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Abstract o
Partial Discharge;
Accurate detection of partial discharge (PD) is crucial for monitoring high voltage (HV) and medium Ultra-High Frequency;
voltage (MV) of electrical power assets. Among the various methods used for partial discharge (PD) . .
monitoring, ultra-high-frequency (UHF) monitoring is particularly advantageous for on-site/fonline /A" Insulated Switchgear;
applications due to its anti-interference and noise-canceling capabilities. Therefore, this study aimed  Power Spectrum PD;
to focus on the application of an ultrawideband antenna, operating between 0.9 to 4 GHz frequency  ppagse Resolved Partial Discharge.
range, for detecting PD defects in air-insulated switchgear. Specifically, the proposed ultrawideband
antenna was designed, optimized, and fabricated on FR4 substrate with a thickness of 1.6 mm and
dielectric constant of 4.4. To evaluate the sensitivity performance of the antenna, laboratory . .
experiments were conducted using a PD protrusion model located inside a test chamber. Article History:
Subsequently, the results were evaluated through waveform analysis, PD power spectrum analysis,

scalogram analysis in both the time as well as frequency domains, and finally, the phase-resolved ~ Received: 16 July 2025
PD (PRPD) pattern analysis. The experimental results show that the proposed UHF antenna could  Revised: 27 April 2026
detect PD signals with high sensitivity and high signal-to-noise ratio (SNR) when placed at 120 cm

from the source. This implied that the proposed antenna was a suitable sensor for detecting PD i Accepted: 13 May 2026
HV and MV air-insulated switchgear. Published: 01 June 2026

1- Introduction

Power grid apparatuses perform an important role in power generation, power transmission, and power distribution.
One of the critical components of high voltage (HV) and medium voltage (MV) power equipment is electrical insulation.
Moreover, any fault in the insulation system may lead to a high electric field, which can eventually cause a partial
discharge (PD) when the electrical device is subjected to high-voltage stress. The occurrence of PD in HV or MV assets
is believed to be a main indicator of insulation aging and degradation, which, when not detected at an early stage, may
lead to failure and breakdown. Examples of the main components of an electric power grid that may fail due to insulation
problems include transformers, power cables, electric generators and motors, circuit breakers, power line insulators, and
switchgear. Therefore, PD monitoring of the power equipment (HV and MV) should be performed in real-time and
continuously to prevent premature failure as well as maintain safe operation and reliability.

Switchgear is an electrical device that includes disconnect switches (fuses or circuit breakers), earth switches, surge
arresters, busbars, etc., whose main function is to control, protect, and isolate electrical equipment from the grid.
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Depending on the system voltage, switchgear can be operated with high and medium voltages. In addition, there are two
well-known types of switchgear, namely Gas Insulated Switchgear (GIS) and Air-Insulated Switchgear (AlS). GIS uses
sulfur hexafluoride gas (SF¢ ) as an insulating material, while AIS uses air as an insulating material. The two types of
switchgear have different advantages and disadvantages. In terms of area, GIS installations require a smaller area than
AIS installations. Meanwhile, in the aspect of maintenance, GIS is superior with a maintenance period of up to 25 years.
This duration is in contrast with AIS, which requires maintenance every two years [1]. Currently, there is a need for
electrical power equipment that supports sustainable and environmentally friendly development, particularly electricity
generation and transmission as well as distribution. GIS has several advantages, but SF¢ gas used in GIS contributes to
environmental pollution due to the impact on the greenhouse effect [2, 3]. Therefore, in this context, many studies
regarding GIS insulation aim to find alternatives to environmentally friendly insulating gas that can reduce or even
completely replace the use of SF4 gas [4, 5].

AIS is a solution for optimizing the reliability of electricity systems. In recent years, 10 kV AlS has become a popular
study topic [6], as it is believed to be able to replace the work function of switchgear in MV range in electricity
distribution systems [7]. Studies have shown that AIS requires major modernization to maintain reliability and prevent
damage. Typically, damage to AIS is similar to other electrical equipment, caused by air insulation in the system [8],
[9]. AIS failure can also be caused by several factors, including operating at high voltage and high electric fields, thereby
increasing the insulation temperature of the conductor material and there is also human error when maintaining the
device. Other types of defects occur in air switchgear due to particle pollution, protrusion, and aging insulation. The
impact of this defect causes fatal damage to the air switchgear insulation system [10, 11].

Damage caused by various defects in the insulation system of electrical power equipment is usually from PD
phenomena. Conceptually, PD can be defined as a partial electric breakdown of a small portion of electrical insulation
between two conductors, which under high voltage loads, can lead to degradation and failure of the insulation and
eventually breakdown of the power supply equipment. Furthermore, insulation can be damaged because the insulating
material is no longer able to withstand high electric fields due to defects in the system. Another cause that can lead to
failure is the age of the material, which is susceptible to PD activity [12]. Therefore, for a reliable electrical power
system, PD phenomena should be avoided or detected early before failures and losses occur in the electric power system.
In this regard, by using PD monitoring technology as condition-based maintenance, it is necessary to evaluate the
condition of the switchgear insulation system to prevent insulation failure or premature breakdown related to unplanned
outages and equipment loss. It is crucial to be aware that the PD phenomenon is one of the issues that may occur in
switchgear when left unchecked, thereby leading to device breakdown. In addition, PD in electrical equipment occurs in
every type of insulation system, namely liquid, solid, and gas insulation. Furthermore, it is classified based on the type
of defect insulation used. Following this, PD is usually classified into surface discharge, void discharge, and corona
discharge [13].

