friried applied
e sciences

Review

Detection Method of Partial Discharge on Transformer
and Gas-Insulated Switchgear: A Review

Zulbirri Faizol 1*, Farid Zubir 2*{©, Norhafezaidi Mat Saman 32, Mohd Hafizi Ahmad 3,

Mohamad Kamal A. Rahim 4, Osman Ayop %, Muzammil Jusoh >, Huda A. Majid °

check for
updates

Citation: Faizol, Z.; Zubir, F.; Saman,
N.M.; Ahmad, M.H.; Rahim, M.K.A_;
Ayop, O.; Jusoh, M.; Majid, H.A;
Yusoff, Z. Detection Method of Partial
Discharge on Transformer and
Gas-Insulated Switchgear: A Review.
Appl. Sci. 2023, 13,9605. https://
doi.org/10.3390/app13179605

Academic Editors: Akhtar Kalam
and Seyed Morteza Alizadeh

Received: 22 June 2023
Revised: 20 July 2023
Accepted: 11 August 2023
Published: 24 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Zubaida Yusoff 7/*

Department of Communication Engineering, Faculty of Electrical Engineering, Universiti Teknologi Malaysia,
Johor Bahru 81310, Johor, Malaysia

Wireless Communication Centre, Faculty of Electrical Engineering, Universiti Teknologi Malaysia,

Johor Bahru 81310, Johor, Malaysia

Institute of High Voltage & High Current, Faculty of Electrical Engineering, Universiti Teknologi Malaysia,
Johor Bahru 81310, Johor, Malaysia; norhafezaidi@utm.my (N.M.S.); mohdhafizi@utm.my (M.H.A.)

*  Advanced RF & Microwave Research Group (ARFMRG), Faculty of Electrical Engineering,

Universiti Teknologi Malaysia, Johor Bahru 81310, Johor, Malaysia; mdkamal@utm.my (M.K.A.R.);
osmanayop@utm.my (O.A.)

Faculty of Electronic Engineering & Technology, UniMAP Pauh Putra Main Campus,

Universiti Malaysia Perlis, Arau 02600, Perlis, Malaysia; muzammil@unimap.edu.my

Faculty of Engineering Technology, Pagoh Higher Education Hub, Universiti Tun Hussein Onn Malaysia,
Pagoh 84600, Johor, Malaysia; mhuda@uthm.edu.my

Faculty of Engineering, Multimedia University, Persiaran Multimedia, Cyberjaya 63100, Selangor, Malaysia
*  Correspondence: ahmadzulbirri@graduate.utm.my (Z.F.); faridzubir@utm.my (E.Z.);
zubaida@mmu.edu.my (Z.Y.)

Abstract: The detection of partial discharge (PD) activities in high-voltage equipment can be con-
ducted according to several mechanisms of signal detection, including electromagnetic wave signal
detection, acoustic signal detection, chemical reactions, electrical signal detection, and optical emis-
sion detection. Recently, multiple methods of detection and localization of partial discharge activities,
which occurred in power transformers and gas-insulated switchgear (GIS), have been proposed to
monitor the health condition of high-voltage equipment, especially when the awareness regarding
preventive maintenance has been emphasized at the industrial level and among electrical providers.
In aligning the needs of the industrial sector and the improvement of PD-detection methods, this
manuscript focuses on reviewing the current practice methods for the detection and localization of
PD signals in high-voltage equipment, comparing their efficacy, and summarizing the future direction
of research work-related methods of PD detection. The comparative reviews are discussed in terms
of the mechanism of PD signal detection, indication parameters, calibration techniques, and the
advantages and limitations of each method of PD measurement in detail.

Keywords: partial discharge; power transformer; gas-insulated switchgear

1. Introduction

Power transformers are essential equipment in power delivery systems in increasing
and decreasing the voltages to reduce the dissipated power [1,2]. Therefore, it is crucial
to maintain the good operating condition of this equipment to prevent the occurrence of
unpredicted breakdown phenomena and minimize any potential power supply interrup-
tions that could cause substantial financial losses during corrective action [3]. However, the
exposure of power transformers to certain conditions, such as thermal aging, mechanical
stress, electrical stress, and vulnerable environment, might trigger, and result in, insulation
failure. Therefore, preventive maintenance is necessary for monitoring the performance of
the power transformer to prevent a major breakdown of the essential equipment. The out-
comes from the monitoring aid in identifying further action, including whether the power
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transformers can work well in the power delivery system or if preventive action needs to
be made accordingly. Implementing performance monitoring on the power equipment is
crucial to avoid disruption of the electricity supply and ensure the continuous and reliable
functioning of power system utilities [4]. Generally, the method of condition monitoring
power transformers are listed, such as dissolved gas analysis (DGA) [5,6]; partial discharge
measurement [7]; power factor measurement [8]; frequency-response analysis (FRA) [9];
vibration plus acoustic analysis [10]; dielectric spectroscopy [11]; differential protection [12];
transformation ratio [13]; and insulation resistance [14].

The power transformer is a multifaceted entity that is susceptible to encountering
diverse anomalies, which can be classified as either endogenous or exogenous faults.
As depicted in Figure 1, various types of faults may arise in distinct regions, including
on the winding, tank, insulating oil, core, terminal, cooling system, and tap changer, as
highlighted in reference [15]. The external faults commonly manifest as a result of external
short circuits within the power system, over-flux phenomena, or overloading. Various
fault location areas exist for transformers situated within substations (operating at voltages
greater than 100 kV), as documented in reference [16]. The pre-eminent realm where
faults manifest is within the winding, exhibiting a likelihood of occurrence at 37.69%.
Subsequently, the tap changer constitutes the second-most plausible site of fault occurrence
(31.16%), succeeded by the third delineated fault location, positioned at the bushing (17.2%).
Comparatively diminutive probabilities are attributed to other fault locations, including
the lead exit insulation (8.96%), core and tank (3.54%), cooling system (1.12%), and current
transformer (0.37%). Instances of anomalies in these latter regions are infrequent during
regular operational states.
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Figure 1. Power transformer failure classification [15].

Conversely, the causes of internal faults in transformers are diverse and include factors
such as axial displacement, buckling deformations, disc space variation, short-circuited
turns, core insulation failure, shorted laminations, open leads, loose connections, short
circuits, overheating, and other issues described in references [9,17-20]. Globally, the major-
ity of transformer faults, approximately 70-80%, are attributed to internal faults [21]. The
aforementioned deficiencies generally originate as partial discharges within the insulation
of the transformer, which occur swiftly and culminate in total failure.
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The identification of the condition of a power transformer is of utmost importance
in guaranteeing the uninterrupted functioning of electrical utilities. This is because the
severity of the different types of defects might increase from time to time [22]. One of
the measurements considered in the preventive maintenance of power transformers is
the measurement of partial discharge activities. Partial discharge is a pre-breakdown
phenomenon that indicates the electrical discharge that partially bridges the dielectric
medium between two conduction parts. Under the influence of high-voltage stress, partial
discharge (PD) can or cannot occur adjacent to a conductor [23]. As mentioned in the
standard, a PD pulse refers to the current or voltage pulse that typically occurs due to
a partial discharge activity within the object under test. PD usually begins due to the
imperfections of the insulation medium, such as the presence of voids or gas-containing
bubbles on the dielectric materials [24]. Commonly, imperfections on the insulation medium
are present due to improper manufacturing processes. Chemical by-products and particle
bombardment produced by PD activity also degrade the properties of the insulating
medium. Protracted PD may eventually lead to insulation breakdown.

