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Abstract: Detection of partial discharge (PD) activities in high-voltage equipment can be done according to the
several mechanisms of signal detection, which are electromagnetic wave signal detection, acoustic signal
detection, chemical reactions, electrical signal detection, or optical emission detection. Recently, multiple
methods of detection and localization of partial discharge activities 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 electrical providers. In aligning the needs of industrial and the improvement of PD detection methods, this
manuscript focused on reviewing the current practice methods for the detection and localization of PD signals
in high-voltage equipment and comparing their efficacy, in 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 technique, 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 stepping up and down
the voltages to reduce the power dissipated [1, 2]. Therefore, it is crucial to sustain the operation of
this equipment in good condition without the occurrence of unpredicted breakdown phenomenon in
preventing and minimizing any potential power supply interruption that could cause substantial
financial losses during corrective action [3]. However, the exposure of power transformers to certain
conditions, such as thermal ageing, 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 outcomes from the monitoring aid in identifying further action whether the power
transformers can work well in the power delivery system or preventive action need to be made

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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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 of power transformers 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 forms
of 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. According to the findings presented in Figure 2, the fault locations
pertaining to transformers can be identified within the sub-station, specifically those with a voltage
rating exceeding 100 kV, as reported in reference [16]. 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 such as described in references [9, 17-20].
Globally, the majority of transformer faults, approximately 70%-80%, are attributed to internal faults
[21]. The aforementioned deficiencies generally originate as partial discharge within the insulation of
the transformer, which occurs swiftly and culminates in total failure.

The identification of the health 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. One of the measurements
considered in the preventive maintenance of power transformers is the measurement of partial
discharge activities. Under the influence of high voltage stress, partial discharge (PD) is a pre-
breakdown phenomenon defined in the IEC 60270 standard as a localized electrical discharge that
only partially bridges the insulation between conductors and 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-contained 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 done either online or offline
way. Comparatively, offline testing is preferred compared to online testing despite the lack of its
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 insulation while the transformer is in
operation line [25].
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Figure 1. Power transformer failure classification [15].
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Figure 2. The substation's high-voltage (>100 kV) transformer detonated [16].

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 cross-talk
brought on by nearby cables are all examples of external disturbances which may lead to noise
interference in PD detection. Besides, the transformer's core and windings produce the majority of
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the internal noise. Therefore, an applicable method to detect PD is needed to prevent any breakdown
happen in power transformer or gas-insulated switchgear. There are some of the best methods that
currently used to detect PD such as 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 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 from that, Acoustic Detection also is one of the methods
that 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 the acoustic emissions. This method is effective for detecting PDs in power transformers or
in 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

W. R. Rutgers was the first to apply the EM method to a power transformer in 1997 [58]. UHF
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 UHF process fits precisely between the 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 within the transformer, this technology is noise-free. The secondary winding is safe
and dependable against induced current since there is no electrical interrelation between power
transformer and UHF sensor. The secondary winding of a power transformer is safe and reliable
against induced current.

Figure 3 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 UHF 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 quantier parameter and IEC apparent charge are measured in
the laboratory to achieve the least feasible ratio.
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Figure 3. Schematic depicting the effects of various PD types on UHF calibration in a power
transformer reprinted by [63].

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

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].
The electrical detecting techniques most often used for power transformer status monitoring are
shown in Figures 4(a) and 4(b), which include the indirect measuring circuit with external coupling
capacitor and the coupling capacitor via bushing taps [23, 71]. A coupling capacitor (Ck) is connected
in parallel with the capacitance of the insulation system being tested (Ca) in the measurement setup
shown in Figure 4(a). When a measuring impedance is connected to a PD meter, an apparent charge
(Zwm) can be determined.

The use of a large voltage coupling capacitor makes this technology impractical for online
testing. However, online testing is feasible if the power transformer has available bushing taps, as
depicted in Figure 4(b). Currently, there are limitations in identifying PD activities using existing
techniques. 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
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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.

Low Voltage Bushing
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Figure 4. (a) IEC 60270 based indirect measurement circuit using external coupling capacitor. (b)
Coupling capacitor through bushing taps reprinted by [23].

2.3. Chemical Presence

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.

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 detection [76]. Figure 5 [80, 81]
shows a typical gas chromatography setup. In this configuration, 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 nitrogen, 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
(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].
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Figure 5. Gas chromatograph in its usual form [80].

2.4. Acoustic

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
denoising technique.

The AE approach has become the preferred technique to detect PD in power transformers due
to its effectiveness and low cost in eliminating electromagnetic interference. The block diagram of the
recording system used by the power transformer during normal operation to identify AE signals
from PD is shown in Figure 6 [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].
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Figure 6. An AE signal recording system from a power transformer is available for PD detection
[88].

2.5. Optical

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 interferometry, 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 7 [92]. Narrowband reflective optical sensors, FBGs operate
because they reflect only one wavelength of light and let through the rest.

Periodic Index Modulation
Incident - -
Light (lo) —| A |—
= Transmitted
Reflected Cladding (n;) Light ()
Light (Ig)
Incident Reflected Transmitted
Light Light Light
(lo) (Ir) (I7)
A As % A

Figure 7. Fiber Bragg Grating Sensor Operation [92].

At first, 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
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power transformer 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 optical signal, and PD charge restrictions in oil have been conducted
aggressively. Based on [93], the measurement was made possible in oil-immersed transformer. This,
however, proved difficult, especially when dealing with dated transformer oil [94]. This technique
can 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 size, and the inability
to reliably identify discharges within transparent material. Current research is focused on improving
methods for detecting and locating PD in transformer oil. Since this method of detection does not
require the complicated geometry of a power transformer, it is also being studied.