PD causes various phenomena in different forms of energy, including light, sound (pressure waves), impulse currents,
electromagnetic waves, and chemical effects [14-16]. This implies that highly sensitive and accurate PD detection
technologies are required. It is important to note that PD can be detected using various sensors installed on high-voltage
(HV) and medium-voltage (MV) power equipment. These include the conventional electrical method specified in the
IEC 60270 standard, in which the PD sensor consists of a coupling capacitor connected to a measuring impedance. PD
can also be detected using non-conventional methods, such as acoustic techniques employing acoustic sensors [17], as
well as high-frequency (HF), very-high-frequency (VHF), and ultra-high-frequency (UHF) methods, which primarily
utilize antennas [18-20].

The UHF method detects partial discharges by capturing the electromagnetic signals emitted by PD activity within
the insulation system of electrical power assets. Compared with other methods, the UHF technique offers the advantage
of detecting PD without requiring the power equipment under test to be de-energized. This differs from traditional
electrical methods, which require a galvanic connection to the equipment being tested [21-23]. Therefore, the UHF
technique is considered a non-invasive method, where PD pulses can be coupled through internally or externally mounted
UHF sensors. For safety reasons, particularly in online PD monitoring applications, UHF sensors can be installed at a
certain distance from the device under test. Previous studies [24, 25] on the application of the UHF method using UHF
antennas continue to expand due to their ability to detect PD pulses with a high signal-to-noise ratio (SNR) while
effectively suppressing ambient noise, especially in online and on-site PD monitoring. Table 1 presents examples of
UHF antenna designs and applications reported in the literature.

PD detection technology can also be applied in AlS, similar to other power systems. Commonly used sensors in AIS
include high-frequency current transformer (HFCT) sensors, impedance detectors, transient earth voltage (TEV) sensors,
Rogowski coils, and UHF antennas. Furthermore, Hussain et al. [6] performed PD detection in AIS using unconventional
methods with various types of PD sensors. In their study, the researchers employed a Rogowski coil sensor, a high-
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frequency electric-field (E-field) sensor (D-point), and a loop antenna to detect partial discharges. All sensors were
connected to a supervisory control and data acquisition (SCADA) system as a condition-monitoring platform for real-
time observation of PD activity.

In Kluge and Lasica [26], PD activity in AlS was detected using HFCT and TEV sensors. Meanwhile, Sreeram et al.
[27] detected transient voltage activity occurring in vacuum interrupter switchgear using a TEV sensor mounted on the
metal wall of the switchgear enclosure. The studies conducted by Tan et al. [11] and Tan et al. [12] utilized impedance-
detecting sensors to identify partial discharges in 10 kV air-insulated switchgear. In these investigations, a protrusion
model was embedded inside the air-insulated switchgear to generate corona discharge activity, which eventually led to
AIS degradation. Nevertheless, there remains a need to develop more sensitive UHF antennas for PD detection in both
GIS and AIS applications.

This study aimed to design a UHF sensor (antenna) with ultra-wideband characteristics and use it to detect PD in AlS.
The proposed UHF antenna was a microstrip antenna that was widely used in GIS and transformers, as shown in Table
1. Furthermore, this antenna was used to detect PD activity in a laboratory environment using an air-insulated test cell
(chamber). To generate PD activity in the air-insulated test cell, a protrusion defect (needle-level electrode model) was
installed in the center of the test cell as a PD source. During this experiment, the proposed UHF ultra-wideband antenna
was positioned 120 cm from the PD source to detect the irradiated electromagnetic waves caused by PD activity.
Additionally, the contribution of this work is in the application of microstrip-type ultra-wideband UHF in AC high-
voltage AIS as an alternative PD sensor that could be used for PD monitoring in GIS and medium-voltage AlS. Following
the application, PD measurements were performed using three voltage levels applied to the protrusion defect to produce
discharge.

To validate and evaluate the sensitivity performance of the proposed UHF antenna in PD testing in AIS, HFCT
sensor was used as a comparative PD sensor. The HFCT sensor is clamped on the ground cable to detect the PD
pulse current flowing to the ground. To address the gaps in previous research, this paper presents a circular patch
antenna design with a BNC connector for PD detection in air-insulated switchgear. This antenna is designed with a
high operating frequency in the ultrawideband range. This UHF antenna is used to detect PD activity caused by
fixed protrusion defects in AIS equipment. Experimental validation of PD detection capabilities focusing on
magnitude, frequency spectrum, and PRPD shows that the proposed antenna effectively captures signals generated
from PD while maintaining the desired performance in the operational frequency range, confirming the feasibility
and practical value of PD parameters.

Table 1. Studies about partial discharge detection using ultrawideband UHF sensor in high voltage equipment

UHF Sensor Designs Material/Size Medium Bandwidth References
Monopole coplanar FR4/ 282 mm Insulator 0.4-3GHz Qi et al. [28]
Conical Monopole + radome  Teflon+ABS plastic/130 mm GIS 0.5-3 GHz Yadam et al. [29]
Disk sensor internal unknown/170 mm GIS 0.5-6.8 GHz Yadam et al. [30]
CP Archimedean Spiral FR4/158 mm GIS 0.5-5GHz Yadam et al. [31]
Planar monopole FR4/314 mm Transformer 0.34-8GHz Do Nascimento Cruz et al. [32]
Slot spiral FR4+teflon/100 mm Transformer 0.5-3GHz Ghanakota et al. [33]
Circular Microstrip FR4/100 mm Transformer 0.9-4.4GHz Uwiringiyimana et al. [34]
Fractal Moore FR4/ 65 mm GIS 0.3-3 GHz Wang et al. [35]
Fractal Hilbert FR4/80 mm PD transformer model 0.3 -4 GHz Salah et al. [36]
Antipodal Vivaldi FR4/100 mm Transformer 0.8—3GHz Zhang et al. [37]
Fractal Hilbert FR4/100 mm PD transformer model ~ 0.35-3 GHz Harbaji et al. [38]

2- UHF Sensor: Design Characteristics and Fabrication
2-1-Research Methodology of UHF Sensor

The research methodology, illustrated in Figure 1, outlines an approach that integrates computer-based simulations
with experimental validation.
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Figure 1. Flowchart of UHF sensor research method

2-2-Design Characteristics of Antenna

Antenna design parameters are a set of fundamental technical characteristics that serve as benchmarks for
performance and determine the physical shape of an antenna. The parameters involved in antenna design are interrelated
and often must be understood in order to achieve the goal of detecting partial discharge signals. Some key parameters
include antenna dimensions; resonance frequency, which determines the operating frequency band; impedance; gain;
and VSWR. UHF antennas generally operate in the frequency range of 0.3 to 3 GHz, which is the same frequency
spectrum for electromagnetic waves induced by PD. Based on this, the following basic antenna characteristics need to
be adjusted when designing a UHF antenna that can detect the partial discharge frequency range.