Generally, the PD testing method of power transformers can be conducted either
online or offline. Offline testing is preferred compared to online testing despite its lack
of dependability [2]. In order to obtain reliable outcomes from the measurement of PD
activities, the appropriate calibrated PD measurement system needs to be used, and it
must be performed according to the standard of commercial PD measurement techniques.
Nevertheless, the PD measurement technique conducted offline has limitations, especially
in accounting for the authentic electrical and thermal circumstances experienced by the in-
sulation while the transformer is in operation [25]. Therefore, in sustaining the performance
of installed power transformers, online detection of the partial discharge phenomenon must
be conducted accordingly. Recently, several prevalent techniques have been conducted to
monitor the PD characteristics in power transformers.

As stated, PD is considered to be the primary factor responsible for the deterioration of
insulation in transformers, which can ultimately result in failure [26,27]. Various techniques
for PD detection have been performed in condition monitoring to detect, identify, and
diagnose PD [28]. In addition, numerous methodologies have been developed to identify
and detect partial discharge (PD), including electrical detection [29-33], electromagnetic
detection [26,34-38], optical detection [39-41], acoustic detection [42-46], gas presence
detection [6,47—49], and integrated approaches [42,50,51]. In order to pinpoint the spots
and PD activities, these methods have been utilized to determine the PD signals. In online
PD monitoring, it has been found that there are challenges to detecting the PD signals
and their exact proposition due to the complicated geometrical of power transformers, the
shielded structure of power transformers, and interruption of noise (i.e., noise interference).
For instance, electrostatic and electromagnetic interference, radio frequency interference,
and crosstalk brought on by nearby cables are all examples of external disturbances which
may lead to noise interference in PD detection. Additionally, the transformer’s core and
windings produce the majority of the internal noise. Therefore, an applicable method to
detect PD is needed to prevent any breakdown happening in the power transformer or gas-
insulated switchgear. Partial discharge detection methods encompass a range of techniques,
in which each offering unique insights into the early identification and localization of PDs
within electrical systems. The method that is currently being used to detect PD include
the UHF method. The UHF method utilizes UHF sensors or antennas placed near the
transformer or GIS to capture and analyze the electromagnetic emissions generated by PD
events. This method offers high sensitivity, accurate PD localization, and the ability to detect
PDs in their early stages. It is commonly used for both online and offline monitoring [52,53].
Other than that, Transient Earth Voltage (TEV) method also can be used to detect PD. The
TEV method detects the radiated electromagnetic waves resulting from PD events in a
power transformer or GIS. It involves placing sensors on the transformer’s surface or GIS
surface to measure high-frequency transient signals. The TEV method is non-intrusive,
highly sensitive to PD events, and suitable for online monitoring systems [54,55]. Apart
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from that, acoustic detection also is one of the methods that are currently being used to
detect PD. Acoustic PD detection relies on the measurement of sound waves produced
by PD events. Acoustic sensors or ultrasonic detectors are used to capture and analyze
acoustic emissions. This method is effective for detecting PDs in power transformers or
gas-filled compartments of GIS and provides information about the discharge location
based on time-of-flight analysis [56,57].

2. Method of PD Detection Based on Different Types of Signals Emitted during
PD Activities

2.1. Electromagnetic Method

W. R. Rutgers was the first to apply the EM method to a power transformer in 1997 [58].
UHEF signals can be detected using conical, spiral, and Vivaldi antennas [26,59]. UHF
sensors are the subject of extensive research since they have benefits that include immunity
to low-frequency signals, an insignificant impact of signals caused by internal transformer
construction, and the absence of corona-free pulse interference [34,60]. Radio interference
and switching events might make UHF detection more difficult.

For its measurements, the UHF electromagnetic technique depends on the PD activation
of electrical resonance at frequencies up to 1.5 GHz. This technique can also detect and
pinpoint a PD source [61,62]. The UHF method offers multiple benefits; for instance, low
decibel levels as a sequence of the transformer’s shielding effect and extremely low signal
losses. The measurement frequency band of 100 MHz of such a UHF process fits precisely
between 300 and 1500 MHz of the entire wavelength range, permitting it to avoid local
interference over the entire range. Because the UHF sensor is linked to the transformer, this
technology is noise free. The secondary winding is safe and dependable against induced
current since there is no electrical interrelation between a power transformer and a UHF sensor.
The secondary winding of a power transformer is safe and reliable against induced current.

Figure 2 is a circuit diagram for a power transformer that was used in [63] to analyze
the impact of various PD types on UHF calibration. Researched causes of PD include
surface discharge on polyethylene, surface discharge on pressboard, internal discharge,
and corona discharge. There are six drain valves that facilitate the placement of various
UHEF probes. The optimal detection frequency range for measuring the UHF signal in terms
of PD activities was introduced by the authors in [63]. They also showed how inefficient
the UHF probe was because of the difficulty in reducing calibration errors caused by active
transformer components. However, a maximum charge estimation approach was presented
in [63], where the UHF quantifier parameter and IEC apparent charge are measured in the
laboratory to achieve the least feasible ratio.
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Figure 2. Schematic depicting the effects of various PD types on UHF calibration in a power trans-
former reprinted by [63].
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Extensive research has been conducted on various types of current transformers, such
as Rogowski coils, high-frequency current transformers (HFCTs), and radio frequency
current transformers (RFCTs), for their application as PD detection sensors in power
transformers [64-66]. The electromagnetic (EM) technique has proven effective in localizing
multiple PD sources and identifying their unique characteristics through the use of feature
extraction and denoising strategies. These strategies are used in PD detection through the
EM signal approach to accurately identify and analyze PD signals in power transformers.

2.2. Electrical Method

One of the electrical measurement approaches for detecting PD is the pulse capacitive
coupler method. In a pulse capacitive coupler arrangement, the PD-induced current
is gathered and measured in the detecting coil, which is coupled in a loop with some
impedance to the ground line [67]. Quantitative approaches are highly sensitive and simple
to implement. However, because of its high sensitivity, it is prone to false alarms, making it
unsuitable for continuous transformer monitoring.

EE detection techniques utilize the existing pulse-produced signal to detect PD. The
circuit is connected to the spotted areas, allowing it to detect current pulses that indicate
PD activity [68]. The International Electrotechnical Commission (IEC) and the Institute
of Electrical and Electronics Engineers (IEEE) both utilize similar techniques [69]. This
method may be used to determine the PD charge and evaluate the insulation’s state.
The assessment of PD detection systems in power transformers has been advised by the
International Council on Large Electric Systems (CIGRE) [70]. Many variations can be
derived from the basics of PD test circuits. The electrical detection techniques most often
used for power transformer status monitoring are shown in Figure 3a,b, which include the
test circuit for measuring self-excited test objects as well as the test circuit for measurement
at a tapping of a bushing, respectively [71]. A coupling capacitor (Cy) is connected in
parallel with the capacitance of the insulation system being tested (C;) in the measurement
setup shown in Figure 3a. The PD measurement device that is connected to a measuring
input impedance (Z,) will compute the apparent charges.

