EM waves based on segmented memory acquisition

function

The measurement result confirmed that the MNB antenna could be developed with
different connection lines depending on the purpose. In addition, the PD detection ability
of the UHF sensor is directly related to the detection bandwidth. Consequently, the MNB-
A was selected to investigate further because the detection ability was comparable and
simple structure and fabrication with a rectangular connection line.

Once the MNB-A antenna was selected as a proposed antenna, it was compared with
a standard wideband Horn Antenna (HA) to evaluate the discharge detection ability of
the MNB antenna. The HA’s performance was discussed in Chapter 2, and the purpose is
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a comparison and to check the original characteristic of the discharge signal. The
measured typical BD signal waveforms are shown in Fig. 4.4 using the experimental setup
shown in Fig. 2.8. The Vrp of MNB antenna is negligibly lower than HA antenna because
the bandwidth of HA is wider than MNB antenna. Fig. 4.4 (b) represents the expansion
of the front part of the whole wave in Fig. 4.4 (a). It is clearly seen that the waveforms
measured by the MNB antenna agreed very well with the HA in terms of amplitude and
waveshape. The slight difference in the first part came from the frequency property of the
antennas in the high-frequency range.

200

100

0

-100

-200
200

100

EM wave, Vemw (mV)

100

-200 1 1 1 1 1 1 1 | |
Time, t (20 ns/div)
(a) Whole waveforms

200 —— HA, —— MNB antenna

T

100

-100

EM wave, Vinw (mV)

-200

Time, t (1.5 ns/div)
(b) Expand waveforms at the front part of (a)

Fig. 4.4 Simultaneously measured waveforms of discharge signal by the MNB

antenna and HA

Consequently, the relation between the Vpp’s of the waveforms measured by the
MNB antenna and the HA was investigated [2]. As obviously seen in Fig. 4.5, the two
antennas’ Vpp indicates a high correlation with the correlation coefficient of 0.85, and the
slope of the Vpp properties indicates 0.78. These results suggest that the MNB antenna
realizes wideband by considering the multi-frequency bands, which enable a highly

sensitive property similar to the wideband antenna against the breakdown signals.

Kyushu Institute of Technology, Graduate School of Electrical Engineering
-68-



Chapter 4: Discharge Detection Properties of MNB antenna

500

o~

-

£ VppMne = 8 x Vpp_Ha )
2 400 - )
= .

= Slope = 0.78

-

s 300 Correlation = 0.85 Bocp-boq °

rd []

= )

=

S 200

e .

Y

=

=

£ 100}

=

= .

< ok 1 L L 1

0 100 200 300 400 500

Amplitude of HA, Ver 5a (mV)

Fig. 4.5 Relation of the peak to peak amplitude of the measured breakdown discharge
signals between the MNB antenna and the HA.

Fig. 4.6 shows the averaged frequency spectrum obtained from the Fast Fourier
Transform (FFT) of the 20 breakdown waveforms measured by HA and MNB antennas.
The dotted lines in the figures are the average value of total intensity for each antenna
and represent a kind of reference line to simply discuss the detected and eliminated
frequency ranges. Namely, the definition is that the frequencies with the spectral intensity
above the dotted line are detected, and the frequency range below that is to be eliminated.

From the frequency spectrum of HA in Fig. 4.6 (a), it is clearly seen that the
frequency component of BD was between 0.5 GHz and 1.7 GHz, and the peak of intensity
occurred around 1.0 GHz. The MNB antenna had relatively undulating characteristics,
i.e., peaks for detection and dips for elimination, compared to the HA due to multiple
resonant bands. Note that the measured frequencies for the peaks and bottoms appeared
basically around the designed ones of 0.6, 1.0, and 1.4 GHz for detection and 0.85, 1.25,
and 1.7 GHz for elimination, while there was difficult to see the peak around the designed
frequency of 1.8 GHz due to the relatively lower signal level.

Based on the definition of detected and eliminated frequency ranges, the total
detection frequency bandwidth of the MNB antenna was evaluated as 72% of the HA in
the UHF band. The ratio of the MNB antenna to the HA of the detection frequency range
(0.72) was very close to the slope of the amplitude V'rp of both the antennas (0.78) shown
in Fig. 4.5. This means that relation of the measured amplitude between the MNB antenna
and the HA is valid and depends on the detection frequency properties of the antenna. As

the detection bandwidth increases, the MNB antenna’s detection ability can be increased.
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measured by the MNB antenna and the HA.

4.2.2 Breakdown discharge measurement for antenna directivity

In Chapter 3, the radiation pattern of the MNB antenna was introduced based on the
simulation result. In this section, the directivity of the MNB antenna was experimentally
investigated by changing the antenna arrangement under the fixed discharge source. The

HA was used as a reference antenna. The electromagnetic (EM) waves measured by both

o D
100

-100

antennas are shown in Fig. 4.7 for each direction.

N
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Fig. 4.7 EM wave measured by HA and MNB antenna when the position of MNB

antenna was changed (continued on the following page)
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Fig. 4.7 EM wave measured by HA and MNB antenna when the position of MNB

antenna was changed

The Vpp of measured EM waves is changed based on the direction of the MNB

antenna due to the radiation pattern’s differences. The summarized result is shown in Fig.

4.8, where R represents the ratio between the Vrp of both antennas. The ratio increased
following order; top (0.23), bottom (0.28), right (0.64), left (0.65), back (0.74), and front
(0.78) side of MNB antenna. Of course, the ratios can be changed based on the frequency

band of the received signal because the antenna’s directivity is changed based on the

frequency.
0.6
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Fig. 4.8 The Vpp of the measured signal depends on the side of the MNB antenna

(R - Ratio of Vpp; Ver mns/Vep H4)

Fig. 4.9 shows the normalized Vrp of the MNB antenna based on the front side result.

The measurement result agrees with the simulated radiation pattern, shown in Fig. 3.19.

The MNB antenna receives the EM wave with a relatively higher value through the Z and

X-axis (front, back, and side views), while the detection ability is relatively low for Y-

axis (top and bottom). Based on this characteristic, the MNB antenna can be used for PD

location detection as a multiple sensors system. In addition, the directivity of the MNB
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antenna can be adjusted using an additional device such as a cavity box, depending on the
purpose.

Top side — 30%

Front side
Left side

86%

Right side
85%

z
v Back side
‘\L’) M 91%

Fig. 4.9 Measured directivity of the MNB antenna against the BD signals.

Bottom side - 35%

(Normalized based on the front value)
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4.3 Partial discharge detection

PD is a pre-breakdown phenomenon, so that PD detection gives a chance to estimate
the insulation condition and avoid electric failure. PD detection is more complicated than
BD detection in the UHF method because of the low intensity and random repetition of
EM waves. Therefore, the RF preamplifier is used for PD measurement. The PD types
and classifications were mentioned in Chapter 1. This section discusses the MNB
antenna’s PD detection ability based on experimental results. The MNB antenna has been
developed for detecting PD in SF¢ gas. So, first, the MNB antenna was applied to measure
PD in SFs gas and compared with HA [3]. After that, the MNB antenna was applied for
PD detection in atmospheric air and solid XLPE insulation to understand the detection
abilities of the MNB antenna for PD in different insulation. All experiments were carried
out in an anechoic room as an open area, meaning the PD emitted EM wave was
propagated in a transverse electromagnetic (TEM) mode. The waveguide propagation
effect was excluded because the propagation is changed based on the HV equipment’s

size [4].

4.3.1 Partial discharge in SF gas detection

The EM wave emitted from PD in SFe gas was measured by the MNB antenna and
HA. Figs. 4.10 shows the photograph of the experimental setup for the PD in SFe gas and
the PD signal emitted from the needle plate system and antennas located 1 meter from the
PD source. The detail of the experimental setup, background measurement, and

environmental conditions was discussed in Chapter 2.

MNE e coure |
antenna ﬂ

| i

r @ ~

Fig. 4.10 Photograph of the experiment setup of PD in SFe gas
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The typically measured waveforms are shown in Fig. 4.11. The background noise
was noticeable low due to the anechoic room measurement, and both the HA and the
MNB antenna can measure the PD signal in SFe¢ gas. Even if the EM wave Vrp were
different for the antennas, the waveforms are seemed similar from the expanded graph,
as shown in Fig. 4.11 (b). Also, the PD signal amplitude was similar to the BD signal
because of the RF amplifier (25 dB) used for PD measurement.