Size of UHF Antenna

The size of the design is an important factor to consider when designing a UHF antenna. For UHF sensors used to
capture electromagnetic waves emitted by PD, the antenna size must be adjusted based on the power apparatus to be
applied. The design must be compact so that it can be integrated into the instrument device, while maintaining high
directivity and sufficient gain and capturing partial discharge signals with a good signal-to-noise ratio (SNR).

Bandwidth

Bandwidth is the frequency range in which the antenna can still operate effectively with performance that meets
certain criteria. This parameter indicates the extent to which the antenna can receive or transmit signals within a
certain frequency range without experiencing significant power reflection. In the context of partial discharge (PD)
measurement, a wide bandwidth is very important because PD signals are transient, covering a spectrum from
hundreds of MHz to several GHz. Therefore, a UHF antenna with a wide bandwidth can capture more frequency
components of the PD signal and increase the detection sensitivity to various types of PD activity in high-voltage
insulation systems. To determine the bandwidth in antenna design, there are two types, fractional bandwidth and
absolute bandwidth, as shown in Equations 1 and 2.
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Fractional Bandwidth = % x 100% (@))

[

Absolute Bandwidth = f, — f; (2

where, f,, fi, f. are the high frequency, low frequency, and center frequency, respectively. In addition, bandwidth is
usually measured based on frequency operation with a return loss value below -10 dB.

VSWR and Gain

VSWR indicates that the antenna impedance is matched to the transmission line, typically 50 Q, and the VSWR value
ranges from 1 to infinity. VSWR < 2 means minimal reflection and efficient power transfer, while high VSWR indicates
greater mismatch and energy loss due to reflection [39]. Equation 3 shows VSWR as a function of maximum and
minimum voltage values and the reflection coefficient |I"|. On the other hand, there is the Gain factor, which represents
the antenna ability to direct or concentrate the transmitted power in a certain direction compared to the source. Gain
combines both the antenna radiation direction and its efficiency, usually measured in decibels (dB). In partial discharge
(PD) detection, achieving low VSWR over a wide frequency range ensures consistent signal coupling, while sufficiently
high gain improves the reception of electromagnetic emissions from PD events.

VSWR — Vmax — 1+|F|

Vimin 1-|r|

®)

Scattering Parameter (S11) and Return Loss

S-parameter and Return loss are factors in determining antenna design, as these two parameters are used to assess
antenna performance in terms of power transmission efficiency and impedance matching. S-parameters (S11), describe
the ratio between reflected power and received power at the antenna port, and are used to determine the operating
frequency and bandwidth of the antenna at values below -10dB. In the design of UHF antennas for partial discharge
detection, low return loss and S11 values over a specific frequency range indicate that the antenna has optimal
performance, with the ability to capture PD signals efficiently and with minimal power loss [40].

Return loss indicates how much power is reflected due to mismatches between the antenna and the transmission line,
where a higher (more negative) value indicates that the antenna is working more efficiently with less power reflection.
Equations 4 and 5 show the relationship between S11 and return loss.

S1; = 201log || 4)
RL = —5S;; = —20log|I'| )

The antenna used in the study was a UHF sensor that operated on a very wide band, which was called an ultra-
wideband antenna. This antenna was a microstrip with a planar shape and was designed for partial discharge (PD)
detection. Figure 2 presents the basic shape of the antenna, which consisted of the ground section, FR-4 dielectric
substrate, patch, and feedline. The patch is connected to the coaxial cable via a feed line on the antenna. In addition, the
antenna detected electromagnetic signals from PD sources, with the patch part of the antenna acting as a receiver for
electromagnetic waves emitted by PD activity. Following this, the cable connected to the coaxial cable was in the form
of a BNC connector. Apart from antenna design, optimization with various improvement methods on the connecting part
also contributed to the performance results of the working frequency spectrum of the antenna [23]. Figure 2 presents the
shape of the proposed antenna design with the following parameter dimensions. Substrate length (L) = 100 mm, substrate
width (W) = 90 mm, circular patch radius (Rp) = 22.5 mm, feedline length (Lf) = 40 mm, supply line width (Wf) = 1.53
mm, ground plane length (Lg) = 37 mm and ground plane width (Wg) = 80 mm. Detailed information about the design,
simulation, optimization, performance parameters, and testing of this antenna using a vector network analyzer could be
found in Uwiringiyimana et al. [39].

Feedﬁne

N\ p ¢ »
\ P
- v/
by

[ S ‘\\
/4 Substrate
Ground

Figure 2. General structure of microstrip UHF sensor

Page | 1439



Emerging Science Journal | Vol. 10, No. 3

2-3-UHF Sensor Fabrication

The optimized version of the antenna design used for PD detection was printed using an FR-4 substrate with a
thickness of 1.6 mm and a dielectric constant of 4.4. The ground parts, feedline, and patches were all made of annealed
copper, which was a perfect conductor with a thickness of 0.035 mm. Furthermore, the antenna was manufactured with
dimensions of 100 mm x 100 mm x 1.6 mm as shown in Figure 3. The voltage standing wave ratio (VSWR), reflection
coefficient (S11), and antenna bandwidth were measured with a vector network analyzer (S5085 Copper Mountain) with
a frequency range of 9 kHz to 8.5 GHz to evaluate the antenna sensitivity performance.