On the other hand, Figure 3b illustrates an arrangement that is suitable for testing
objects equipped with capacitance-graded bushings in which the bushing capacitance is
used in place of the coupling capacitor, Cx. When the bushing is equipped with a tapping
and it is connected to the coupling device, in this case, a relatively large capacitance (Ci)
appears across the input impedance (Z,) of the coupling device which potentially impacts
the measurement’s sensitivity. The existence of that large capacitance makes this technology
impractical for online testing. However, online testing is feasible if the power transformer
has available bushing taps, as depicted in Figure 3b.

Currently, there are limitations in identifying PD activities using this online testing.
The presence of electromagnetic interference during online testing poses challenges [72,73].
Therefore, offline testing is preferred, although it may not fully represent the conditions of
online operation. For regular tests of produced goods or pre-commissioning routine tests,
offline testing is still useful. Even with these drawbacks, this method offers useful insights
into the comprehension of the insulation performance.

2.3. Chemical Method

Chemical testing procedures, which depend on the analysis of gas and oil specimens
extracted from the PD activities, are essential for identifying PD in high-voltage applications.
High-performance liquid chromatography (HPLC) and dissolved gas analysis (DGA) are
two frequently used methods for measuring chemicals. HPLC is employed to study the
by-products of PD, such as glucose in its degenerated forms resulting from insulation
breakdown [74,75]. On the other hand, DGA utilizes differential gas chromatography to
analyze the entire volume of gas generated by PD activities [74]. These approaches provide
valuable insights into the chemical composition of PD-related substances, aiding in the
detection and assessment of PD in high-voltage systems.
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Figure 3. (a) IEC 60,270 based on test circuit for measuring self-excited test objects; (b) test circuit for
measurement at a tapping of a bushing reprinted by [71].

A variety of online testing methods have been developed to detect partial discharge
(PD) in power systems. These approaches include oil-immersed sensors with fiber Bragg
gratings [76], photoacoustic spectroscopy [77], and oil-immersed sensors [78]. Other than
that, photoacoustic spectroscopy with membrane-based methods [79], and hydrogen de-
tection [76]. Figure 4 [80,81] shows a typical gas chromatography setup. In this configu-
ration, the oil specimen undergoes vaporization near the injection port, and the resultant
gases—which include some of the lighter gases including argon, the element helium nitro-
gen, and hydrogen—are then fed into the column. The column separates the gases based
on their retention times before they reach the heat detectors [80]. The data collection system
records and plots the identified PD signals, generating chromatograms.

The gas concentration and retention time are then used to determine the identity
of the gases. Hydrogen gas detection has become the preferred method due to its high
accuracy and has largely replaced other detection methods. If the hydrogen gas level
exceeds the safety threshold during overheating and discharges, it indicates a need to
diagnose the internal insulations [82]. FBG sensors have been extensively used in various
studies to measure the concentration of hydrogen gas within power transformer tanks
operating at typical temperatures ranging from 60 °C to 90 °C. The remarkable sensitivity of
hydrogen gas detection at 80 °C, combined with its minimal interference from other gases,
points towards a promising outlook for this technology [83]. Furthermore, there have been
advancements in the development of Pd-capped Mg-Ti thin-film-based hydrogen sensors
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(improved FBG), which exhibit enhanced sensitivity over a broader temperature range
from 10 °C to 80 °C and significantly surpass the sensitivity of traditional FBG sensors [84].

Sample
" injector N
Flow controller
) \\ Recorder
» Waste
Column \
Detector

Carrier gas Column oven

Figure 4. Gas chromatograph in its usual form [80].

2.4. Acoustic Method

The mechanical explosion that causes AE in the power transformer is caused by
the evaporation of oil in the area of the streamer, the electrical arc, and the mechanical
vibration [85]. Ultrasonic signals, with a frequency of 40 kHz to hundreds of kHz [86,87],
can be used to estimate the location of the AE source, which sends off pressure waves with
characteristics exclusive to that source. Nevertheless, the signals of PD can be affected by
high-frequency signals and can be removed if using a denoising technique.

The AE approach has become the preferred technique to detect PD in power trans-
formers due to its effectiveness and low cost in eliminating electromagnetic interference.
The break down of the components of the recording system which have been commonly
used by the power transformer during normal operation to identify AE signals from PD is
shown below [88]. Many ultrasonic systems use broadband piezoelectric transducers as
their transduction element. These AE signal detectors are attached to the transformer tank
at a certain point using a magnetized holder. The AE signals are then transferred into the
AE analyzer, where they are amplified, filtered, and recorded.

Multiple PD causes can be identified using the AE technique [86]. The AE method
is often used in conjunction with others, such as UHF, optical detection, and electrical
detection, to compensate for its limitations in PD-level detection and calibration. Complex
acoustic emission behavior, weak detected signals, and a high price tag are all downsides
of this approach. Microphones [89], piezoelectric transducers [86], acceleration sensors [86],
and fiber optic (FO) sensors [90] are all examples of equipment that can be used to detect AE.
Fiber optic sensors have been shown to be the most effective AE detection devices because
of their high signal-to-noise ratio (SNR) and their ability to detect over a wide acoustic field.
The internal design of the transformer can be optimized and noise reduced using denoising
techniques, allowing for the detection of several PD sources. The biggest issue with the AE
method is the inability to pinpoint the PD source in the transformer winding due to the
quick attenuation of the signal as it travels through the various media [91].

In summary, we can break down the components of the recording system which have
been commonly used in power transformer monitoring to identify Acoustic Emission (AE)
signals from partial discharge (PD) during normal operation.

1. Test Transformer: This is a specific type of transformer used for testing and monitoring
purposes. It is designed to mimic the behavior of the power transformer under normal
operating conditions;

2. Transducer: The transducer is a device that converts the acoustic signals generated
by the partial discharge events in the power transformer into electrical signals. It
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effectively picks up the acoustic emissions and transforms them into measurable
electrical signals;

3. Preamplifier: The electrical signals from the transducer are typically weak and need
to be amplified for further processing. The preamplifier is responsible for boosting
the weak signals to a level suitable for subsequent stages in the recording system;

4. Track Signal and Filter: After amplification, the AE signals may contain unwanted
noise or irrelevant frequencies. The track signal and filter stage are used to filter out
unwanted frequencies and ensure that the signals of interest are properly isolated;

5. Broadband Amplifier: The filtered AE signals are further amplified using a broadband
amplifier. The amplifier boosts the desired AE signals to a level suitable for accurate
measurement and analysis;

6. Measurement and Card or Analyzer: This is the core component responsible for
processing and analyzing the amplified AE signals. It may be a dedicated hardware
card or a specialized analyzer device designed to detect and analyze AE signals from
partial discharges;

7. Computer: The final stage involves recording the processed AE signals on a computer
for storage and further analysis. The computer may have specialized software to
handle data logging, signal visualization, and in-depth analysis of the recorded
AE signals.

The purpose of this recording system is to continuously monitor the power transformer
for any signs of PD events, which can be indicative of insulation degradation or other
potential failures or issues. By detecting and analyzing AE signals, maintenance personnel
can take proactive measures to address developing problems before they escalate into major
faults, thereby ensuring the reliability and longevity of the power transformer.