300
150 Vpp =351mV HA
s o -
E s}
g
= -300
g 150
s Ll Vpp=256mV MNB antenna
% 0 M AN A M P P b i it it SN P
75 B - .
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/ (a) Whole waveforms —~ ~~—__
~ 300 =
-
= —— HA; — MNBA
=~ 150}
~ 0
9
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= -150}
=
m _300 1 1 1 1 1 1 1 1 1
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(b) Expanded waveforms at the PD pulse of (a)

Fig. 4.11 Simultaneously measured waveforms of PD signal in SFe gas by the

MNB antenna and HA

The relation of the Vrp 14 and Vep mns are shown in Fig. 4.12 for the PD signal. The
slope coefficients, a, of the PD in SF¢ gas was 0.43, lower than that of BD. The slope
reduction is related to the discharge phenomena because the BD and PD emitted signals
have different frequency components. However, the correlation coefficients, », of the Vpp
are high enough as 0.94 and 0.85 for both the PD and BD, respectively. It means that the
MNB antenna is available to detect PD signal similar to BD signal even though the
amplitude of the measured EM wave by the MNB antenna is lower than the HA; thus, the

slope reduction can be fixed by using the preamplifier.
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Fig. 4.12 Relation of the peak to peak amplitude of the measured EM wave
between the MNB antenna and the HA

The frequency properties of the MNB antenna on PD in SF¢ detection were further

investigated because the PD phenomena have a scatter due to their nature. Fig. 4.13 shows

the averaged frequency spectra of the 50 measurement results taking the PD volatility

into consideration. The fs and fe represent the designed detection and elimination

frequencies of the MNB antenna.
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>
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Fig. 4.13 The averaged frequency spectrum of the 50 times PD signal in SFs gas

As seen in Fig. 4.13, the intensities at the elimination frequencies showed local

minimum values while those

at the detection frequencies showed local maximum values

except the fourth resonant frequency. From the measured result of HA, it seems that the

intensity of PD is originally insufficient at the fourth resonant frequency.
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4.3.2 Partial discharge in dry air detection

The discharge in dry air could be considered the signal or noise for the PD detection
system. Air has good insulation properties under dry, clean, and compressed conditions,
making it an ideal solution for switchgear insulation. For example, the Mitsubishi Electric
Co. developed the dry-air insulated switchgear, Cubicle types Gas Insulated Switchgear
(C-GIS), for medium voltage distribution [5]. In this case, the PD in dry air is considered
a discharge signal. Another hand, the PD in dry air (corona discharge), which is one of
the common discharge types in HV equipment, can affect the PD detection system as
noise. For this reason, the difference between PD in SFe and dry air is an interesting point.
Therefore, it needs to determine whether the MNB antenna can discriminate the PD in
dry air and SFe gas. The MNB antenna was applied to measure PD in dry air. The
experiment setup was the same as PD in SF¢ gas except for the applied voltage lower than
PD in SFs gas, around 12 kV. Fig. 4.14 shows typically measured EM waveforms of PD
in dry air measured by MNB antenna and HA.

&>
E
2
>
g
§ 10 * Vep=27mv MNB antenna
=
m 1 1
10 —"E E*— At=30 ns
-20 : 1 L L L 1 1 L 1
Time, t (100 ns/div)
Fig. 4.14 Simultaneously measured waveforms of PD signal in the air by the
MNB antenna and HA

The amplitude of EM wave is lower than PD in SF¢ gas because the main frequency
band of EM wave emitted in the air is lower than 300 MHz, which is lower than the
detection frequency of both antennas and operation frequency band of RF amplifier.
However, it is shown that the MNB antenna received some lower frequency signal and
the period of lower frequency signal is around 20~40 ns. It means the main frequency

band of PD in the dry air is around 25~50 MHz.
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The averaged frequency property of 100 times measurement results is shown in Fig.
4.15. As expected, the PD in dry air emits the lower frequency signal, around 50 MHz,
because the dielectric constant of the dry air is lower than SF¢ gas. It means the PD current
of dry air, causing the EM wave, has a higher rise time than the SFs gas. However, there
is no high intensity at a lower frequency for HA’s result. It could be related to the antenna
property and effect of the RF amplifier. For MNB antenna, it has resistance from the low-
frequency signal. But, it does not mean the MNB antenna does not receive the noise signal.

The MNB antenna receives the elimination frequencies but with low amplitudes.

g
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Fig. 4.15 The averaged frequency spectrum of the 100 times PD signal in the air

In addition, the main frequency component of PD in the air can be predicted from the
frequency property of HA. At 0.85 GHz and 1.3 GHz, the intensity is touched highest
point, and those frequencies are elimination frequencies of MNB antenna. Fig. 4.16
displays the relation between Vpp of PD in dry measured by MNB antenna and HA. Due
to the mismatching of the detection frequency of MNB and frequency component of PD
in dry air, the Vpp of the MNB antenna is much lower than that of HA. So, the slope and

correlation between Vpp are reduced up to 0.33 and 0.88, respectively [6].
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Fig. 4.16 Relation between the peak to peak amplitude of MNB antenna and the
HA for PD in dry air

4.3.3 Partial discharge in XLPE insulation as an electric tree

The electric power cable is one of the main parts of the electric power system.
Recently, major big cities have suffered from heavily congested roads and substructures,
and as a result, the use of high voltage cables has become ever more popular. The XLPE
insulation is commonly used for medium and high voltage cable systems because of low
dissipation, low dielectric constant, good thermo-mechanical property, and high operating
temperature and pressure. As the majority of dielectric failures in the HV XLPE cable
systems can be assigned to the defects in the electrical insulation system of accessories,
PDs are continuously monitored at all joints and terminations [7]. In addition, the many
GIS connected to the electric system using cable terminations. The PD in XLPE insulation
in cable accessories and PD in SFs gas in GIS can affect each other. Therefore, this section
reports the experiment result of the MNB antenna for the PD in XLPE insulation.

The block sample of XLPE insulation used in this study was made with a metal
protrusion as an electric tree defect by Sumitomo electrical industries in Japan. The XLPE
insulation material and making way are high identity with real XLPE insulated power
cable. In addition, the partial discharge properties in the XLPE block sample with electric
tree defect and difference in charge of PD properties observed between IEC60270 and the
UHF method were introduced in [8].

Fig. 4.17 shows the photo of the experimental setup, same as the previous experiment
except for the RF amplifier. PD in XLPE measurement did not use the RF amplifier for a

safety reason because the applied voltage develops the electric tree and could start BD.
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Fig. 4.17 Photograph of the experiment setup of PD in XLPE insulation

The typically measured EM waves of PD in XLPE are shown in Fig. 4.18. From the
measured result, both antennas can catch the PD in XLPE. The Vrp ratio was around 2.7.
In addition, the EM wave measured by the MNB antenna has an eye-catching lower
frequency band component. However, Fig. 4.18 (b) shows that the front parts of EM wave

shapes measured by both antennas have a similar trend.
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Fig. 4.18 EM waveform of PD in XLPE insulator
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Fig. 4.19 shows the average frequency spectrum of 50 times measured PD emitted
signal in XLPE insulation. The PD in XLPE insulation emitted the EM wave, and the
main component of the EM wave was from 0.65 GHz to 1.02 GHz. However, the MNB
antenna has a high component at a low frequency, lower than 0.5 GHz. It seems that the
nature of PD in XLPE insulation emits the EM wave from a few tent MHz to 1.0 GHz

frequency range. The HA could not detect the lower frequency band due to the detection

frequency range.
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Fig. 4.19 The averaged frequency spectrum of the 50 times PD signal in the
XLPE insulator

4.3.4 Comparison of discharge detection

The MNB antenna was able to detect the BD and PD in different insulation mediums,
and the Vpp of measured EM wave compared with that of HA in Fig. 4.20. The slope of
relations is different based on the discharge types because of the frequency component.
The BD measurement result indicates the highest slope and Vrp for MNB antenna because
the main frequency component of BD occurred from 0.6 GHz to 1.5 GHz and intensity
was noticeably higher than PD signals. If the detection frequency band of the MNB
antenna is matched with the frequency band of target types discharge, the Vrr of EM wave
is increased, such as PD in SF¢ gas. In addition, the correlation coefficient between Vpp
of EM waves was measured by two antennas, which means the MNB antenna detects the

discharge similar to HA.
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Fig. 4.20 Relation between the peak to peak amplitude of MNB antenna and HA

The main frequency components of discharge emitted EM wave is changed on
discharge’s original character. Fig. 4.21 (a) and (b) show the comparison of frequency
components of BD and PDs for HA and MNB antenna, respectively. The dashed line
shows the averaged intensity at the whole frequency to simply determine a higher
component. The frequency spectrum of EM wave measured by HA shows the original
frequency characteristic of BD and PDs except for the frequency band lower than 0.7
GHz because the frequency response of HA is wide and flat from 0.7 GHz to 5 GHz. In
comparison, the MNB antenna has a multiple-narrow detection frequency. Thus, the

highest intensity was detected at detection frequencies for the MNB antenna.
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Fig. 421 The averaged frequency spectrum of the BD and PD signals
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In addition, PD in air and XLPE insulation emits the EM wave with the noticeable
high component at a frequency lower than 0.5 GHz. Even if that frequency band is not
the detection frequency of MNB antenna, that detected the PD emitted signal at a
frequency lower than 0.7 GHz due to remarkable high intensity. The main frequency
components are shown in table 4.1.

Table 4.1. The main frequency band of discharge for each antenna

. Frequency range (GHz)
# Discharge
HA MNB antenna
1. 0.12~0.3; 0.4 ~0.77;
1 BD 0.6 ~1.5;1.6;1.7 0.88~113:13~15
. <0.26;0.37~0.7;
2 PD in SF6 0.6~1.4 0911
L . <0.8; 0.8 ~1.1;
3 PD in air 0.7~0.95;1.1~1.45 13 1.4
4 PD in XLPE 0.7~1.0 <0.65; 0.88~0.95
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4.4

Conclusion

The following conclusions were obtained based on the experimental result of

discharge detection:

1.

The MNB antenna can be fabricated with different BW and detection frequencies,
and discharge detection ability was directly related to the detection BW and
frequencies of the antenna.

The measurement result demonstrated that the MNB antenna has good
omnidirectional directivity, the same pattern as the theory. The MNB antenna can
be placed at the bottom or side of the wall in the HV equipment for PD detection
because of the directivity and electric field detection.

The MNB antenna can detect different PD signals from the different insulations and
discharge types, and the signal intensity, i.e., the peak to peak amplitude of the
antenna output, of the MNB antenna showed a good correlation with that of the HA.
Due to the elimination frequency, the MNB antenna received the EM wave with a
slightly lower amplitude than HA. However, the slope between Vep could be
adjusted using the RF amplifier because the correlation coefficient is high enough.
The frequency spectrum and Vpp of the measured EM wave were changed
depending on the insulation. The MNB antenna can be developed for different PD

emitted signals by changing the detection frequency bands.
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Chapter 5

Noise resistance properties of MNB antenna

5.1 Introduction

With the development of information and communication society, it is important to
understand the interference of the communication signal for each field as electromagnetic
compatibility (EMC). Especially for the UHF method, the communication and radio
signals work as electromagnetic interference (EMI) and noise because the UHF band
includes many communication, radio, and ISM bands. Fortunately, communication noises
are commonly emitted in narrow bands as a line spectrum. Therefore, the MNB antenna
was developed to detect the partial discharge (PD) signal with high noise resistance for
selected narrow noise bands. Chapter 4 confirmed that the MNB antenna has excellent
detection ability for PD in SF¢ gas.