4

-

«—>
Wi

Wg
w

Figure 3. Geometrical design of proposed ultrawideband UHF sensor

Figure 4 shows the fabrication geometry of the proposed ultra-wideband antenna for PD detection. Figure 4-a presents
the shape of a previously fabricated antenna that uses an SMA connector to connect a coaxial cable feedline.
Furthermore, Figure 4-b presents a prototype antenna made by installing a BNC connector used for PD testing in this
study. After redesigning the antenna, performance measurements were carried out using a vector network analyzer
(VNA) in the laboratory by conditioning noise attenuation. In addition, the antenna sensitivity performance test was
evaluated by reflection coefficient (return loss) and voltage standing wave ratio (VSWR) [21]. To assess whether the
antenna functions well in PD detection, the designed antenna should have a wide bandwidth in the frequency range of
300 MHz to 3 GHz, a lower return loss of at least -10dB, and a lower VSWR of at least 2, where the working frequency
[18]. As shown in Figure 5, the simulation and measurement results of the designed antenna were compared. As shown
in Figure 5-a, the simulated and measured reflection coefficients were below -10 dB in the working frequency range of
the antenna.

On the other hand, Figure 5-b, presents the comparison between the simulated and measured VSWR values. It could
be seen that the designed antenna has a VSWR of less than 2 in the entire antenna frequency range. To improve antenna
performance, BNC connector was used, comparing the measurement results obtained through the BNC connector with
the SMA connector. Furthermore, The BNC connector was soldered directly to the antenna cable with tin material. By
using BNC connector, the fabricated antenna had a higher number of resonant frequencies compared to antennas with
an SMA connector. In addition, the use of BNC connectors led to a slight frequency shift towards lower frequencies
compared to SMA connectors, as reviewed and compared in Table 2.

i

(a)
Figure 4. Fabricated ultrawideband UHF sensor with (a) SMA and (b) BNC connector
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(a) Reflection coefficient of the designed ultrawideband antenna
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Figure 5. Simulated and Measured results of the fabricated antenna with the SMA connector

SMA connector vs BNC connector

Antenna measurement

UHF Sensor
Parameters  simuiation g ctor NG comnector
Frl 1.3 GHz 1.1 GHz 0.9 GHz
Fr2 2.1 GHz 1.7 GHz 1.5 GHz
Fr3 2.9 GHz 2.5 GHz 1.7 GHz
Fr4 3.6 GHz 3.4 GHz 2.2 GHz
Fr5 4.1 GHz - 2.6 GHz
Fré - - 2.8 GHz
Fr7 - - 3.2 GHz
Fr8 - - 3.5GHz
Fr9 - - 3.7 GHz
Rcl -31.3dB -35.3dB -18dB
Rc2 -34.0dB -27.6dB -30dB
Rc3 -41.8dB -26.4dB -30dB
Rcd -27.0dB -31.2dB -40 dB
Rc5 -29.3dB - -36 dB
Rc6 - - -38dB
Rc7 - - -48 dB
Rc8 - - -42 dB
Rc9 - - -32dB

* Fr = Frequency resonance, Rc = Reflection coefficient.

Table 2. Comparison between simulation and measurement results of the proposed ultrawideband antenna with
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As shown in Table 2, the connector type may affect the bandwidth and resonant frequency of the antenna. Following
through, antenna applications should be adjusted and planned with existing equipment [41]. Similarly, in the study
conducted in Yadam et al. [29], n-type connectors were used as connectors to connect the antenna to the coaxial cable.
BNC and SMA connectors have maximum frequency limits of 4 and 12 GHz, respectively. Selecting a BNC connector
was a way to adapt the antenna application to existing equipment in the laboratory by using a coaxial cable that connects
the antenna to the oscilloscope.

3- Experimental Setup
3-1-Artificial PD Defect

Figure 6 illustrates a test cell or test chamber model used to represent an air-insulated switchgear model. To study the
PD properties, a protrusion defect was developed as shown in Figure 6-a. Furthermore, the designed defect used a needle-
plate model to represent the protrusion defect that produces a corona discharge at high electrical input. The needle was
made of tungsten, having a length of 80 mm, and the needle electrode with a tip curvature of 0.3 mm needed to be
connected to a high-voltage source. In addition, the electrode plate made of copper metal with a diameter of 50 mm and
a radius of 3 mm should be connected to the ground.

THV

80 mm
0.3
mm 50 mm
[ | I =3 mm
(@ (b)

Figure 6. Defect protrusion model of air-insulated switchgear: (a) needle-plate, (b) structure of chamber:1 shell, 2 protrusion
defects, 3 acrylic tubes, 4 ground, 5 gap distance setting, 6 gas inlet set, 7 HV conductor, 8 gas outlet set, and 9 vacuum
pressure device.

Figure 6-b presents the shape of the chamber used to generate partial discharge (PD) activity in air-insulated
switchgear. Depending on the nature of the damage to the equipment, PD activity could be severe. For example,
protrusions were critical defects that could occur in air and gas-insulated switchgear, causing insulation breakdown
[10]. Therefore, in this study, a test cell chamber was designed with a needle plate model as a protrusion defect to
produce corona discharge activity. The needle plate with a gap of 30 mm was installed in the chamber, as shown in
Figure 6-b. The length of the chamber was 20 cm, the outer diameter 15 cm, and the inner diameter 12 cm. This test
cell chamber was made of dielectric material, with the tube part made of acrylic glass. Additionally, the test cell
chamber was equipped with other features such as a 1-30 mm gap adjustment, a vacuum pressure device, and a
manual gas/air inlet/outlet setting.