2.5. Optical Method

Power transformer oil can be tested for PD activities using the optical technique.
Scientists have used a variety of light detection techniques to conduct PD analysis on
transformer oil/paper insulation. Mach—Zehnder interferometry, Fabry—Perot interferom-
etry, and fiber Bragg grating are typical examples of optical sensors used for detecting
PD [33]. Using a single-mode fiber and laser, MZI was the first optical fiber-based sensor.
At first, a fiber coupler separates the incoming light into two separate fibers. The first
detecting fiber optic coil is placed in the oil tank’s PD signal zone, while the second fiber
serves as a reference for the light’s raytracing path. The EFPI sensor incorporates a silica
diaphragm inside a capsule-shaped silica glass tube to create a single optical fiber. Because
of their excellent dielectric property and immunity from electromagnetic interference, FBG
sensors are currently employed in power transformers and kept directly in the oil. For a
visual representation of the FBG’s operating principle, see Figure 5 [92], where A is the
grating period,  is the refractive index, and Ap is the reflected wavelength called the Bragg
wavelength. It works as narrowband reflective optical sensors since they reflect only one
wavelength of light by grating and let all the other wavelengths be transmitted through it.

Initially, it was determined that fluorescent optical sensors could only detect PD
from light emission in air, and not in transformer oil. In 2013, it was discovered that
the optical method, using the fluorescent sensor and an unconventional technology, was
accurate for PD measurement in power transformers. However, the fluorescent sensor
research for PD detection in transformer oil produced dubious results with numerous
shortcomings. The attempts to establish a link between photon activity, PD via an optical
signal, and PD charge restrictions in oil have been conducted aggressively. Based on [93],
the measurement was made possible in the oil-immersed transformer. This, however,
proved difficult, especially when dealing with dated transformer oil [94]. Nevertheless,
the technique used in [93] works best to measure a wide variety of chemical elements and
physical properties, and it has the advantages of having a high-frequency response and
being immune to electromagnetic interference [32]. Major limitations include the inability
to calibrate PD detection, a lack of data on PD magnitude, and the inability to reliably
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identify discharges within transparent media. Current research is focused on improving
methods for detecting and locating PD in transformer oil. On the other hand, it is also being
studied about the X-ray emission as a method of PD detection since it does not require the
complicated geometry of a power transformer.
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Figure 5. Fiber Bragg grating principle operation, with refractive index profile and spectral
response [92].

2.6. Combinational Method

The combination of dissolved gas analysis (DGA) and acoustic emission (AE) practices
has been employed to identify and localize the partial discharge (PD) anomalies that occur
inside power transformers. This integration enables the detection and pinpointing of PD
anomalies by using both DGA and AE methods. The detection process involves initially
conducting offline dissolved gas analysis (DGA) to assess the gas content, followed by
implementing acoustic emission (AE) detection for a duration of 24 h to identify the sources
of PD. This approach aims to replicate the daily load cycle and has been documented in
reference [95]. An example of the integration of acoustic emission (AE) and dissolved gas
analysis (DGA) methods is photo-acoustic spectroscopy (PAS). The operational concept
of PAS is illustrated in Figure 6, as described in reference [96]. In this technique, fault
gases interact with an infrared source, receiving kinetic energy. The pressure signals are
detected by a microphone and converted into electrical signals. By analyzing the amplitude
of the sound waves generated and filtering them through optical filters, different gases
can be identified.

The integration of electromagnetic (EM) and acoustic techniques has also been em-
ployed. Ultrasonic and ultra-high-frequency (UHF) sensors, configured in various geome-
tries, have shown remarkable effectiveness in detecting the origin of partial discharge
(PD) within a specific range, as reported in reference [97]. A proposed approach involves
the use of a hybrid PD detection system that combines acoustic emission sensors plus
transient earth wire voltage (TEV) [98]. Novel techniques for detecting acoustic emission
(AE) involve the use of AE sensors to identify the presence of partial discharge (PD) based
on a reference time obtained from electrical equipment (EE) signals. This approach enables
the localization and validation of the detected signal, ensuring it is not attributed to external
noise [99].

The technique for identifying PD by combining acoustic emission (AE), electrical
equipment (EE), and dissolved gas analysis (DGA) to evaluate the transformer’s entire
insulating state, as reported in reference [100]. A noise rejection system for PD detection
might be created by combining AE and EE approaches. The information gathered via
EE detection could be utilized to pinpoint the PD’s origin. The sensitivity of the AE
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method can be enhanced by integrating using the EE technique, where the latter serves to

initiate events.
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Figure 6. A DGA system utilizing photo-acoustic spectroscopy [96].

A combination of AE and optical techniques involves the use of a Fabry-Perot fiber
as an AE sensor for localizing PD. In addition, a fluorescent optical fiber acts as an optical
sensor to verify signal of reference originates from a PD source, as documented in refer-
ence [101]. Table 1 provides a comparative analysis of the advantages and limitations of
various techniques used for detecting PD inside power transformers.

Table 1. Summary of the advantages and disadvantages of different partial discharge detection

methods.

Electrical Detection [102]

Chemical Detection [103]

Acoustic Detection [104]

Optical Detection [105]

UHF Detection [106]

High sensitivity to detect
low-level PD signals

Good recording
of PD signals in the
laboratory environment

Non-intrusive technique

High sensitivity to detect
low-level PD signals

High sensitivity
to detect PD signals

Suitable for
online monitoring

Suitable for
offline analysis
and condition assessment

Can be used for offline
and online monitoring

Suitable for
online monitoring

Suitable for
online monitoring

Advantages
Can be integrated into
existing power systems

Provides indirect evidence
of PD occurrence

Suitable for large-scale
insulation systems

Immune to
electromagnetic
interference

Can be used for both
localized and distributed
PD detection

Provides quantitative
measurements
of PD characteristics

Provides location
information of PD sources

Provides spatial
information
about PD sources

Provides early warning of
insulation degradation

Affected by noise and
interference from the
power system

Indirect detection
method, limited to
specific types of PD

Affected by
environmental noise

Limited availability of
optical sensors

Affected by
environmental noise

Require complex signal

Disadvantages processing techniques

Requires sampling of
insulating oil and gas

Limited sensitivity
to detect low-level
PD signals

Requires line-of-sight
access to the PD location

Signal interpretation may
be complex

Requires specialized
laboratory equipment

Requires installation
of UHF sensors
on the equipment

3. Type of Sensor Used to Detect PD Signals
3.1. Electrical-Electromagnetic Sensor

PD is an electrical discharge occurrence characterized by a spark or discharge that oc-
curs when a small section of insulation is partially bridged. It happens when two conductive
electrodes with high densities of positive and negative charges become separated. When the
applied voltage exceeds a specific critical value called PD inception voltage, transient gas
ionization leads to a localized discharge within the insulated system. PD is considered a pre-
breakdown phenomenon. PD occurs on micro-/nano-sized voids/cavities/gas-contained
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bubbles even though the power transformers still can operate. Without PD detection/PD
mapping/preventive action, the PD activities keep occurring on the power transformers
making the voids/cavities/gas-contained bubbles more significant, and eventually forming
a conductive path that completely bridges the two conduction parts; eventually, leading to
the major breakdown.