In this section, the noise resistance property of the MNB antenna is investigated
experimentally. The MNB antenna is applied to measure the PD in SFe¢ gas under the
communication noise. The communication noise is generated by SG and HA artificially
or by the commercial drone (Bebop-2) as the 2.4 GHz frequency Wi-Fi noise [1-2]. The

experiment setup and measurement devices were discussed in Chapter 2.

5.2 Artificial noise resistance

In this section, the MNB antenna was applied to measure PD in SF¢ gas under some
artificial noises emitted from the signal generator through the emission HA, and
measurement results compared with a receiver HA. The photo of the experimental setup
is shown in Fig. 5.1. The PD signal in SF¢ gas under artificial noise was measured 50
times whenever the frequency of artificial noise was changed. The artificial noise was
emitted from a signal generator (SG), and amplitude was fixed at 300 mV. As introduced
in Chapter 3, the MNB antenna was designed with four detection and four elimination
frequencies. Therefore, the artificial noise frequencies were selected from the reflection
loss graph of the MNB antenna as detection and elimination frequencies of the antenna,
as shown in Fig. 5.2. The selected frequencies and reflection loss of them are shown in

Table 5.1. The receiver HA’s measurement results are used as a reference.
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Fig. 5.1 Photograph of the experiment setup of PD in SF¢ gas under artificial noise
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Fig. 5.2 The frequency selection of artificial noise from MNB antenna’s reflection loss

Table 5.1. Frequency selection for the artificial noise

Elimination frequencies, f. Detection frequencies, f4
Frequency, f
(GHz) 0.85 1.23 1.70 2.40 0.62 1.07 1.43 1.97
Reflection loss,
S11 (dB) -0.67 | -1.21 | -4.01 | -6.76 | -23.9 | -9.79 | -15.0 -18.1

5.2.1 Artificial noise agrees with the detection frequency of MNB antenna

First, the artificial noise was fixed the same as the detection frequency of the MNB

antenna. Figs. 5.3 (a) to (d) show the simultaneously measured waveforms by the HA and

the MNB antennas under the artificial noise conditions. In these figures, Vs and Vn

represent the peak to peak amplitude of the PD signal and artificial noise, respectively.

The Vn was almost constant in the figure due to the constant emission by SG, and the

difference in the relation between Vs and Vw appeared depending on the noise frequency.
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frequencies of MNB antenna) (continued on the following page)
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Fig. 5.3 EM waveshape of PD in SFs gas under the artificial noise (detection
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The amplitude of PD in SF¢ gas under the artificial noise, Vs, was much higher than
the Vpp of just PD in SFs gas in Chapter 4 because of the superimposed waveforms of PD
signal and noise. For example, under the 0.62 GHz artificial noise, the Vs mns antenna
was 1.4 times higher than Vs n4 because of the superimposed result. The 0.62 GHz is
lower than the detection frequency of HA thus; MNB antenna received the artificial noise
with higher amplitude more than HA. Fig. 5.4 shows the signal-noise ratio (SNR) of PD

in SFe gas under the artificial noise, changed as detection frequencies of MNB antenna.
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Fig. 5.4 The signal-noise ratio of PD in SF¢ gas under the different artificial noise
(detection frequencies of MNB antenna)
The SNR was around 1.3 under detection frequencies noise for both antennas except

when artificial noise frequency was 0.62 GHz. It means the MNB antenna can detect the
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PD signal same as HA under the noise, whose frequency agrees with the detection

frequency of the MNB antenna.

5.2.2 Artificial noise agrees with the elimination frequency of MNB antenna

The previous section showed that the MNB antenna could detect the PD signal under
the detection frequency noise with SNR same as HA. In this section, the SNR was
investigated under the noise whose frequency was changed as elimination frequencies of
the MNB antenna. Figs. 5.5 (a) to (d) show the simultaneously measured waveforms by
the HA and the MNB antennas. The Vs x4 is noticeably higher than Vs mns because of the
superimposed components. The Vv mns is relatively lower than Vv x4 compared with the

difference between Vs mnvs and Vs n4 due to the high noise resistance ability of the MNB

antenna.

I/_s‘_}IA =565mV HA

VN #4=36TmV

MNB antenna
50 - Vs ymv = 134mV l

EM wave, VEM\V (mV)
s

T Vv mvg = 33mV

100 1 | 1 |

Time, t (20 ns/div)
(a) when artificial noise fe; = 0.85 GHz
800
KN Vspa=140TmV l HA
400
N 0
§: -400
= _ r
E 800 T VN ra=925mV
> 200
) o ; MNB antenna
; 100 Vs mng = 345mV l
z
E 0
=
-100 |- T Vn vy =136mV
» | bt | | | | | |

Time, t (20 ns/div)
(b) when artificial noise fe2 = 1.23 GHz

Fig. 5.5 EM waveshape of PD in SFs gas under the artificial noise (elimination

frequencies of MNB antenna) (continued on the following page)
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Consequently, Fig. 5.6 shows the SNR of both antennas when the noise frequency
agrees with the detection frequency of the MNB antenna. The SNR of HA was around 1.3
same as Fig 5.3 at each frequency. In contrast, the SNR of the MNB antenna was
drastically higher than that of HA because of the noticeable low noise. It means the

detection ability of the MNB antenna is much higher than HA under the elimination

frequency noise.
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5.3 Actual Wi-Fi noise resistance property

The MNB antenna gave a high SNR for PD detection under artificial noises. In this
section, PD detection property under an actual Wi-Fi noise, 2.4 GHz, is further
investigated [2]. The Wi-Fi noise is the important frequency band for electric devices
because of a wireless connection and IoT technology [3], thus, selected as the elimination
frequency of the MNB antenna. In addition, the high resistance of the Wi-Fi noise allows
the MNB antenna can cooperate with other digital devices and technology as smart UHF
sensors in digital substations [4].

Fig. 5.7 shows the photo of the experimental setup that used PD measurement under
the Wi-Fi noise. The Wi-Fi noise was generated by a commercial drone (Bebop-2, drone
noise), located 4 m away from the receiver antennas. The drone’s distance was decided
for the HA so that the amplitude values of the PD signal became slightly lower than that
of the drone noise. Namely, the SNR becomes lower than 1, which corresponds to a severe
condition of PD detection. First, both antennas measured the PD signal and then drone
noise independently to compare the original characteristic of signal and noise. Figs 5.8
(a) and (b) show the difference in the PD signal’s typical waveforms and the drone noise.
As mentioned above, the amplitude of the PD signal was lower than that of the drone

noise measured by the HA, as in Fig. 5.8 (a).
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Fig. 5.8 Independently measured waveforms of PD signal and drone noise

In addition, the spectrum responses of drone noise measured by both antennas are
shown in Fig. 5.9. The MNB antenna reduced the drone noise by around 16.6 dBm.
Therefore, the amplitude of the PD signal was higher than the drone noise for the MNB
antenna, as in Fig. 5.8 (b). The advantage of the MNB antenna on the PD detection under

the Wi-Fi noise environment is discussed based on the independent measurement below.
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Fig. 5.9 The frequency spectrum of drone noise measured by HA and MNB antennas

Fig. 5.10 shows the relation between peak-to-peak amplitudes Vpp of the PD signal
and the drone noise measured by the two antennas, and the 50 times measurement results
were plotted. The slope coefficient of the PD signal (0.38) was larger than that of the
drone noise (0.16). This means that the reduction in the amplitude Vrp of the drone noise
is larger than that of the PD signal for the MNB antenna. In addition, in this experimental
condition, the SNR of the MNB antenna became larger than that of the HA and over one,
i.e., improvement of the SNR of the PD detection ability up to 1.4 as shown in Fig. 5.11
where the SNR of HA was slightly lower than 1 (SNR=0.6).
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Consequently, the advantage of noise resistance ability of the MNB antenna was
investigated by comparing the measured waveforms with changing the trigger antenna
for PD signal under drone noise. Figs. 5.12 (a) and (b) show examples of the measured
waveforms when the HA and the MNB antenna were used as the trigger antenna,
respectively. In this case, the trigger level was selected as high as possible for detecting
PD-emitted EM waves. When the HA was used as the trigger antenna, the drone noise
was usually detected as shown in Fig. 5.12 (a), while the MNB antenna was used as the
trigger antenna, the PD signal was usually detected as in Fig. 5.12 (b). The application of
the MNB antenna instead of the HA can contribute to detecting the PD signal under the

drone noise.

MNB antenna

EM wave, Vemv (mV)

Time (50ns/div)
(a) Trigger antenna is HA

Fig. 5.12  Typical simultaneously measured waveforms of PD in SFs gas under

the drone-emitted Wi-Fi noise (continued on the following page)
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Fig. 5.12 Typical simultaneously measured waveforms of PD in SFe gas under

the drone-emitted Wi-Fi1 noise.

5.4 Trigger antenna and level effect for PD detection under noise

According to the previous section’s results, the MNB antenna can detect the PD
signal under the drone noise while the HA cannot because of noise resistance ability, and
the result was different from artificial noise measurement. In artificial noise measurement,
the PD signal was detected superimposed with noise, and the SNR of the MNB antenna
was high. However, in drone noise measurement, the antennas detected the PD signal and
drone noise one by one independently, even if the PD signal and drone noise were emitted
simultaneously. It is related to the repetition of EM waves and trigger level of antennas.
The PD signal and drone noise are not continuous signals, and the trigger level was fixed
as the highest possible level for detecting EM waves.