3-2-PD Measurement Setup

An experimental scheme for PD detection in air-insulated switchgear using a UHF ultra-wideband antenna was
shown in Figure 7. The PD measurement circuit included a 220 VV AC power source connected to a voltage regulator
in the range of 0-220 V and a test transformer (100 kV/5 kVA). Furthermore, a protection resistor of 6.1 kQ was used
as a protection system to prevent damage to the transformer due to breakdown voltage, which may occur when high
voltage is applied to the test object. A 100 pF coupling capacitor and a 40 nF voltage divider capacitor were installed
in series, which sequentially functioned as a voltage pulse extractor and measured the output voltage of the transformer
on an oscilloscope. In this experiment, a damaged protrusion (chamber) model was installed using a high-voltage
source. The UHF sensor was placed at a certain distance near the room to detect electromagnetic waves emitted by
PD activity in the test cell room. Additionally, a commercial HFCT sensor clamped around the ground wire was
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simultaneously used to detect current pulses of partial discharge flowing to the ground. Both PD sensors, namely the
proposed UHF ultra-wideband antenna and the HFCT sensor, were connected to a digital storage oscilloscope (DSO)
via a 50-ohm coaxial cable.

Voltage Regulator

{/’h Pmtectl on Resistor H
\ﬂ// i T Defect model
Transforme

‘ i UHF sensor
<> Coupling Capamtor = | ?

220 VAC

!

1 B

Digital Oscilloscope

Figure 7. Experimental setup used to generate corona discharge caused by a protrusion in air-insulated switchgear

For the experimental procedure to evaluate PD detection with the proposed UHF sensor, the voltage was increased
gradually from 0 kV until the first PD pulse occurred, which was referred to as partial discharge initial voltage (PDIV)
which was observed to occur at 10 kV. The voltage was increased using a voltage regulator at increasing intervals,
approximately 2 kV/s. Furthermore, the space was used as a model representation of the protrusions in air-insulated
switchgear. Table 3 presents the PD test parameters determined during laboratory experiments. As shown in Table 3, the
voltage value of 10 kV was determined as PDIV, the voltage at which the appearance of PD was first observed. In
addition, to determine the sensitivity performance of the proposed UHF antenna in detecting PD activity at different
applied voltages, PD measurements were conducted with three voltage variations, namely 12 kV, 14 kV as well as 16
kV, and each voltage fluctuation was used to obtain a PD dataset.

Table 3. Experimental applied voltages to the test cell chamber under protrusion defect detected using the proposed UHF antenna

Applied voltage Needle-plate Antenna position from
Voltage level to the protrusion gap distance the chamber
Inception voltage I (Up) 10kV
Voltage I1 (1.2 Uy) 12 kV
30 mm 120 cm
Voltage 111 (1.4 Up) 14 kV
Voltage IV (1.6 U) 16 kV

In this PD measurement experiment, PD parameters such as time domain PD waveform, PD signal frequency
spectrum, PD signal scalogram, and PRPD pattern were recorded as well as examined. To evaluate the characteristics of
the PD pulses concerning the phase angle of the applied AC voltage, PRPD pattern analysis was performed using the
PD pulses contained in 280 cycles of the applied sinusoidal voltage. When collecting PD data, all data were saved in the
form of a CSV file. This file data became a large data set, which was then visualized and analysed.

4- PD Measurement: Result and Analysis

The sensitivity performance test results of the proposed UHF sensor were presented along with the results obtained
using a commercial HFCT as a comparison partial discharge sensor. Before starting the PD test, the noise level
(background noise) was measured in a high-voltage laboratory using the proposed UHF antenna and HFCT sensor. This
process ensured there was a distinct difference between the actual PD signal and the noise [42]. Furthermore, background
noise signals were detected when the power source was turned on. Figure 8 presents that the noise signal shape was read
sequentially by the sensor. In Figure 8-a, the peak-to-peak voltage (\VVpp) of the signal noise detected by the proposed
UHF sensor is 11 mV, while the peak-to-peak voltage (Vpp) of the proposed UHF sensor detected the noise signal was
11 mV, and HFCT was 8 mV, as shown in Figure 8-b.
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Figure 8. Background noise captured by (a) the proposed UHF antenna, and (b) HFCT sensor
4-1-Partial Discharge Waveform Analysis

Figure 9 presents the PD waveforms detected by the proposed UHF sensor and HFCT sensing method in the time
domain. The PD waveform signals were obtained from both sensors using three voltage levels of 12 kV, 14 kV, and 16
kV applied to the protrusion defect model. The PD signal was recorded using a digital storage oscilloscope and then
processed. Figures 9-d to 9-f present the shape of the PD signal detected by the proposed ultra-wideband antenna. As
shown in the figures by increasing the voltage applied to the protrusion defect, the amplitude of the UHF-PD signal
detected by the proposed antenna also increased. Furthermore, by positioning the proposed antenna at a distance of 120
cm from the PD source, the antenna detected PD signals with peak-to-peak (Vpp) voltages of 25 mV, 72 mV, and 150
mV at three voltage variations of 12 kV, 14 kV, and 16 kV respectively. Additionally, the figure clearly presents that the
proposed UHF ultra-wideband antenna could detect PD signals with high SNR even when placed further away from the
test cell (PD source).

| [
0 5 10 15 20 25 o 5 10 15 20 25

Time (us) Time (us)

@

- aom
o @ o
S o o©

S @

Magnitude (mV)
Magnitude (mV)
L.N o

'
A
o o
S o

=1

-150

40

200 304
20
100 104
k € -0
-100 20]
—200 -30

o 5 10 15 20 2!