The identification and detection of partial discharge (PD) in power transformers
are vital in industrial and power delivery systems to prevent the failure of high-voltage
equipment [107,108]. The use of UHF sensors for PD detection in gas-insulated substations
(GIS) is depicted in Figure 7a. These sensors have shown to be successful in both on-site
PD testing and laboratory PD measurement. The use of a UHF sensor to evaluate the
compatibility of power transformers on DN50/DN80 gate valves is also demonstrated in
Figure 7b. The sensor provides alternative methods for estimating PD, and the illustrated
setup, referred to as a bushing tap, is specifically designed for measuring galvanically
connected decoupling. Figure 7c depicts a configuration of an inductive UHF sensor used
to take a reading on the power cable termination [109].

(b)

Figure 7. There are three types of electrical sensors: (a) a UHF sensor attached to a GIS grounding

()

bar; (b) an oil valve sensor for the reactor of a power transformer (left side) for use with a DN 50 gate
valve and (right side) for a DN 80 gate valve; (c) an inductive UHF sensor for the termination of a
power cable [109].

Figure 8a illustrates three distinct UHF sensors that are suitable for the purpose of PD
detection on both power transformers and gas-insulated switchgear. Conventionally, the
three types of sensors utilized for PD detection, according to reference [110], are disc-type,
monopole-type, and spiral-type sensors. Recent research has revealed that these sensors
accumulate a significant amount of energy, demonstrating their excellent sensitivity in
detecting emitted signals [110]. Meanwhile, Figure 8b depicts a capacitive coupler used in
a high-voltage cable for PD detection. The capacitive sensor is linked through a 40 mm tin
tape that encircles the uncovered cable. The insulation measurement on the cable remains
unaffected by the capacitive sensor coupler due to its effective connection at UHF, wherein
it functions as the power frequency ground, as stated in reference [111].

3.2. Acoustic Sensor

The acoustic method employs an extremely sensitive sensor made of a specialized
piezoelectric film, depicted in Figure 9a, and set up as shown in Figure 9b. This technique is
used to measure partial discharges (PD) in high-voltage equipment like power transformers
and high-voltage cables. When functioning at low resonant frequencies, the piezoelectric
sensor film adopts a disc-shaped crystalline structure, facilitating straightforward calcula-
tion of its resonances. As explained in reference [112], this precise arrangement makes it
simple to determine resonances.
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Figure 8. (a) Disc-type, monopole-type, and spiral-type UHF sensors. (b) Capacitive coupler
schematic. Reprinted by [32,110].
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Figure 9. (a) A connectorized piezoelectric film sensor and (b) conventional piezoelectric [112].

3.3. Optical Sensor

The prevailing technique to detect (PD) occurs in HV transformers and GIS equipment
is by optical detection technique utilizing a fiber intrinsic sensor coil. Figure 10a presents a
depiction of the sensor coil, which is created by coiling 8 m of fiber around a former, resulting
in a coil with a 25-millimeter diameter. This intrinsic sensor is based on Mach—Zehnder fiber
interferometers and operates using single-mode optical fiber typically submerged inside oil
along the transformer being tested to measure its PD characteristics [113]. Meanwhile, Figure 10b
illustrates the multimode optical fiber sensor specifically designed for PD detection in GIS [114].

o -

Laser

Sensing arm

— Receiver

(b)

Figure 10. Intrinsic optical sensors; (a) Mach-Zehnder fiber interferometer-based optical fiber sensor
and (b) multimode optical fiber sensor. Reprinted by [113,114].
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Furthermore, Figure 11a,b showcase the extrinsic Fabry-Perot interferometer sen-
sor and extrinsic microelectron—-mechanical system sensor, respectively, both utilized for
measuring PD in oil-cooled high-voltage transformers [115].

(a) (b)

Figure 11. Extrinsic optical sensors. (a) The Fabry—Perot interferometer sensor and (b) the microelec-

tromechanical system sensor. Reprinted by [115].

4. Partial Discharge Measurement Using Different Types of Sensors on the Power
Transformer and GIS

4.1. Mechanism in Electric—Electromagnetic Sensors

When the insulating materials (i.e., solid, liquid, or gas) are subjected to a high electric
field and the electric field exceeds the PD inception electric field, PD activities will occur
rapidly [116]. The phenomenon of partial discharge can be explained according to the
Townsend theory that stated the discharge mechanism happened due to the electrons
emitted from the cathode having obtained enough energy in the electric field, which
collides with gas molecules contained in the gas-contained bubbles. This effective collision
will ionize the gas molecules and increase the number of charged particles by forming
electrons and holes [117]. As the bubbles contain unknown gas, the dielectric constant is
typically lower than the surrounding liquid dielectric. As a result, the electric field within
the bubbles is greater than the local electric field formed on the liquid insulation. The
liberated electron from the cathode will accelerate to the anode through the bubbles, and
the gas molecules contained in the bubbles will be ionized as the molecules collided with
the electron. This process also can be described as an avalanche process. However, the
discharge process is a stochastic phenomenon because not every collision leads to ionizing
the gas. This is because if the electron’s kinetic energy is not enough, it could not be able to
remove another electron upon collision. The electron with a negative charge will apparently
accumulate on the bubble walls near the anode, while the ionized molecule with a positive
charge will accumulate on the bubble walls nearby the cathode. The accumulation of
electron and positive ion molecules will form two streamer channels with opposite polarity
of charge. This streamer’s channel formed by the transferred charge will create an electric
field that opposed and distorted the local electric field produced by the external supply.
This phenomenon is rapidly and continuously occurring until the electric field produces by
the electron and positive ion in the void is greater than the specific value of the extinction
electric field. Then, the partial discharge will be extinguished, which partially bridges the
liquid dielectric between the two conduction parts [118].

A coupling capacitor in the range of 0.1 nF to 1 nF can be used to detect the impulse
produced during the discharge process. The PD-induced impulse’s granularity, polarity,
and arrival time are all recorded [119]. The signal produced by PD activity would have a
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frequency between 300 MHz and 3 GHz (UHF band), given the nanosecond (ns) duration
of PD-induced impulses. Detected PD signals can be considered to diagnose the insulation
condition of the GIS, transformer, and cable with the right calibration technique. The
mechanism of detection has a large detection range, excellent sensitivity, and low back-
ground noise [120]. Keeping an eye on PD characteristics is crucial for ensuring insulation
performance [121]. The fast-rising duration of the PD current pulse (100 ps in SF6) [122] is
a key factor in the efficacy of the UHF approach for measuring PD in the GIS. Commonly, a
UHF sensor mounted near the drain/oil valve is capable to detect the PD signal upon its
occurrence. Disc-shaped and cone-shaped sensors are typically used for onsite and labo-
ratory measurements, whereas monopole sensor is used for the laboratory measurement.
The input power source used in this technique must have a lower discharge rate than the
value being measured.