This section investigates the signal and noise’s repetition and effect of the trigger
antenna using the acquisition memory mode (fast frame mode) for PD detection under
the drone noise. First, to understand the repetition rate of PD signal and drone noise
depending on the trigger level, the PD signal and drone noise were measured
independently when the trigger antenna and level were changed. One hundred events
were detected by acquisition memory mode for each measurement, and measurement time
duration was recorded to know the repetition time of events. Fig 5.13 shows the relation
between repetition time and trigger level for each antenna. It was realized that when

reducing the trigger level, the measurement time for 100 times events was reduced
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because the high amplitude signal was repeated fewer times than the low amplitude one.
In addition, if assuming the amplitudes of PD signal and drone noise are equal, the
repetition time of drone noise is much shorter than PD signal. If the trigger level is low,

the antennas cannot detect the PD signal due to the fast-repeating drone noise.
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Fig. 5.13 Repetition time for 100 events of PD signal and drone noise depending

on a trigger level

Consequently, the signal and noise repetition rates were calculated based on the
independent measurement result and shown in Fig. 5.14. For HA, the repetition rate of
drone noise is much higher than that of PD signal regardless of the trigger level. It means
that the drone noise is commonly detected by HA even if the trigger level is lower than
the PD signal’s amplitude because of high repetition. In contrast, the MNB antenna can
detect the PD signal with a high detection rate until the trigger level is lower than a critical
value, T, in which the repetition rate of the PD signal is matched with drone noise. The

PD detection rate is drastically reduced if the trigger level is reduced more than Te.
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0 50 100 150 200 250 300 0 20 40 60 80 100
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(a) HA (b) MNB antenna
Fig. 5.14 The repetition rate of PD signal and drone noise depending on trigger
level
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Fig. 5.15 shows a possible assumption of the repetition of PD signal under the drone

noise. The PD detection rate is discussed below when the trigger levels equal 80% of the

amplitude of the drone noise for each trigger antenna as a difficulty condition.

For HA, the amplitude of drone noise is much higher than that of PD signal, and drone
noise repetition is faster than PD signal. Therefore, the antenna always catches the
drone noise if the trigger level is selected as the highest possible level for detecting
EM waves. If reducing the trigger level to 80% of drone noise, there is a chance to
detect the superimposed PD signal and drone noise, but the PD detection rate is very
low. If assuming more reduces the trigger level, the PD detection rate is more reduced
due to the huge difference between repetition of signal and noise.

For MNB antenna, the amplitude of drone noise is lower than that of PD signal.
Therefore, if the trigger level is selected as the highest possible level for detecting EM
waves, the MNB antenna receives the PD signal. When trigger level is selected as
same as drone noise amplitude, the MNB antenna commonly receives PD signal and
few times drone and superimposed PD signal and drone noise. If reducing the trigger
level to 80% of drone noise, the just PD detection events are noticeably reduced and
superimposed, or just drone noise events increase. If assuming more reduces the

trigger level, the antennas commonly receive drone noises due to the fast repetition.

I Trigger level Drone

E | (0.8 x Drone noise) noise level ™, — Drone noise —— PD signal
= . y
= .
£
< L
L T T T T
Time
a) When HA is selected as trigger antenna
> Trigger level Drone —— Drone noise —— PD signal
z (0.8 x Drone noise) noise level
2 ,
=
g7 v
Ll
-
o L L
Time
b) When MNB antenna is selected as trigger antenna
Fig. 5.15 The assumption of repetition of PD signal and drone noise
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Fig. 5.16 shows the experiment result; the trigger level was fixed as 80% of the
amplitude of the drone noise for each trigger antenna, and 100 triggered waveforms were
recorded. Similar to the assumption, when the trigger antenna was the HA, the PD signal
detection ratio, Rpp, was as low as 1%, and when the trigger antenna was the MNB
antenna, Rpp was increased as high as 94%.

100

94%
80

60

40

20F

PD detection ratio, Ren (%)

1%

HA MNB

Trigger antenna

Fig. 5.16 PD signal detection ratio depending on the trigger antenna
In addition, the one PD detected events of HA was the superimposed PD signal and
drone noise. When the signal and drone noise was superimposed, the amplitude is
increased, and HA could catch it. The measured waveforms are shown in Fig. 5.17. In
contrast, when the MNB antenna was the trigger antenna, the drone noise was detected in
six events, the just PD signal was detected in 5 events, and the other 89 events were
superimposed signal and drone noise. The measurement result agreed well the prediction

based on repetition rate.
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Fig. 5.17 Superimposed PD signal and Drone noise when HA was the trigger
Consequently, the three trigger levels were selected depending on the PD signal’s
amplitudes and drone noise. For HA, same as Fig 5.17 (a), trigger level 1 was 280 mV to
be higher than the amplitude of the PD signal. The trigger levels 2 and 3 were selected
120 and 60 mV to be lower than both amplitudes of PD and drone, respectively. Fig 5.17
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(b) shows the selected trigger level for the MNB antenna. Level 1 was 60 mV to be higher
than the amplitude of drone noise. Levels 2 and 3 were selected 45 and 30 mV,

respectively, to be lower than both amplitudes of PD and drone.
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Fig. 5.18 The trigger level selection for each antenna

The measurement results are shown in Table 5.2 depends on the trigger antenna and
level. When HA was the trigger, the superimposed signal was detected just one time due
to the fast repetition and high amplitude of the drone noise. However, the PD detection
rate was very high when the MNB antenna was selected as a trigger antenna and changed
depending on the trigger level. If the trigger level is reduced, the drone noise detection
increases due to the fast repetition.

Table 5.2. PD detection under the drone noise depends on the trigger antenna and level

THEeer | priggerevel | PDsignal | SimPOsed | prong poise
Level 1 0 1 99
HA Level 2 0 0 100
Level 3 0 0 100
Level 1 0 100 0
MNB antenna Level 2 6 89 5
Level 3 2 43 55
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5.5 Conclusion

The noise elimination ability of the MNB antenna was investigated based on the
experiment of PD in SF¢ gas under the noise condition in this chapter. The conclusions
are shown below.

1. It was clarified that the MNB antenna detected the PD in SFs gas under artificial
noise. The signal-noise ratio of the MNB antenna was around 2, which was higher
than that of the HA antenna (SNRu4~1.3) under the elimination frequency while it
was around 1.2, same as SNRu4 under detection frequency.

2. The MNB antenna received the Wi-Fi signal with a 15 dBm lower amplitude than
HA due to noise resistance ability. This noise resistance enabled the MNB antenna
to detect the PD signal in SFe gas under drone noise (SNRuns = 1.4) while the HA
could not detect (SNRu4 = 0.6).

3. The 100 times measurement result used the segment memory method shows that
the PD detection rate under drone noise was 1% and 94% for HA and MNB antenna,
respectively.

4.  The PD detection rate was almost 0 for HA because PD signal repetition (Rs #4)
was much lower than drone noise repetition (R~ #4). For the MNB antenna, the PD
detection rate was changed depending on the trigger level because the ratio of PD
signal and drone noise repetition was noticeably changed based on the trigger level.

5. Until the trigger level was selected as lower than the critical level, the MNB antenna
could detect the PD signal under drone noise with the PD detection rate more than
50% because the PD signal repetition was higher than the drone noise repetition
(Rs mn> Rn mnB). If the trigger level was reduced more than the critical level, the
PD detection rate was reduced because of Rs mna< RN mna.

6.  Based on these results, it can be concluded that the MNB antenna has a high noise
resistance ability at the elimination frequencies and can detect the PD signal with a

high signal-noise ratio under noise conditions.
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Chapter 6
Enhanced Filtered Multiple Narrow Band Antenna

6.1 Introduction

Previous chapters introduced the MNB antenna as the wideband UHF sensor with
high noise resistance. The experiment results demonstrated that the MNB antennas have
excellent performance for PD detection under noise conditions due to noise resistance
ability. However, noise resistance does not mean that the antenna does not detect noise
because the antenna receives the noise, but much lower than original wideband antennas.
Also, the PD detection rate of the MNB antenna was reduced when the trigger level was
reduced due to the fast repetition of drone noise. The big difference between PD signal
and noise gives a high PD detection rate.

If assuming that the drone is flying near the antenna, the PD signal could be masked
by drone noise even if the antenna has noise resistance because of the strong intensity and
repetition of noise. Therefore, a stronger noise resistance than the original MNB antenna
is required for high noise conditions. In this point of view, the enhanced Filtered Multiple
Narrow Band (FMNB) antenna consisting of the MNB antenna with a microstrip filter is
developed to increase the noise resistance ability. The microstrip filter can be developed
as any filters such as band stop, bandpass, high pass, and low pass, selectively depending
on noise condition.

This chapter evaluates the designing process of an FMNB antenna with a microstrip
filter to reduce Wi-Fi noise effectively. In addition, the antenna performance is
experientially investigated by PD detection under Wi-Fi noise and compared with a
standard Horn Antenna (HA) and the MNB antenna, fabricated same physical dimension

with FMNB antenna to check the microstrip filter effect.

6.2 Design of enhanced FMNB antenna

6.2.1 Enhancement and improvement of MNB antenna
This section introduces the improvement and enhancement of the MNB antenna.
There are two designing steps to upgrade the MNB antenna performance; (i)

Improvement of structure and (ii) Enhancement of noise resistance ability.
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Structure improvement of MNB antenna — The antenna designed in previous
chapters was a general structure of MNB antenna. Based on the experiment and
simulation result of the general structure of MNB antenna, the following structure
improvements were implemented for MNB antenna to increase detection frequency and
reduce mutual inductions and antenna size.

e Strip length: For increasing the detection bandwidth of the antenna.

e Strip order: For reducing the mutual inductance.

e Ground size: For reducing the antenna size.