Magnitude (mV)
o
Magnitude (mV/|
o

—404

o 5 10 15 2 25 5

Time (us) Time (us)

(b)

600+ 80

()
60
400
40
2004 20
] o et Sonlebeete

‘c -20
-200 -40
-60

=400+

0 5 10 15 20

Magnitude (mV)

Magnitude (mV)

-80

0 5 10 15 20 25

Time (us) Time (us)
(© ®
Figure 9. PD waveform detected by HFCT sensor at an applied voltage of (a) 1.2 Uo, (b) 1.4 U, (c) 1.6 Uo and ultrawideband
antenna at an applied voltage of (d) 1.2 Uo (e) 1.4 Uo (f) 1.6 Uo.
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Figures 9-a to 9-c present the PD waveform signals acquired by a commercial HFCT sensor. At the applied voltage
of 12 kV, 14 kV, and 16 kV, HFCT detected PD signals whose peak voltage magnitudes were 310 mV, 490 mV, and
950 mV respectively. This could be seen that the HFCT sensor identified PD signals with a higher power than those by
the designed antenna. However, as previously explained, HFCT sensor was only used as a comparison sensor to detect
PD signals and not to evaluate sensitivity because the PD detection method on the HFCT sensor was different from the
UHF antenna. To explain the differences, the HFCT sensor detected PD current pulses flowing to the ground, and the
UHF antenna identified electromagnetic waves emitted by PD activity [24, 25]. To further investigate the sensitivity
performance of the proposed UHF antenna, a frequency spectrum analysis of the detected UHF PD signal identified by
the designed UHF ultra-wideband antenna was provided in the next section.

Figure 10-a shows the average measurement results of partial discharge (PD) magnitude using a High-Frequency
Current Transformer (HFCT) sensor. It can be seen that as the applied voltage increases from 1.2U, (12 kV), 1.4U,
(14 kV), to 1.6U, (16 kV), the PD signal amplitude increases significantly. The values of Vmin, Vmax, and Vpp
increase from 150 mV, 170 mV, and 320 mV at 1.2U, to 320 mV, 600 mV, and 920 mV at 1.6U,, respectively. This
trend indicates that PD activity increases with increasing voltage, which indicates that the operating voltage level
causes a stronger electric field in the insulation defect area, thereby increasing the frequency and energy of partial
discharge. The HFCT sensor is capable of capturing these changes with high sensitivity to high-frequency impulse
currents.
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Figure 10. Statistics of PD waveform parameters detected by (a) HFCT sensor, (b) UHF antenna

Figure 10(b) shows the average magnitude of PD measurements using a UHF antenna. The increase pattern is similar
to that of the HFCT sensor, but with a much smaller magnitude value. At 1.2U,, the Vpp value was recorded at 26 mV,
then increased to 70 mV at 1.4U,, and reached 145 mV at 1.6U,. Although this increase is consistent, the amplitude of
the PD signal received by the UHF antenna is lower because the antenna detects electromagnetic radiation emitted by
PD discharge, not direct conduction current [34]. This makes the received signal weaker and dependent on the direction,
distance, and sensitivity of the antenna to certain frequencies. In comparison, HFCT sensors show a much higher PD
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magnitude than UHF antennas at every voltage level tested. This difference is due to different detection mechanisms:
HFCT detects PD currents directly through conduction in the ground path, while UHF antennas capture electromagnetic
signals that have been weakened by propagation in the air. However, UHF antennas are proposed to have the advantages
of being non-invasive and free from direct electrical contact, making them a safe alternative for PD monitoring in
enclosed spaces such as air-insulated switchgear. The combination of these two sensors can provide more comprehensive
detection results and improve the accuracy of insulation condition diagnosis. The data presented shows the ability of
UHF sensors to detect partial discharge signals emitted from AIS defect models.

4-2- Frequency Spectrum and Scalogram of PD Signals

Figures 11 and 12 show the PD signal power spectrum for each voltage excitation level in the experimental PD model.
The power spectrum presents the PD energy depending on the frequency. While the scalogram was a part of the tool that
used the cross-wavelet transformation, this mode was used to represent the PD intensity scale concerning the PD pulse
frequency and samples [30, 43, 44]. Figures 11 and 12 show the PD detection results using the HFCT sensor and ultra-
wideband antenna in terms of power spectrum and scalogram visualization, respectively. The x-axis of the spectrum
(right side) represented the frequency in GHz, and the y-axis signified the power spectrum (dB), while the left side of
the figure was the PD scalogram visualization, where the x-axis was normalized time (samples) for 30 us, the y-axis
signified the frequency in GHz and the color in the image present the energy intensity of the PD signal.
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Figure 11. Power spectrum (right side) and scalogram (left side) of PD signals detected by the HFCT sensor at applied
voltages (a) 1.2 Uo, (b) 1.4 U, (c) 1.6 Uo
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Figure 12. Power spectrum (right side) and scalogram (left side) of PD signals detected by the proposed antenna at applied
voltages (a) 1.2 Uo, (b) 1.4 U, (c) 1.6 Uo

Figure 11 presents the visualization results of the power spectrum (right side) and scalogram (left side) for the PD
signals detected by the HFCT sensor. The results show that, at test voltages of 12 kV, 14 kV, and 16 kV, the HFCT
sensor identified PD signals with strengths of 20 dB, 25 dB, and 40 dB, respectively. The dominant frequency component
of the PD signal remained concentrated around 21 MHz for all applied test voltages. In addition, this dominant frequency
falls within the operating frequency range of commercial HFCT sensors (100 kHz—30 MHz). The scalogram shown on
the left side of Figure 11 indicates that the main frequency components of the PD signal detected by the HFCT sensor
were located between 0.01 and 0.03 GHz, confirming that the detected PD signals were within the operating bandwidth
of HFCT sensors (100 kHz—-30 MHz).

Figure 12 presents the PD detection results obtained using the developed ultra-wideband antenna in terms of the
power spectrum (right side) and scalogram (left side). Based on the power spectrum analysis, at test voltages of 12 kV,
14 kV, and 16 kV, the proposed ultra-wideband antenna detected PD signals with power levels of —20 dB, —18 dB, and
3 dB, respectively. The main frequency components of the detected PD signals were consistently concentrated around
0.4 GHz and 0.85 GHz for all applied test voltages. Furthermore, the scalogram analysis shows that the PD energy
intensity detected by the proposed ultra-wideband antenna was primarily concentrated around 0.85 GHz at all applied
voltages. It can also be observed that the HFCT sensor detected a higher PD energy intensity than the proposed UHF
antenna.