4.1.1. PD Detection in Gas-Insulated Switchgear

In SF6, a common insulating gas, the rise time of the PD pulse current is less than a
nanosecond (ns). The electromagnetic wave generated by PD primarily lies in the ultra-high-
frequency (UHF) range. The antenna and sensor can capture the electromagnetic signal
generated by PD as it passes through the GIS tank. If the frequencies of the UHF signals are
high enough, they will not be interfered with by other radio or cellular transmissions. Using
the data on the PD phenomenon in SF6 gasoline, the GIS can simply evaluate breakdown
risk [123]. When used in combination with the acoustic method of measurement, the UHF
PD measuring technique may enhance PD positioning accuracy. The power dissipation
generated by the metallic container can greatly attenuate the PD electromagnetic wave.
Experimental observations have indicated the presence of a remarkably low attenuation
coefficient, typically measuring around 2 dB/km (with theoretical estimates ranging from
1 dB/km to 2 dB/km) [120]. A quintessential measurement configuration for GIS-based
UHF PD detection is shown in Figure 12. A computer, digitizer, pre-amplifier, as well as
UHEF field probe sensor round out the system. A pre-amplifier with a 25 dB gain and a
1 GHz bandwidth is used to enhance the output. The digitizer samples the UHF signal at
20 ns intervals with a trigger delay during the test [124].
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Figure 12. Instrumentation for PD measurements and a typical setup for modeling the measurement
on GIS [124].
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4.1.2. PD Detection in Transformer

The UHF PD detection technique is widely employed for routine maintenance and
monitoring of high-voltage transformers. When applied to transformers, the UHF PD
detection method benefits from low noise levels due to effective shielding. Additionally, the
attenuation of signals in oil insulation is minimal, resulting in excellent measurement sensi-
tivity in on-site conditions. In laboratory settings, the PD measurement setup for transform-
ers typically involves a partially enclosed metallic tank measuring 1.0 m x 0.5 m x 0.5 m.
The setup includes a needle sphere PD source and two similar disc sensors. The transient
reading record has a bandwidth of approximately 3 GHz, and no additional amplification
is necessary as the output quality from the pre-amplifier is satisfactory. The UHF technique
has gained popularity for testing power transformers, offering superior sensitivity com-
pared to AE methods [125]. A typical UHF monitoring system setup, shown in Figure 13a,
consists of filtered and amplified signals from the sensors, which are then detected and
digitized. The digitization process enables dynamic utilization of the signals, and the phase
reference and clock information are logged along with the digitized data. The recorded
PD pulses are considered to originate from a point source in real time, with the amplitude
of the pulse calibrated against the UHF signal energy [62]. The coupling capacitor does
this by enabling UHF transmissions to get through while filtering out the low-frequency
noise based on Figure 13b. Since the testing tools are corona free, they can be connected to
transformers of various power.

Transformer
tank  UHF sensor
| Amplifier Filtering
|
I Unit Coupling
P under capacitor | Pre-amplifier
supply test v =
W\
ﬂ) Impedance Detector
=
|

T
Data acquisition

(@) (b)

Figure 13. (a) The basic UHF monitoring system for PD and its guiding principle and (b) principle of
a typical ultra high frequency [62].

4.2. Mechanism in Chemical Sensors

Chemical changes in the composition of insulating materials in transformers and GIS
can be utilized for the chemical detection of PD signals. By observing these changes, it
is possible to identify PD activity occurring within the equipment. The use of DGA or
HPLC is used to analyze the chemical characteristics. The DGA study sought to determine
the concentrations of several gases, including hydrogen, ethylene, acetylenes, carbon
dioxide, and methane, in a sample of fluid from an oil-cooling transformer’s container
or gas from the GIS [126]. These levels must not be higher than those specified in the
occurrence of oil insulation or insulation material malfunction. Unfortunately, no scientific
or experimental link or calibration has been established between DGA readings, dissolved
gas levels, and fault types. The HPLC test quantifies the by-products of transformer or
GIS insulation breakdown. When a transformer’s insulation fails, glucose is produced.
Real-time monitoring of PD byproducts through the collection and analysis of sufficient
quantities of insulation breakdown byproducts is time-consuming. Due to the lack of a
consistent association between the glucose concentration emitted during insulation failure
and the kind and severity of high voltage transformer malfunction, both HPLC and DGA
tests are prone to the same degree of ambiguity. Inaccurate localization of the PD signal
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source and evaluation of insulation deterioration are also beyond the chemical approach’s
capabilities. As a result, the chemical technique cannot provide real-time online monitoring.

PD Detection in Transformer

Figure 14a illustrates a hydrogen—oil detector. A portable gas chromatograph is
connected to a semipermeable membrane, which is then located in the transformer’s oil
tank. The portable gas chromatograph can test the concentration of hydrogen gas at
predetermined time intervals. The fuel cell type detectors are used in the second profit-
oriented version of the DGA testing for power transformers, as illustrated in Figure 14 [127].
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Figure 14. The two most common chemical methods for detecting PD, including (a) hydrogen-in-oil

(a)

detector and (b) continuous monitoring [127].

4.3. Mechanism in Acoustic Sensors

The PZT ultrasonic sensor is sensitive to signals generated by PD in oil at wideband
frequencies (from 10 kHz to 500 kHz). Most of the PD detection and monitoring devices
use acoustic sensors, which are usually located far from high-voltage hardware. A PD
coupler is required for acoustic detection equipment that detects harmonic distortion. The
vaporization of the 0il’s molecule results in a mechanical energy explosion, in which a
pressure field is produced from which a sonic wave emerges. The capacitive properties of
PD are unimportant when the acoustic technique is used due to its insensitive to changes
in the capacitance of the test object [123]. When comparing the two PD signal detection
systems, the acoustic one has a lower sensitivity than the electrical one. On the other hand,
by measuring the time differences of arrival (TOA) of acoustic signals at multiple sensors
deployed, it is possible to estimate the location where partial discharge occurs.

4.3.1. PD Detection in Gas-Insulated Switchgear

The GIS is designed as a sealed structure, filled with pressurized gas. As an insulator,
SF6 gas is more effective than air because it exhibits higher dielectric strength, acts as
an electronegative medium to capture free electrons and prevent electrical discharges,
is non-flammable, possesses an extremely stable molecular structure, and serves as a
cooling medium. The acoustic emission (AE) reflected off the metal walls of the GIS can
be used to discern PD. The acoustic waves created by PD have a wide frequency range
(20 kHz-250 kHz) and a radical symmetry. The PD measurement at GIS can be conducted
using a touch sensor, as shown in Figure 15.
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Figure 15. The touch sensor practically used to detect PD in GIS.

4.3.2. PD Detection in Transformer

The maximal temperature and insulation tolerance are crucial factors in determin-
ing a transformer’s operational lifespan, which has a significant economic impact on the
operation of an electrical power network. Any malfunctioning transformer reduces net-
work dependability and increases maintenance expenses. Before analysis, the acoustic
signals generated by partial discharges PD in oil-cooled transformers are detected using a
decoupler and amplified with a low-noise amplifier to assure high sensitivity. In laboratory
tests, PD must be simulated using three varieties of electrode structures: plane—plane,
needle-plane, and wire-wire. When these structures are stimulated, they simulate partial
discharges in the transformer’s oil-filled walls. Increasing the alternating current (AC)
voltage from 0 to 50 kV rms (refer to Figure 16) induces PD in the oil-immersed elec-
trode system. On the outer surface of the transformer tank, an acoustic emission sensor
is installed to detect the PD-induced acoustic signals. These signals are then transmitted
to an oscilloscope via a low-noise amplifier with a frequency bandwidth of 1.6 kHz to
1.6 MHz and a 3 dB mid-band frequency bandwidth. Depending on the electrode system,
the frequency ranges of the acoustic signals range from 45 kHz to 25 kHz for the plane-
plane configuration, 60 kHz to 279 kHz for the needle—plane configuration, and 50 kHz
to 180 kHz for the wire-wire configuration. Specifically, the detected frequencies for the
needle—plane electrode were 145 kHz, and for the wire-wire electrode, they were 121 kHz.
Using three acoustic sensors to capture the PD-induced acoustic signals, the location of the
PD can be determined within a 1% margin of error [124].
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Figure 16. The experimental setup for PD measurement by replicating the PD stimulate in a trans-

former using a PD test cell [124].
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4.4. Mechanism in Optical Sensors