Strip length and order. As discussed in Chapter 3, the printed strip monopole
antenna has the feature to receive the high-order oscillation of a resonant frequency.
Based on this characteristic, it is possible to use four strips to make the MNB antenna
with five resonant frequencies. The FMNB antenna introduced in this chapter was
designed with different frequency bands from the MNB antenna discussed in previous
chapters to check the versatility of MNB types antenna.

The detection and elimination frequency bands of the FMNB antenna were shown
with corresponding strip lengths in Table 6.1. The strip length was calculated by equation
(3.1) with a slight adjustment.

Table 6.1. Frequency selection for the FMNB antenna

Strip length, Ls (mm) Li=96 | L>=50 | Ls=39 | Ls=32 | Li=96/3
Detection frequencies, fz (GHz) 0.6 1.0 1.2 1.4 1.8
Elimination frequencies, fo (GHz) 0.8 1.1 1.3 24

In addition, the strip order was changed to reduce the mutual inductance between

strips. The following equation calculated the mutual inductance between strips:
L~_—]|ln -1
2m Vwd

where, p, — magnetic permeability in free space, / — corresponding length of strips, w —

(6.1)

strip width, d — the distance between strips. The following strip order gave the lowest
mutual inductance between strips; L4, L2, L1, and L3, according to the calculation.
Ground length. The ground plate is used as an image part for the printed monopole
antenna. For the MNB antenna, the ground length was selected as longer than the longest
strip (L =100 mm) because the longer strip gave the highest performance. However, the

excessive ground length reduces the antenna performance. As a result, the first resonant
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frequency has low reflection loss, but the reflection loss is higher than the minimum
possible value for other resonant frequencies. It means the L6=100 mm increased the
detection ability of L; but reduced the detection ability of L2, L3, and Ls+. From this point
of view, the ground length was optimized as L¢ =50 mm for the FMNB antenna, which
provides enough detection ability for each frequency band and reduces the antenna size.
Fig. 6.1 (a) shows the MNB antenna design after improvements.

Enhancement of noise resistance ability (using the microstrip filter) - The noise
resistance ability of the MNB antenna is an important feature, distinguishing it from other
wideband sensors. Therefore, an enhancement method was investigated to increase the
noise resistance ability of MNB antenna for especial strong noise conditions such as noise
sources coming near the antenna such as drones, cell phones, and inspection robots. As a
result, the enhanced FMNB antenna has been developed by integrating the MNB antenna
and a microstrip filter in a PCB without size extension.

The filter is widely used in RF-microwave applications to separate or combine the
RF-microwave signals within assigned spectral limits. In the UHF method, the software
and hardware filters are used for PD signal processing for noise elimination and an
investigation of PD location [1-3]. Depending on the requirements and specifications,
filters can be designed as lumped or distributed element circuits. The filters based on
distributed element circuits are generally realized in various transmission-line structures,
such as waveguide, coaxial line, coplanar waveguide (CPW), slot-line, and microstrip [4],
and are suitable for printed antennas because of complex and non-size extension. The slot
and microstrip filters are used to the printed antenna for noise reduction using feeding
transmission lines without affecting antenna performance [5-6].

As mentioned in Chapter 3, there are three types of feeding methods commonly used
in printed antennas; (i) coaxial feeding, (ii) coplanar feeding, and (iii) microstrip feed, as
shown in Fig. 6.1. The coaxial feed method, shown in Fig. 6.1 (a), is the most used feed
method for printed antennas such as patch antennas [7]. The coaxial cable’s outer shield
and center conductor pass through the dielectric substrate and connect to the antenna’s
ground and radiation parts. This feeding method was used for the MNB antenna design
because of its simple, one-side structure and suitable installation in HV equipment.

The coplanar waveguide (CPW) and microstrip feeding methods are shown in Fig.
6.1 (b) and (c). In these methods, the radiation part is connected to the coaxial

transmission line’s center conductor through a 50 Q microstrip line [8-9]. The difference
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is that the CPW feed method is printed on one side of the PCB, while the microstrip feed
method is designed on two sides. The advantages of these methods are a low radiation
loss, uniplanar structure, flexible feed position, and high compatibility with active and
passive devices. In addition, the microstrip filter can be designed using the 50 Q
microstrip feeding line in one PCB with the antenna. Therefore, the microstrip feed

method is used for FMNB antenna design [10].

SMA
connector %

SMA connector qi F SMA connector Jﬁf

(a) Coaxial feed (b) Coplanar feed (c) Microstrip feed

Fig. 6.1 Feeding methods for the printed monopole antennas

Once the microstrip feeding method allows developing the MNB antenna with
microstrip filter, the microstrip filter is designed for FMNB antenna as the following type.
e Type of filter - The important advantage of FMNB antenna is the possibility of being

designed with all type filters such as low pass, high pass, bandpass, and bandstop
depending on the target frequencies. In this study, the FMNB antenna is suggested with
a low pass filter with a 2 GHz cut of frequency (fc=2GHz) for high resistance of Wi-
Fi, 2.4 GHz noise.

e Filter prototype of low pass filter - There are two commonly used filter prototypes,
Chebyshev and Butterworth, and their frequency response are shown in Fig. 6.2. The
Butterworth types filter has a maximally flat response, but the transition region is wide
and not steep. In contrast, the Chebyshev type has steep and narrow transition regions,
but a passband ripple response is higher than the Butterworth type. Due to steep
transition, the Chebyshev types filter was selected, and passband ripple was selected

as low as possible, 0.1 dB for FMNB antenna design.
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Chebyshev

Butterworth

Insertion loss (dB)

Je Frequency
Fig. 6.2 Comparison of the frequency response of different prototype filters

e Structure of microstrip filter - Depending on the making method, many different
conventional microstrip LPFs are widely used in many RF and microwave applications,
such as stepped-impedance filter, open-stub filter, and semi-lumped elements filter [4].
For the FMNB antenna, the stepped-impedance L-C ladder-type was used because of

simple adjustment and configuration.

Fig. 6.3 shows a general structure of stepped-impedance microstrip LPF, with a fifth-
order cascaded shunt structure of alternating high-and-low impedance transmission lines.
Even if the high order cascaded structure increases filtering response, the fifth-order

cascaded shunt structure was selected due to size limitation.

Port 1 Z, |Port 2

(a) layout structure in the PCB

ml lMT
‘T ‘T

(b) equivalent circuit
Fig. 6.3 Design of the stepped-impedance microstrip low-pass filter (5th order

cascading with shunt structure)
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The high-impedance lines act as series inductors, and the low-impedance lines act as
shunt capacitors, like the equivalent circuit shown in Fig. 6.3 (b). Because expressions
for inductance and capacitance depend upon both the characteristic impedance and length,
the impedance of microstrip lines should be following order Zoc < Zo < Zoz, where Zoc
and Zoo represent the characteristic impedances of low and high impedance lines,
respectively, and Zo is the connection impedance, which is usually 50 Q for microstrip
filters.

To select the high and low impedances, it should be considered (i) the lower
impedance is better for Zyc, but the line width W must not affect the operation frequency
and (i) the higher impedance is better for Zoz, but the impedance must not so high that its
fabrication becomes difficult as a narrow line or that its current-carrying capability
becomes a limitation. According to the above considerations, the characteristic
impedance of the high- and low-impedance lines was chosen as Zoz = 100 Q, Zy = 50 Q,
and Zoc =25 Q.

The main purpose of the microstrip filter for this research is to reduce the Wi-Fi noise;
thus, the cut-off frequency was selected as 2 GHz and passband ripple 0.1 (or reflection
loss <-16.45 dB). The design parameters of the proposed microstrip LPF were calculated
following formulas.

e Inductance and capacitance values

=G ) 62
n go an‘c gn "
go)( Q¢ >
Chn == 6.3
= (7)) Gre) o (63)
e The physical width of lines
W 748 X h 125 €4
T Zofe+i4l xt (6.4)
e 87 )
e Effective dielectric constant
&+1 g -1 -0s
e The guided wavelength of the microstrip
Ao
Ag = (6.6)

7 VEeff
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e The physical length of high and low impedance lines

A L w,L
I, =25 -1(—C ”) 6.7
L= sin Ze, (6.7)
AgC .1
lc = o Sin (w:CnZoe) (6.8)

where, Q¢ — normalized cut off frequency (1.0 GHz), n — order number, g» — element
values for an order number, fc — cut off frequency (2.0 GHz), Zo - impedance of the line,
h — the dielectric thickness (1.6 mm), ¢ — trace thickness (0.001 mm), &, — relative
dielectric constant (4.5), 4, — free-space wavelength. The calculated parameters of the

proposed microstrip LPF are shown in Table 6.2.