4-3-Phase Resolved Partial Discharge Patterns

To further evaluate the PD characteristics in an air-insulated system using the proposed UHF antenna and a
commercial HFCT sensor, a phase-resolved partial discharge (PRPD) pattern analysis was performed. PRPD was an
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effective feature processing method to detect and identify various types of insulation defects. Furthermore, PRPD pattern
analysis included information such as the number of PD, discharge amplitude (pC or mV), PD event cycle, and phase
angle of the applied AC voltage. Several PD detection methods using PRPD have been documented in the literature for
PD testing in laboratory experiments as well as for direct field applications.

In this study, the phase-voltage-number (¢-u-n) PRPD pattern method was used as a tool for evaluating the PD pattern
of a protrusion model in an air-insulated test cell chamber. Figure 13 shows the PRPD pattern of the protrusion model
obtained with the UHF antenna (right side) and HFCT sensor (left side). Additionally, the PRPD pattern data was
collected from 280 cycles of applying a 50 Hz sinusoidal voltage. Before visualizing the PRPD pattern process, denoising
was conducted on the raw PD signal data in the time domain. As seen in Figure 8, the background noise measurement
results were useful for separating PD signal from the noise signal. Furthermore, the background noise peak voltage
parameter was used as a threshold value to distinguish PD signals from noise signals, with any signal above the noise
peak voltage being considered a PD signal.
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Figure 13. PRPD patterns due to protrusion defect by HFCT under applied voltage levels of (a) 1.2 Uo, (b) 1.4 Uo, (c) 1.6 U,
and by ultrawideband UHF antenna under applied voltage levels of (d) 1.2 Uo (e) 1.4 Uo (f) 1.6 Uo

Figures 13-a to 13-c present the PRPD patterns for protrusion defects (corona discharge) detected by the proposed
HFCT sensor at applied voltage levels of 12 kV, 14 kV, and 16 kV respectively, while Figures 13-d to 13-f show the
PRPD patterns for the corona discharge detected by the designed ultra-wideband antenna. Based on the PRPD signature
identified by both sensors, as shown in Figure 13, it was observed that the PD pulses with higher magnitudes were
focused at the peak of the applied AC voltage at around a 90° phase angle in a positive half cycle, since the PD pulses
in the negative cycle have lower, magnitude spreading from 180° to 360°, and therefore characterized the corona
discharge pattern. The greatest discharge intensity occurred in the positive half cycle compared to the negative half cycle.
In addition, by increasing the voltage applied to the test object, the number of PD pulses and the PD pulse amplitude
detected by the UHF antenna and HFCT sensor also increased accordingly, specifically in the positive half wave.

Based on the activity that was described, it should be acknowledged that even HFCT sensors and UHF antennas have
the same PRPD pattern. The HFCT sensor detected PD pulses with higher amplitude than those by the proposed UHF
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antenna. As previously explained, the reason was that in this experiment the HFCT sensor was installed around the
ground cable to detect the PD current flowing to the ground. This experiment was theoretically different from the UHF
antenna which detected PD-induced electromagnetic waves compared to the UHF method [34, 44]. As shown in Figure
13, both sensors detect PD pulses whose patterns appeared the same in the positive and negative half cycles, showing
how good the proposed UHF antenna was as an alternative PD sensor for diagnosing HV and MV power assets used. In
general, diagnosis could be concluded that the proposed ultra-wideband antenna could detect PD defects in the same
way as commercial HFCT sensors.

Table 4 presents the statistical results of Phase Resolved Partial Discharge (PRPD) measured using an HFCT sensor
at various applied voltage levels, 1.2U,, 1.4U,, to 1.6U,. During the positive cycle, there is a significant increase in peak
magnitude (Vmax) When the voltage is increased from 12 kV to 14 kV, from 48 mV to 500 mV, respectively. This increase
indicates that the intensity of partial discharge increases significantly with increasing voltage, while at 12 kV the air
insulation dielectric is still categorized as having a low occurrence of PD. When the voltage is further increased to 16
kV, the peak magnitude decreases slightly to 490 mV, which may be due to changes in the discharge mechanism or
dielectric erosion. However, in terms of the number of discharges, there is a large number of PDs in the positive cycle,
as shown in Figure 13(c). For phase peak magnitude, the phase angle of the main PD shifts from 90° at 12 kV to 150°,
indicating that PD tends to occur later in the positive cycle at higher voltages. The PD distribution in the positive cycle
consistently occurs in the phase range of 80° to 120° at the lowest voltage, widening to 80° to 160° at higher voltages.
The negative cycle shows PD characteristics that are much lower in intensity than the positive cycle. The peak magnitude
in the negative cycle is much smaller, ranging only between 15 mV and 20 mV across the entire applied voltage range,
and its increase with voltage is not the same as that in the positive cycle. This indicates that partial discharge is more
dominant and stronger at positive polarity of the applied voltage. Meanwhile, the phase peak magnitude in the negative
cycle shows that the main PD occurs in a very wide phase range, namely 180° to 350° at 12kV voltage and further
widening to 180° to 360° at 14 kV and 16 kV applied voltages. The distribution of PD in the negative cycle also
consistently occurs in a very wide phase range. This significant difference between the positive and negative cycles is
characteristic of the type of air insulation corona discharge defect and indicates asymmetry in the partial discharge
characteristics.