Fiber optic cable has long been utilized as a sensor because of its many advantages,
including its resistance to protection against chemical decay, electrical sparks, a wide variety
of measures, and response, tolerance to high sensitivity, wide bandwidth, extreme temps,
and compact size. Detection of optical properties such as wavelength, intensity, polarity,
and phase are based on minute changes in optical properties. As a result, four types of
optical sensors can be utilized for various applications, including spectral analysis, intensity
measurements, polarization, and interferometry. The fiber optic acoustic sensor is one such
sensor that combines acoustic and optical technologies. It includes a fiber optic intrinsic
transducer, such as a Mach—Zehnder or Michelson interferometer, multimode fiber, and
a fiber optic external device, such as a Fabry—Perot interferometric sensor. The detection
method of the fiber optic acoustic sensors relies on leveraging the photo elastic effect of silica
fiber to convert acoustic signals into optical signals. When a sound wave intersects with
fiber optics, its shape is distorted. This distortion will influence fiber length and refractive
index. As a result of this change, a passing laser beam may undergo some modulation. The
silica fiber’s low photo elastic effect to be increased in improving the sensitivity.

PD Detection in Transformer

In general, PD originated inside a huge oil-filled power transformer, where its detection
is notoriously difficult to be performed by using an external acoustic sensor. To spot and
determine the PD with sufficient sensitivity, an acoustic sensor, for example, a fiber-optic
coil, is required. A previous approach to acoustic detection involved utilizing fiber optics
essential interferometers, such as the fiber Michelson and Mach-Zehnder interferometers.
These fiber sensors employed a single mode fiber and laser technology. A fiber coupler
divides the light into two strands with intensity differences of 3 dB from the original source.
One fiber serves as a reference, while the other as a sensor. To generate noise signals, either
transmission, as in the Michelson interferometer, or reflection, as in the Mach-Zehnder
interferometer, merges the light from the two shafts. Although the source light is in the
reference shaft, the sensor arm is vulnerable to PD-induced sonic wave disturbance. The
sonic wave will have affected the initial light source as viewed by the detecting arm. The
essential fiber interferometer sensor achieves excessively high sensitivity when a long fiber
is utilized in the detection procedure. In Figure 17, an illustration of the experimental
setup is shown for monitoring PD signals using a submerged coil of fiber optic sensor into
oil inside the transformer. The light source in the system is a single-mode optic fiber, an
optoelectronic transducer that converts a light beam into an electrical signal, two electrodes,
and a high voltage input to generate simulated PD events that would produce acoustic
emission. The phase of the optical signal would alter if an acoustic wave struck the fiber
optic sensor coil. As a by-product of consecutive phase differences, the visible light in the
sensor coil has the tendency to be modulated. The electrical signal created by the sensor
coil’s light source is then amplified and inspected [125].

The Fabry—-Perot interferometric sensor has a wide range of applications, including the
detection of acoustic waves generated due to PD events [126]. It consists of two reflective
surfaces that form a small sensing element known as Fabry—Perot cavity. The operational
principle of the Fabry—Perot interferometer sensor is depicted in Figure 18. The 22 coupler
was used with a light source. A single-mode fiber is attached to one of the coupler arms
and fused to the sensor head. The optical signal is transformed into an electrical signal
via a photodetector connected to the opposite arm simultaneously. The electrical signal
undergoes amplification before being sent to a high-speed signal processor or a digital
oscilloscope. The silica diaphragm and single-mode fiber Fabry—Perot interferometer sensor
is built within the sensor lead. The Fabry—Perot interferometer sensor’s capacity to track
acoustic signals produced by partial discharge inside the transformer has been proven in
multiple testing.
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Figure 18. The illustration of the principle of the fiber optic acoustic sensor [113].

On the other hand, in addition to those aforementioned earlier in the manuscript,
Tables 2 and 3 show the recent timelines of partial discharge detection activities in power
transformers and gas-insulated switchgear, respectively.

Table 2. Recent timeline of partial discharge activities inside power transformer.

Atrtificial Defect/PD Test

Reference, Year Techniques

Cell/Electrodes Configuration

Significant Outcomes

A three-phase oil-filled transformer’s
whole internal structure was employed to

The EM signal’s amplitude reduces nonlinearly as its

[128], 2018 Needle—-plane model . . distance from the PD source grows, and the rate of
P research the propagation properties of 8
electromagnetic waves dampening slows as it does so.
Transformer oil characteristics for a Due to alterations in factors like viscosity and BDV, the AE
[45], 2018 Needle-plane electrode temperature range of 30-75 °C may be tonal’ litude d df 65 ° Cy 75 °C 17 KV
identified via the AE technique signal’s amplitude decreased from to at .
Fabry-Perot optical fiber
[129], 2018 Needle—plane electrode sensor array-based AE technique with Enhanced accurateness compared to the more common

a steered response power sound-source
localization algorithm

piezoelectric transducer.
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Table 2. Cont.

Reference, Year

Artificial Defect/PD Test
Cell/Electrodes Configuration

Techniques

Significant Outcomes

BA combinational method: the UHF

When compared to direct acoustic wave detection, the

(51,2019 Artificial PD defect/source probe’s tip is inserted with an AE sensor integrated sensor is more sensitive.
[130], 2019 Water content of transformer Use of optical fiber sensors Ties well to a water activity probe that works
- insulation paper for optical detection with various dielectric oils.
When compared to three or more PD sources, the
Void, surface multi-step discrimination approach can detect and
[127], 2019 and ﬂoatin elect;o de differentiate mixed signals with similar forms that the
& one-step method was unable to do. It can also enhance the
differentiation capabilities in subclasses.
Signal processing and analysis techniques were applied to
identify partial discharge events. A localization algorithm
was likely employed to determine the precise location of
[131], 2021 Suspended metal defect Use multiplexed optical ultrasonic sensors the partial discharge within the transformer. The
combination of these techniques demonstrates a potential
solution for detecting and addressing partial discharge
defects in power transformers
[132], 2021 L ocahze@ br-eakdox.,vn Use h.l gh-sensitivity optical fiber To enhance the early detection of such defects.
in electrical insulation interferometer sensor
[133], 2021 Pocahzgd br'eakdown Use Rogowski coil sensor Analy;mg the time dela'y bgtween the arrival of PD 's1gnals
in electrical insulation at different locations inside the transformer windings.
[134], 2022 Defect in oil Acoustic emission technique The use of fuzzy logic aids in approaching acoustic

emission technique for PD detection.

Table 3. Recent timeline of partial discharge activities inside gas-insulated switchgear.