Table 6.2. The design parameter of the purposed microstrip LPF

Element Characteristic Element Width Length
impedance (Q) transformation (mm) (mm)
Zy 50 50 Q 3.0 3.0
Zo1; Zos 25 0.98 pF 8.4 7.2
202, Zos 100 6.43 nH 0.7 9.4
Zo3 25 3.18 pF 8.4 12.4

Fig. 6.4 shows the S21 and S11 parameters purposed fifth-order Chebyshev stepped-
impedance microstrip LPF simulated using the parameters from Table 6.2 and compared
with fifth-order Butterworth LPF. As a previous discussion, the S parameters of purposed
Chebyshev types filter is steeper than Butterworth type; the S21°s slope at cut-off
frequency was -19.28 dB/GHz and -13.57 dB/GHz, and the S11°s slope was 23.7 dB/GHz
and 7.9 dB/GHz, for Chebyshev and Butterworth type, respectively. The cut-off
frequency agreed well designed one; at the 2.0 GHz, the S21 transfer function, i.e.,

insertion loss, was -3.22 dB. Therefore, this filter design can be used for FMNB antenna.
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Fig. 6.4 Simulated S11 and S21 parameters of the fifth-order Chebyshev and
Butterworth filters

Kyushu Institute of Technology, Graduate School of Electrical Engineering
-108-



Chapter 6: Enhanced Filtered MNB antenna

6.2.2 Simulation of FMNB antenna

After the above enhancement and improvements, the improved MNB and enhanced
FMNB antennas were simulated by COMSOL software. The simulation setup and
function were decided in detail in Chapter 2. Fig. 6.5 (a) and (b) show the antenna design
of MNB and FMNB antenna, respectively. The full size of the antennas is 100x150x1.6

mm and lower than the MNB antenna, designed and used in previous chapters.
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Feed point Feed point
(a) without microstrip filter (MNB) (b) with microstrip filter (FMNB)

Fig. 6.5 Design of FMNB antenna

The simulated reflection loss of the FMNB antenna is shown in Fig. 6.6 compared
with the MNB antenna. The detection and elimination frequencies generally agreed well
with the designed one. The detection bandwidth is shown in Table 6.3 for each resonant
frequency. There are two differences related to the microstrip filter at a frequency higher
than 1.7 GHz.

1. The fifth resonant frequency was slightly shifted to the high frequency because of the
ripple effect of the Chebyshev filter. However, it cannot affect the detection and
elimination bandwidth because the reflection loss was around -18 dB, which belonged
detection zone of the antenna.

2. The reflection loss of FMNB antenna drastically increased up to -4.6 dB at 2 GHz,
cut-off frequency. It means the FMNB antenna has high resistance for high-frequency
noises. Especially, the reflection loss was increased from -3.26 dB to -0.28 dB at the

Wi-Fi frequency band (2.4 GHz). It means the FMNB antenna receives the 2.4 GHz
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signal with a high reduction around 95%.

According to the above results, it can be concluded that the FMNB antenna gave

sufficient reduction at the Wi-Fi frequency band.
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Reflection loss, S11 (dB)
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L el f Jas FMNB antenna
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Frequency, f (GHz)

Fig. 6.6 Simulated reflection loss of FMNB antenna compared with MNB antenna

Table 6.3. The detection frequency bandwidth of MNB and FMNB antennas

Order number 1 2nd 31 4™ 5™ | Total
Resonant frequency (GHz) | 0.62 1.0 1.2 1.42 | 1.85 -
MNB antenna
Bandwidth (GHz) 0.08 | 0.1 0.1 0.7 0.98
FMNB Resonant frequency (GHz) | 0.63 1.0 1.19 | 1.41 | 1.73 -
antenna Bandwidth (GHz) 008 | 0.1 | 0.1 0.62 0.9

The detection frequencies were confirmed by the simulated electric field distribution

at the resonant frequencies of the FMNB antenna in Fig. 6.7 (a) to (e). The electric field

accumulated the corresponding strip’s edge at each detection frequency. The fifth

detection frequency comes from the third-order oscillation of the first detection

frequency; thus, the first strip activated around strip edge as well as two-third of the strip

at Fig. 6.7 (e). To clearly see the microstrip LPF effect, the electric field distribution of

the FMNB antenna at 2.4 GHz is shown in Fig. 6.8 compared with that of the MNB

antenna. Due to their coupling capacitance, the MNB antenna was slightly activated

around the connection line and ground edge. While, the FMNB antenna, the microstrip

filter blocked the 2.4 GHz resonation.
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Fig. 6.7 Electric field distribution of FMNB antenna at detection frequencies of it
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Fig. 6.8 Electric field distribution of FMNB antenna at Wi-Fi frequency compared
with MNB antenna
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In addition, the directivity of the FMNB antenna is shown in Fig. 6.9 as a 2D radiation
pattern. The simulation results demonstrated that the FMNB antenna has good

omnidirectional characteristics, the same as the MNB antenna.

— 0.62GHz

— — 1.20 GHz
— =" 1.42GHz
*L——— 1.85GHz |-60

Y-axes

X-axes

Fig. 6.9 The radiation pattern of the FMNB antenna

Once the simulation result gave the applicable performance, the FMNB and MNB
antennas were fabricated using the etching method to reduce the fabrication errors. Fig.

6.10 shows the fabricated MNB and FMNB antenna compared with HA.

FMNB MNB
antenna antenna

Fig. 6.10 Fabricated MNB and FMNB :ntenna compar‘ed with HA

6.2.3 Test of FMINB antenna

First, the reflection losses of the FMNB and MNB antennas were measured and
shown in Fig. 6.11. The measurement results are compared with simulation results. For
the MNB antenna, the measured and simulated results have an excellent agreement more
than the antenna discussed in Chapter 3. It could be related to the improvement of
structure and fabrication methods. The antenna discussed in Chapter 3 detected four
resonance frequencies, and the fourth resonance frequency overlapped with the third-

order oscillation of the first resonance. These overlapped resonant frequencies were the
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reason for simulation and measurement’s difference. However, the improved MNB

antenna is fabricated with five resonant frequencies using four strips because the third-

order oscillation of first resonance and fourth resonant frequencies are separated. Also,

the fabrication error is reduced by using the etching method. As a result, the difference

between simulation and measurement results could be reduced.
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Fig. 6.11
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Measured reflection loss of FMNB and MNB antennas compared with

the simulation results

For the FMNB antenna, the measurement results agree well with the simulation

except that there are two dips around the fifth detection frequency for the FMNB antenna.

The reason for this difference could come from the microstrip filter. As early mentioned,

the Chebyshev types filter has a steep roll-off rate parallel with passband ripple. In

addition, the reflection loss of the FMNB antenna is lower than -1 dB when that of the
MNB antenna was -5 dB at 2.4 GHz.
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After that, the transfer function of both antennas was measured to calculate the
antenna factor using standard wideband HA as a reference antenna. The measurement was
performed in an anechoic room, and the photo of the experimental setup is shown in Fig.

6.12. The experiment procedure and setup were decided in detail in Chapter 2.

Fig. 6.12 Experiment setup for transfer function and antenna factor

The antenna factor has a reverse relation with reflection loss. The calculated antenna
factor of the FMNB antenna is shown in Fig. 6.13 compared with the reflection losses of
the antenna. The antenna factor is reduced at the detection frequencies of the antenna, and
there are slight differences. These could be related to the reference antenna effect and the
antenna directivity because the antenna factor is related to the antenna directivity while
reflection loss is not. However, the antenna factor is relatively high at the Wi-Fi frequency

band, which means the FMNB antenna effectively reduced the Wi-Fi signal.
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Fig. 6.13 Calculated antenna factor of FMNB antenna compared with the

reflection loss
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6.3 Discharge detection ability of FMINB antenna

The FMNB antenna was successfully designed and fabricated, and the measured
parameters of antennas agreed well with simulated ones. In this session, the FMNB and
MNB antennas were applied to detect the BD and PD emitted signals, and the experiment

setups were arranged the same as in Chapter 4.

6.3.1 Breakdown discharge detection

Both MNB and FMNB antennas could detect the BD signal and Fig. 6.14 shows the
BD experiment results in a time and a frequency domain. The EM waveforms measured
by the fabricated antennas are slightly wider than HA because of the low-frequency
components (under 0.7 GHz). The intensity of BD signal is reduced at elimination
frequencies of FMNB antenna while it was relatively high at detection frequencies except
for 1.2 GHz because of the original frequency spectrum of BD signal. The FFT of HA
represented the original frequency component of the BD signal, and the intensity of HA

was relatively low at 1.2 GHz.
300

150 - — HA
0

-150 -

-300

200

100 —— MNB antenna
0 g
-100 -

-200
200

100
0 ——-»--%ﬁw.‘ >
-100
200 1 1 1 1 1 1 1 1 1
Time, t (20 ns/div)

—— FMNB antenna

EM wave, Vgyw (mV)

(a) Electromagnetic waveform of breakdown discharge

-50

— HA

-70

-90
-50

—— MNB antenna

70 )

-90
-50

—— FMNB antenna

Intensity, Intg;, (dBm)

-70

oob_ v vy
0.5 1.0 1.5 2.0 2.5

Frequency, f (GHz)
(b) Frequency spectrum of measured electromagnetic wave of BD

Fig. 6.14 The measurement result of the BD signal
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The Vpp 8p of the MNB and FMNB antennas was compared with HA in Fig. 6.15.
The slope was 0.54 and 0.44 for MNB and FMNB antenna, respectively. The difference
in slope is related to the detection frequency bandwidth and filter effect. The MNB
antenna has wider bandwidth than the FMNB antenna, so detection amplitude was high.

However, the correlation coefficient was high enough, 0.96, for both antennas.
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Fig. 6.15 The amplitude relation of antennas for BD experiment

6.3.2 Partial discharge in SF¢ gas detection

After the BD signal detection experiment, the MNB and FMNB antennas were
applied to PD in SF¢ gas measurement in an anechoic room. The experiment setup was
the same as the PD detection setup in Chapter 4, and the detail was decided in Chapter 2.
Fig. 6.16 (a) and (b) show the typically measured EM waves and averaged frequency
spectrum of 30 measurements. The MNB and FMNB antennas received some relatively
low-frequency signals due to high intensity. These noises could come from the PD
experiment setup as corona discharge and so on. Therefore, the EM waveforms measured
by MNB and FMNB antennas are wider than the result of HA, but it does not affect the
PD detection performance. The frequency spectrum of the PD signal agreed well with the
reflection loss of the FMNB antenna.