Table 4. PRPD statistical result using the HFCT sensor

Positive Cycle Negative Cycle
Applied Voltage  peai Magnitude, Phase Peak Magnitude, ~ PD distribution  Peak Magnitude, Phase Peak Magnitude, PD distribution
Vmax (mV) Vmax (deg) (deg) Vmax (mV) Vmax (deg) (deg)
12 kV (1.2 Up) 48 90° 800 — 120° 15 180° — 350° 1800 — 350°
14 kV (1.4 Up) 500 1500 800 - 160° 20 180° — 360° 180° — 360°
16 kV (1.6 Up) 490 1500 800 — 160° 20 180° — 360° 180° — 360°

Table 5 presents the statistical results of PRPD using the proposed UHF antenna at three voltage levels. In the positive
cycle, an increase in voltage from 12 kV to 16 kV caused a significant increase in the peak amplitude of PD from 48 mV
to 85 mV, indicating that the intensity of PD activity increased as the applied voltage increased. The peak phase angle
is relatively constant at around 110°-120°, while the PD distribution is in the range of 80°-150°, indicating that PD
activity mainly occurs in the early to mid-part of the positive cycle. In contrast, in the negative cycle, the peak amplitude
remained low and stable at around 15 mV with a phase distribution between 180°-360°, indicating that the contribution
of PD to the negative half-cycle was much smaller. Overall, this pattern shows the dominance of PD magnitude in the
positive cycle, which becomes stronger with increasing voltage, consistent with the characteristics of partial discharge
due to an increase in the local electric field on the positive side of the wave.

Table 5. PRPD statistical result using the proposed UHF antenna

Positive Cycle Negative Cycle
i eal agnitude, ase Peal agnitude, istribution eal agnitude, ase Peal agnitude, istribution
Applied Voltage  pea v de, Phase Peak M de, PD distrib Peak M de, Phase Peak M de, PD distrib
Vmax (mV) Vmax (deg) (deg) Vmax (mV) Vmax (deg) (deg)
12kV (1.2 Ug) 48 120° 800 - 120° 15 180° — 360° 180° - 360°
14 kV (1.4 Ug) 49 110° 800 — 150° 15 180° — 360° 180° - 360°
16 kV (1.6 Ug) 85 110° 800 — 150° 15 180° — 360° 180° - 360°

Table 6 presents a comparison of various types of UHF antennas used for partial discharge signal detection, reviewed
in terms of sensor type, size, bandwidth, return loss, and VSWR value. Based on the data, each antenna has different
characteristics according to its design and application. Based on the presentation in Table 6, the antennas proposed in
Uwiringiyimana et al. [45] and Kong et al. [46], namely planar rectangular and coplanar antennas, have relatively narrow
bandwidths. The same applies to the antennas proposed in Dimitrov et al. [47], which still have relatively narrow
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bandwidths. Meanwhile, the antenna designs proposed in Shams et al. [48] and Chen et al. [49] show a wider bandwidth
coverage. The fractal antenna design has a wide bandwidth range, but most of the return loss values are below -24.49
dB, indicating good signal reflection performance. Meanwhile, the antenna resulting from this research (circular patch)
shows competitive performance compared to other antennas. With a size of 100x80 mm, this antenna has a wide
bandwidth range of 0.9-4 GHz, and a return loss of -30 dB at 1.5 GHz and -48 dB at 3.2 GHz, indicating excellent
radiation efficiency. The VSWR value of 1.2 also indicates good impedance matching between the antenna and the
measuring system, thereby minimizing reflected waves. Overall, this circular patch antenna provides the best
combination of compact size, efficiency, and performance stability over a wide frequency range compared to other
references

Table 6. Comparison of different UHF antenna types

Return loss at

References Sensor Size Bandwidth § VSWR
requency work
S -31.6 dB 1.63 GHz
Uwiringiyimana et al. [45]  Planar rectangular antenna 80x70 mm 1.44 - 259 GHz 26.8 dB 2.26 GHz 1.06
Kong et al. [46] Coplanar antenna 200x187 mm 500 MHz-1120 MHz ~ -23 dB 500 MHz 15
Dimitrov et al. [47] Spiral antenna 10x46.6x59x65 mm (hybrid spiral) 0.2 MHz — 1.8 GHz -25dB 1.6 GHz Unknown
Shams et al. [48] Fractal antenna 100x100 mm 1.7-33GHz -24.49dB 1.17 GHz 11
Chen et al. [49] Log periodic dipole array 1460.7 cm? 0.3-3GHz Unknown 1.62
. -30dB 1.5 GHz
Present Study Circular patch 100%80 mm 0.9-4GHz 48 dB 3.2 GHz 1.2

5- Conclusion

This study explored the PD properties of a protrusion defect model developed in an air-filled chamber. Experiments
were conducted on a laboratory scale using an ultra-wideband UHF sensor simultaneously having a commercial HFCT
sensor to detect PD models with protrusion defects, and the conclusions drawn were as follows: (1) The proposed UHF
method used an ultra-wideband UHF antenna to detect PD activity in AIS with a protrusion defect. Specifically, the
antenna was effective in detecting PD signals at a distance of 120 cm from the source. In addition, electromagnetic waves
emitted by PD activity due to protrusion inside the air-insulated test chamber were detected accurately. (2) The study
presents that PD signal parameters such as PD number and PD pulse size increased in proportion to the magnitude of the
test voltage applied to the PD defect model. (3) According to the analysis of the PRPD pattern of the protrusion defects
detected by the UHF antenna and HFCT sensor, there was an observation that the PD pulses at the peak of the applied
AC voltage were at around a phase angle of 90° in the positive half cycle. Furthermore, the PD pulses were spread out
in the negative half cycle from 180° to 360°, which characterized the corona discharge pattern due to the protrusion
defect. The PRPD pattern of PD pulses detected by the HFCT sensor was almost similar to the PRPD pattern by the
proposed ultra-wideband antenna; therefore, the proposed UHF antenna was able to identify types of defects in the
insulation system of HV and MV electrical power equipment.
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