Reference, Year

Atrtificial Defect/PD Test
Cell/Electrodes Configuration

Techniques

Significant Outcomes

Integration of optical fiber and ultra

Usage of both methods at once provides comprehensive

[135], 2018 Voids and containments high frequency (UHF) approach to PD detection.
. 5 S The test asses the dielectric integrity of GIS equipment by
[136], 2018 Conductor protrusions Power-frequency partial discharge test detecting weak discharge under AC voltage.
Free-moving particles, protrusions, ot A new approach to diagnosing unknown phase-shifted
[137], 2018 floating metallic parts, as well as cavities Uses ultraP}];gh frequencyt(UHF) for PDs in GIS using a decision tree method, based on UHF
due to voids and cracks in spacers measuremen measurement and extracted parameters,
Optical fiber sensor technique offers advantages such as
; 1 - . . . high sensitivity, immunity to electromagnetic
[138], 2019 Voids, impurities, or mechanical stresses Employing an optical fiber sensor interference, and the ability to perform remote
monitoring of PD activity in GIS.
Cracks, floating particles, free particles,
[139], 2020 protru519 ns on conductors (POC), Use autoencoders Aims to identify and classify these PD defects in GISs.
protrusions on enclosures (POE),
particles on spacers (POS), and voids
[140], 2021 Fault diagnosis of gas-insulated Micro built-in optical sensor along These techniques enhance the accuracy and effectiveness
4 switchgear (GIS) with a UHF (ultra high frequency) of PD fault diagnosis in GIS equipment.
Offers the advantage of non-invasive and real-time
) Insulation degradation, s e monitoring, which can help in identifying and
[141], 2021 equipment failure Fluorescent optical fiber sensor addressing potential insulation problems before they
escalate into major failures.
New flexible planar biconical antenna design method
[142], 2022 Latent insulation fault Ul’tra-hlgh—frgquepcy (UHF) flexible f_or PD detection inGIS. ThlS technique offers
planar biconical antennas improved detection sensitivity and adapts to
the curved structure of GIS.
Involves the use of a numerical model based on the
) . . . . . . Finite Element Method (FEM). The FEM model considers
[143], 2022 Insulation voids Multiscale fusion simulation the complex structure and material properties of the GIS,
including the insulation void defects.
A new method for detecting corona discharge in Gas
Insulated Switchgear based on UV light emissions. The
[144], 2022 Corona discharge UV sensors technique offers non-intrusive and real-time monitoring

capabilities, enabling timely detection and maintenance
actions to ensure the reliable operation of GIS systems.

5. Challenges and Future Directions of PD Detection in Transformers and GIS

PD detection in transformers and GIS is a crucial aspect of maintenance and reliability
in power systems. PD is the localized breakdown of insulation materials, which can lead to
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equipment failure if left undetected. Detecting and monitoring PD is essential for ensuring
the safe and efficient operation of transformers and GIS.

Here are some challenges and future directions in the field of PD detection for trans-
formers and GIS:

i.  Sensitivity and accuracy: One of the primary challenges is achieving high sensitivity
and accuracy in PD detection. PD signals can be weak and easily masked by noise,
making it challenging to detect and distinguish them from other signals. Future
directions involve developing advanced signal processing techniques, pattern recogni-
tion algorithms, and machine learning approaches to enhance sensitivity and reduce
false alarms.

ii.  Online monitoring: Currently, PD detection in transformers and GIS is predominantly
performed through offline testing, which involves shutting down the equipment.
However, there is a growing need for online monitoring systems that can continuously
detect and monitor PD during normal operation. Future directions involve developing
non-intrusive, online PD detection techniques that can provide real-time monitoring
without disrupting the system.

iii. Sensor placement and installation: Optimal sensor placement is crucial for effective PD
detection. Transformers and GIS have complex structures, and it can be challenging
to determine the best locations for sensors to capture PD signals accurately. Future
directions involve conducting research on optimal sensor placement techniques using
simulations, advanced modeling, and experimental studies to improve the reliability
and sensitivity of PD detection.

iv.  UHF and optical methods: Ultra-High-Frequency (UHF) and optical methods are
emerging as promising techniques for PD detection. UHF sensors can capture PD
signals in the radio frequency range, while optical methods use fiber optic sensors for
detection. These approaches offer advantages such as higher sensitivity, immunity to
electromagnetic interference, and the ability to cover a large area. Future directions
involve further developing and refining these techniques to make them more practical,
cost-effective, and suitable for deployment in transformers and GIS.

v.  Condition monitoring and data analytics: PD detection is not limited to identifying
the presence of PD; it also involves analyzing the data to assess the condition of the
equipment. Future directions involve integrating PD detection with advanced data
analytics, such as predictive maintenance and fault diagnosis algorithms. This will
enable a better understanding of PD behavior, identification of potential failure modes,
and timely decision making for maintenance and asset management.

vi. Standardization and guidelines: Developing standardized procedures, guidelines,
and best practices for PD detection in transformers and GIS is important for ensuring
consistency and reliability across different utilities and industries. Future directions in-
volve establishing international standards and guidelines based on extensive research,
testing, and collaborative efforts among experts and industry stakeholders.

By addressing these challenges and exploring future directions, the field of PD de-
tection in transformers and GIS can make significant advancements in terms of reliability,
safety, and efficiency of power systems.

6. Conclusions

Monitoring the PD phenomenon in high-voltage power systems and equipment is
considered a necessary measurement for the preventive maintenance of equipment that is
under operation or for the performance assessment of new equipment manufactured by
the industries. Hence, the capability and suitability of the use of appropriate sensors with
certain properties and methods of PD measurement in obtaining reliable outcomes of PD
measurement on power transformers and GIS is the gap that potentially can be gratified
and included to be the critical concerns in extending the research in the future. Based on
the collective review of PD detection on power transformers and GIS, it has been found
that advanced online monitoring technology was preferred in PD detection, especially the
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technique that uses directly integrated sensors on high-voltage equipment. This is because
the online monitoring technique allowed the PD detection to be conducted without the
need of isolating the power system and giving out realistic results based on the equipment’s
actual peripherals. Therefore, the research on designing and improving the capability of
sensors can be summarized as an impactful study for future research on PD detection,
including the technique to enhance sensitivity and accuracy in obtaining high precision of
PD data collection.

The UHF detection approach is currently an excellent tool for identifying PD in power
transformers and GIS. Capturing and analyzing the electromagnetic signals released by PD
occurrences is required for UHF detection. It employs UHF antennas that are purpose-built
to detect and receive these signals. The advantage of UHF monitoring is its capacity to
detect PD actions early on, allowing for timely maintenance and prevention of future
deterioration. To ensure effective detection, UHF sensors can be carefully placed near
crucial portions of the equipment. UHF detection has a number of advantages, including
high sensitivity, a broad frequency bandwidth, and the ability to detect PD in both power
transformers and GIS. It is a widely accepted and reliable method for PD detection in these
types of electrical equipment. However, it is interesting to note that the UHF PD detection
method is affected by electromagnetic interference and could be a source of pollution for the
power grids and equipment. Therefore, non-electrical measurement methods are gradually
attracting more attention because they are not prone to electromagnetic interference. Please
note that the choice of PD detection method should consider the specific requirements
and characteristics of the equipment being monitored. Consulting industry standards
and experts in the field is recommended to determine the most suitable method for a
particular application.
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