The Vrp_pp of MNB and FMNB antennas was compared with HA in Fig. 6.17. The
slope was 0.29 and 0.27 for MNB and FMNB antenna, respectively, and the linear
relations were confirmed for the PD signal. The slope difference was the same as BD
measurement; the MNB antenna had a slightly higher slope than the FMNB antenna. In
addition, the correlation coefficient was reduced for the FMNB antenna due to the

frequency response of the antenna.
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6.4 Noise resistance ability of FMNB antenna

The previous session shows the PD detection ability of the FMNB antenna. In
contrast, the noise reduction ability of the FMNB antenna was discussed in this session,
especially for Wi-Fi noise. The Wi-Fi noise was represented by the commercial drone
Phantom-4, whose operating frequency is 2.4 GHz. First, the fabricated antennas were
applied to measure just drone noise with HA to compare. The typical EM waves of drone
noise were simultaneously measured by three antennas when HA was selected as the
trigger antenna, and frequency spectrums averaged from 30 measurements were shown
in Fig. 6.18. The HA received the drone noise with a large amplitude, whereas the MNB
antenna detected the drone noise 14 dB lower than HA. It seems that the FMNB antenna
did not receive the drone noise because the amplitude was same as the background noise.
However, it is shown in Fig. 6.18 (b) that the FMNB antenna detected the drone noise,

whose intensity was noticeably lower compared with the result of HA, more than 35 dBm.
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Fig. 6.18 The measurement result of drone noise

The relation between Vpp of the drone noise measured by the MNB and FMNB
antenna versus the HA is shown in Fig. 6.19. The slope of MNB and FMNB were 0.19
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and 0.03, respectively. Namely, the slope of the drone noise was 1.5 and 8 times lower

than that of the PD signal for the MNB and FMNB antenna, respectively.
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Fig. 6.19 The amplitude relation of antennas for Drone noise experiment

The comparison between Vrp of PD signal and drone noise for each antenna based
on 100 measurement results are shown in Fig. 6.20 (a) when HA was a trigger antenna.
In this condition, there is a high probability that the FMNB antenna can detect PD signal
in all cases, while the MNB antenna could detect the drone noise in some cases because
of the relation of Vrp between the PD and noise. Namely, Vs rmung > Vv rung, Vs uns =
VN mng, and VN 14 > Vs na4 for the same event measurement.

Fig. 6.20 (b) summarized the signal-noise ratio (SNR) of antennas based on the
average values of the independent measurement results. The SNR was 0.57, 0.87, and
5.84 for HA, MNB, and FMNB antennas, respectively. This result suggests that the
FMNB antenna has far superior detection properties for PD detection in SFs gas than the

wideband HA and MNB antennas under the drone noise.
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Fig. 6.20 Comparison of PD signal and drone noise detection based on

independent measurement
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6.4.1 PD detection under Wi-Fi noise

The above results are obtained based on the independent measurements. It means the
signal and noise repetition did not affect the measurement. However, the generation
repetition of PD signal and drone noise are also important to detect PD under the noise
except the amplitude. According to Chapter 5, there are two cases where PD signal can
be detected under the noise. One is that the amplitude of the PD signal is higher than that
of drone noise. Another one is detecting PD signals when drone noise is not generated or
generated at a relatively lower level, even if the drone is working. However, detecting the
PD signal as the second case is difficult because drone noise’s amplitude and generation
repetition are extremely higher than that of the PD signal.

In this session, the antennas were applied to measure the PD signal under the drone
noise using the fast frame mode, i.e., a segmented memory acquisition mode, to catch 100
events. Fig. 6.21 shows the photo of the measurement setup, and the distance between PD
and antenna and drone and antennas was 1 and 4 meters, respectively.
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Fig. 6.21 Experiment setup of PD measurement under the drone noise

First, the PD current was used as a trigger signal to check the repetition of the PD
signal and drone noise. For 100 measurements, six events were detected, just PD signals
without drone noise, and the rest 94 events were PD signals superimposed on the drone
noise. It indicates that the generation repetition of drone noise is much higher than the PD
signal. Figs. 6.22 (a) and (b) showed typical waveforms measured simultaneously with
the HA, MNB, and FMNB antennas where PD occurred along with drone noise, and the
frequency response obtained as average from 100 waveforms FFT analysis.

Fig. 6.22 (a) indicates that the FMNB antenna has noticeable higher SNR than the
MNB and HA, and the PD signal can be clearly recognized by eliminating the drone noise
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for the FMNB antenna. The MNB and HA could detect the PD signal, but their SNR was

around 1.5 and lower than 1, respectively. From Fig. 6.22 (b), it was found that the MNB

and FMNB antennas received the drone noise reduced around 14 and 33.6 dBm.
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Fig. 6.22

The measurement result of PD signal under drone noise when the PD
current was used as the trigger signal

The amplitude relation of only PD signal, only drone noise, and superimposed PD

signal on drone noise between the HA and the FMNB antennas are shown in Fig. 6.23.

The relation of the only PD signal (black line) between the antennas showed the linear

correlation with a relatively higher slope (0.41) compared to those of the only drone noise

(blue dashed line) as well as the only PD signal (0.27) shown in Fig. 6.19. The much

lower coefticient of the drone noise was caused by the high noise resistance ability of the

FMNB antenna. Namely, the Vrp of the FMNB antenna for the drone noise is almost

constant that is equal or lower than BGN, irrespective of the drone noise amplitude. i.e.,

fundamentally no relation between the antennas.
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Fig. 6.23 Relation between Vep of PD signal, drone noise, and superposed PD
signal measured by HA and FMNB antennas

The difference in the slope for the only PD signals between Fig. 6.23 and Fig. 6.17
resulted from the waveform, i.e., frequency components, of the measured PD-emitted EM
waves by the different triggers. The higher coefficient of the slope in Fig. 6.23 was
attributed to the PD current trigger that could detect the waveform with much wider
frequency components because of no limitation compared with the HA trigger. The
relation of a superimposed PD signal on the drone noise between the antennas (red circle)
showed scattering, but the distribution of Vrp of the FMNB and the HA antennas agreed
well with that of the only PD signal and the only drone noise, respectively. This is because
the FMNB antenna just detects the PD signal by eliminating the drone noise, and the HA
detects the superimposed PD signal on the drone noise. Thus, this result also supports the
superiority of the FMNB antenna to detect PD signal under the drone noise to the

conventional wideband antenna.

6.4.2 Trigger antenna difference

As mentioned previously, there are two chances where a PD signal can be detected
under the noise. The first one is that the amplitude of the PD signal is higher than that of
drone noise. Another is detecting PD signals when drone noise is not generated or
generated at a relatively lower level. To check the first case, the PD detection ability under
the drone noise was summarized in the 100 events measurement by changing the trigger
antennas when the trigger level was fixed as high as possible. The result is shown in Fig.

6.24, including the result triggered by PD current trigger.
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Fig. 6.24 PD signal under the drone noise measurement depends on trigger
antenna
In Fig. 6.24, it was clearly shown that all events that the MNB and FMNB antenna
detected were PD signals, even including the superimposed PD signals on the drone noise,
which was the same tendency as the PD current trigger result, while the HA antenna could
not at all. Even if the MNB and FMNB antennas can detect the PD signal under drone
noise equality 100 %, the signal-noise ratio of the measured EM wave was drastically
changed based on the antennas. Fig. 6.25 showed the signal-noise ratio of each antenna
when the trigger antenna was an FMNB antenna. These experimental results demonstrate

that the FMNB antenna has a high noise resistance ability for Wi-Fi noise.
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Fig. 6.25 The signal-noise ratio of antennas for PD signal under drone

measurement when trigger antenna was FMNB

In addition, to estimate the repetition speed of PD signal and drone noise, the
independent measurement results were used. The PD signal and drone noise were
measured for each antenna as 100 events at different trigger levels, and measurement
duration was recorded. The repetition rate was calculated for PD signal and drone noise

based on this measurement time, as shown in Fig. 6.26. From these repetition rates, it is
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clearly seen the following things and the PD under noise measurement confirmed:

e For HA, the drone repetition rate is much higher than PD repetition. Therefore, the PD

detection rate is almost 0.

e For MNB antenna, the PD repetition rate is higher than drone repetition when the

trigger level is higher than the critical level (7cr). It means the MNB antenna can detect

the PD signal when the trigger level higher than 7cr. If the trigger level is reduced, the

PD detection rate is drastically reduced because of the high repetition of drone noise.

Therefore, there is a PD detection zone from 7ck to the maximum level of PD signal.

e For the FMNB antenna, the PD detection rate is very high even if the trigger level is

reduced because of its strong noise reduction ability. It means the PD detection zone

of the FMNB antenna is much wider than the MNB antenna from PD signal level up

to background noise.
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Fig. 6.26 The PD signal and drone noise repetition rate depending on trigger

antenna

Then, the PD signal under the drone noise measurement was performed again to

check the second case of PD detection when the trigger level changed for each antenna.

The measurement results are summarized and shown in Table 6.4. The HA could not

detect the PD signal in all cases while the PD detection rate of the MNB antenna reduced

whenever the trigger level reduced. FMNB antenna gave a high performance for PD

measurement under the drone noise even if the trigger level reduced up to 25 % of the

amplitude of the PD signal. This result demonstrates the conclusions based on the

repetition rate. The FMNB antenna can detect the PD signal under high Wi-Fi noise with

a high signal-noise ratio.

Table 6.4. PD detection ratio when trigger antenna was changed

Trigger antenna Trigger level Result
% mV PD PD+Drone Drone
100 416 0 0 100
HA 73 304 0 0 100
38 160 0 0 100
100 80 11 89 0
MNB 87 70 0 15 85
75 60 0 0 100
100 70 7 95 0
FMNB 85 60 5 93 0
70 50 8 92 0
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6.5 Conclusion

This chapter designed and evaluated the enhanced Filtered Multiple Narrow Band
(FMNB) antenna consisting of the MNB antenna and microstrip low-pass filter
theoretically and experimentally. The conclusions are shown below.

1. The FMNB antenna with higher communication noise resistance than the MNB
antenna was successfully developed without size extension by applying the micro-
strip feed method to form the high-and-low impedances, which act as series
inductors and shunt capacitors.

2. The microstrip filter increased the Wi-Fi noise resistance ability from 15 dBm to
more than 30 dBm.

3. The FMNB antenna was applied to detect the PD signal under drone noise with the
improved MNB antenna and HA. The measurement result showed that the HA
could not detect the PD signal under drone noise due to high amplitude and
repetition of drone noise, while MNB and FMNB antennas could detect the PD
signal with a high PD detection rate.

4. The PD detection rate of the MNB antenna is reduced depending on trigger level
due to the repetition ratio between PD signal and drone noise. For the FMNB
antenna, the PD detection rate is almost irrelative to the trigger level because of
high noise reduction. Even if the trigger level reduced up to 30% of the PD signal,
the FMNB antenna could detect the PD signal with a high detection rate.

5. In addition, the FMNB antenna detected the PD signal under drone noise with the
highest SNRrunp around 5.32 while SNRunvs=1.99 and SNRu4=1.52. Based on the
above result, the FMNB antenna has a high noise resistance ability at Wi-Fi noise
frequency.

6.  In addition, the microstrip filter can be designed for different frequency bands to

resist certain noises.
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Chapter 7

Conclusions

Partial discharge (PD) is a pre-breakdown phenomenon that can cause the insulation
deterioration of HV equipment. Thus, detection of PD signals enables us to evaluate the
insulation condition and avoid catastrophic breakdown. This also brings the reliable
operation of the electric power system consisting of the HV equipment.

The UHF method, which is one of the PD detection methods on the PD-emitted
electromagnetic wave in the UHF bands, has been widely used in the electric power
system because this method has many advantages like a non-direct connection with the
HV circuit, high sensitivity, quick response as a real-time-enabled measurement and so
on. However, the rapid development of ICT and digital technology could impact the PD
detection by the UHF method in view of the noise interference by the communication
waves, consequently reducing the sensitivity and the detection ability of PDs. Thus, the
elimination of the communication noise is strongly required in parallel with the wideband
PD detection in the UHF method.

Many researchers have investigated the wideband detection methods in the UHF
band and the noise elimination methods for the communication waves for PD detection
with high sensitivity, but a UHF PD sensor that fully satisfies them has not been realized.
Under this background, this dissertation deals with the development of the wideband UHF

sensor with high noise resistance ability for PD detection under noise conditions.

7.1 Summary of This Dissertation

In Chapter 2, the setup of the simulation on the antenna performance and the HV
experiment, as well as procedures used in this study, were described in detail. As the PD
sources, different insulation media like SFe gas, dry air, and electrical tree discharge in
the XLPE sample were prepared and applied to evaluate the developed UHF sensors.
Meanwhile, two different types of noise were also used to investigate the noise resistance
ability.

In Chapter 3, the design method on the Multiple Narrow Band (MNB) antenna, which
is my newly proposed and developed as a wideband UHF sensor with high noise

resistance, was established based on the theoretical and experimental discussion. The

Kyushu Institute of Technology, Graduate School of Electrical Engineering
-128-



Chapter 7: Conclusions

MNB antenna satisfied the main requirements of the UHF sensor and could be optimized
by numerical simulation. The detection frequency bandwidth realized more than 1 GHz,
and the reflection loss was higher than -6 dB at the elimination frequencies, which means
the MNB antenna had excellent properties like wideband detection and high noise
resistance in the communication and ISM bands. The design rule was summarized as the
flow chat that allows us to develop the MNB antenna with different detection and
elimination frequencies depending on the purpose.

In Chapter 4, the discharge detection property and the directivity of the MNB antenna
were clarified and compared with those of the HA. The directivity of the MNB antenna
was investigated by the breakdown experiment, and the omnidirectional radiation pattern
was confirmed, which was the same pattern as the theory. The antenna can be placed at
the bottom or side of the wall in the HV equipment for PD detection because of the
directivity and electric field detection. The MNB antenna can detect different PD signals
from the different insulations and discharge types, and the signal intensity, i.e., the peak
to peak amplitude of the antenna output, of the MNB antenna showed a good correlation
with that of the HA.

In Chapter 5, the communication noise resistance ability of the MNB antenna was
discussed based on two different noise sources; (i) artificial noise emitted from SG with
constant amplitude and (ii) the Wi-Fi noise emitted from the commercial drone. The PD
in SFe gas under noise source experiment was performed to make practical conditions.
From the artificial noise experiment result, it was found that the MNB antenna detected
the PD in SFe gas under artificial noise. The signal-noise ratio of the MNB antenna was
around 2, which was higher than that of the HA antenna (SNRus4~1.3) under the
elimination frequency while it was around 1.2, same as SNRu4 under detection frequency.
From the drone noise measurement result, the MNB antenna received the drone noise
with 15 dBm lower amplitude than that measured by HA. Due to this noise amplitude
reduction, the MNB antenna could detect the PD signal in SFe¢ gas under drone noise
(SNRmng = 1.4) while the HA could not detect (SNRu4 =~ 0.6). The 100 times measurement
result used the segment memory method shows that the PD detection rate under drone
noise was 1% and 94% for HA and MNB antenna, respectively. The PD signal and drone
noise repetition rates were investigated to understand the advantage of MNB antenna
compared with HA. The results show that the PD detection rate was almost 0 for HA

because PD signal repetition (Rs #4) was much lower than drone noise repetition (Ry r4).
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For the MNB antenna, the PD detection rate was changed depending on the trigger level
because the ratio of PD signal and drone noise repetition was noticeably changed based
on the trigger level. Until the trigger level was selected as lower than the critical level,
the MNB antenna could detect the PD signal under drone noise with the PD detection rate
more than 50% because the PD signal repetition was higher than the drone noise repetition
(Rs mns> Rn mna). If the trigger level was reduced more than the critical level, the PD
detection rate was reduced because of Rs mns < Rv mns. Based on these results, it can be
concluded that the MNB antenna has a high noise resistance ability at the elimination
frequencies.

In Chapter 6, the communication noise elimination ability of the MNB antenna was
further improved by adding the low-pass filtering function. The enhanced Filtered
Multiple Narrow Band (FMNB) antenna was designed with higher communication noise
resistance than the MNB antenna. Applying the micro-strip feed method to form the high-
and-low impedances, which act as series inductors and shunt capacitors, the FMNB
antenna was realized-without size extension. This enhancement increased the Wi-Fi noise
resistance ability from 15 dBm to more than 30 dBm. The FMNB antenna was applied to
detect the PD signal under drone noise with the improved MNB antenna and HA. The
measurement result showed that the HA could not detect the PD signal under drone noise
due to high amplitude and repetition of drone noise, while MNB and FMNB antennas
could detect the PD signal with a high PD detection rate. However, the PD detection rate
of the MNB antenna is reduced depending on trigger level due to the repetition ratio
between PD signal and drone noise. For the FMNB antenna, the PD detection rate is
almost irrelative to the trigger level because of high noise reduction. Even if the trigger
level reduced up to 30% of the PD signal, the FMNB antenna could detect the PD signal
with a high detection rate. In addition, the FMNB antenna detected the PD signal under
drone noise with the highest SNRruns around 5.32 while SNRunvs=1.99 and SNRu4=1.52.
Based on the above result, the FMNB antenna has a high noise resistance ability at Wi-
Fi noise frequency. In addition, the microstrip filter can be designed for different
frequency bands to resist certain noises.

Moreover, the MNB antenna can be designed for different PD signals, and different
noise condition depends on the purpose by adjusting the detection and elimination

frequencies. It means the MNB antenna can be used in all types of HV equipment as a

Kyushu Institute of Technology, Graduate School of Electrical Engineering
-130-



Chapter 7: Conclusions

UHF sensor. Also, the noise resistance ability makes the MNB antenna is suitable to

cooperate with other ICT and digital technology as a wireless and smart sensor.

7.2

Future Subjects

This study successfully designed and developed a novel wideband UHF sensor for

PD detection with high noise resistance. Consequently, the sensor’s performance was

validated experimentally. Based on the satisfied result of this study, some suggestions for

future work are proposed.

l.

Flexible sensor for a cylindrical or non-flat surface.

UHF sensor is commonly installed in the wall of the HV equipment. However, the
wall is generally a non-flat surface. Therefore, the flexible sensor is suitable for
installation in HV equipment. The MNB antenna has a flat and very thin structure,
which gives a chance to make a flexible sensor for PD detection, such as a cylindrical
surface of the GIS tank.

Size reduction methods for MNB antenna.

In this study, the size limitation is not considered a general study, and however, the
sensor size is one of the important parameters in practice. Therefore, size reduction
methods are needed for MNB antenna to develop a small antenna. The L-shaped MNB
antenna was designed and fabricated to reduce antenna size, and the simulation and
fabrication result is attached in Appendix. But, a more advanced size reduction
method can be used, such as a meandering method.

PD detection system using MNB antenna as a smart sensor.

The digital technology applied and enhanced every technical field, including the HV
substation such as digital substation. The MNB antenna can cooperate with digital
technology without noise interference. Therefore, the PD detection system can be
developed based on this idea, reducing the electrical connection between sensors and

diagnostic devices and increasing processing time and accuracy.
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