2.6. Combinational Method of PD Detection

The combination of dissolved gas analysis (DGA) and acoustic emission (AE) practices has been
employed to identify and localize the partial discharge (PD) anomalies occurs 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 hours 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 8, 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.
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Figure 8. A DGA system utilizing photo-acoustic spectroscopy [96].

The integration of electromagnetic (EM) and acoustic techniques has also been employed.
Ultrasonic and ultra-high frequency (UHF) sensors, configured in various geometries, 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]. Noise rejection system for PD detection might be created by combining
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AE and EE approaches. The information gathered via EE detection could be utilized to pinpoint the
PD's origin. The sensitivity of the AE method can be enhanced by integrating using EE technique,
where the latter serves to initiate events.

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 PD source, as documented in reference [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.
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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 occurs 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 of voids/cavities/gas-contained 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 which 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 system to prevent to the failure of high-voltage equipment [102, 103].
The use of UHF sensors for PD detection in gas-insulated substations (GIS) is depicted in Figure 9(a).
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 compatibility of power transformers on
DN50/DN80 gate valves is also demonstrated in Figure 9(b). The sensor provides alternative methods
for estimating PD, and the illustrated setup, referred to as bushing-tap, is specifically designed for
measuring galvanically connected decoupling. Figure 9(c) depicts a configuration of an inductive
UHEF sensor used to take a reading on the power cable termination [104].
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Figure 9. 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 [104].

Figure 10 (a) 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 [105], 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 [105]. Meanwhile,
Figure 10 (b) depicts a capacitive coupler used in a high voltage cable for PD detection. The capacitive
sensor is linked through a 40-mm tin tape encircles the uncovered cable. The insulation measurement
on the cable remains unaffected by the capacitive sensor coupler due to its effective connection at
UHEF, wherein it functions as the power frequency ground, as stated in reference [106].

ouple

. . C ¥
Disc-type B8 Monopole-ty Screen Semicon Insulation Conductor St

semor

Coupler output
(a) (b)

Figure 10. (a) Disc-type, Monopole-type, and Spiral-type UHF Sensors b) Capacitive Coupler
Schematic. Reprinted by [105, 106].

3.2. Acoustic sensor

The evaluation of partial discharge (PD) in high-voltage equipment, including power
transformers and HV cables, can be accomplished acoustically using a piezoelectric film sensor.
Figure 11(a) illustrates the setup of the sensor, while Figure 11(b) shows its configuration. The
piezoelectric sensor film, designed in the shape of a disc-shaped crystal, is capable of operating at
low resonant frequencies. As explained in reference [107], this precise arrangement makes it simple
to determine resonances.
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Figure 11. (a) A connectorized piezoelectric film sensor and (b) conventional piezoelectric [107].

3.3. Optical sensor

The prevailing technique to detect (PD) occurs in HV transformers and GIS equipment’s are by
optical detection technique utilizing fiber intrinsic sensor coil. Figure 12(a) presents a depiction of the
sensor coil, which is created by coiling 8 meters of fiber around a former, resulting in a coil with a 25-
millimetre diameter. The intrinsic sensor, based on Mach-Zehnder fiber interferometers, operates
using single-mode optical fiber typically submerged inside oil along the transformer being tested to
measure its PD characteristics [108]. Figure 12(b) illustrates the optical fiber sensor specifically
designed for PD detection in GIS [109]. Furthermore, Figures 13(a) and 13(b) showcase the extrinsic
Fabry-Perot interferometer sensor and extrinsic microelectron-mechanical system sensor,
respectively, both utilized for measuring PD in oil-cooled high voltage transformers [110].

Sensing arm

— Receiver

(a) (b)

Figure 12. Optical (intrinsic) sensors, including (a) a Mach-Zehnder fiber interferometer-based optical
fiber intrinsic sensor and (b) an intrinsic multimode optical fiber sensor. Reprinted by [108, 109].
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Figure 13. Extrinsic optical sensors. Both (a) and (b) are the Fabry-Perot interferometer and the
microelectromechanical system are examples of external sensors [110].

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

4.1. Electric-Electromagnetic

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 [111]. 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 [112]. 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 [113].

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 [114]. The signal produced by PD activity would have a 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
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sensitivity, and low background noise [115]. Keeping an eye on PD characteristics is crucial for
ensuring the insulation performance [116]. The fast-rising duration of the PD current pulse (100 ps in
SF6), [117], 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 typically used for the onsite and laboratory
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. 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 is 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 PD phenomenon in SF6
gasoline, the GIS can simply evaluate breakdown risk [118]. 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) [115]. A quintessential measurement configuration for GIS-based UHF PD
detection is shown in Figure 14. A computer, digitizer, pre-amplifier, as well as UHF 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 [119].
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Figure 14. Instrumentation for PD measurements and a typical setup for modelling the measurement
on GIS [119].

4.1.2. 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 sensitivity in on-site conditions. In
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laboratory settings, the PD measurement setup for transformers 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 compared to AE methods [120]. A typical UHF monitoring system setup, shown
in Figure 15(a), 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 the Figure 15 (b). Since the testing
tools are corona-free, they can be connected to transformers of various power.
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Figure 15. (a) The basic UHF monitoring system for PD and its guiding principle and (b) Principle of
a typical Ultra High Frequency [62].

4.2. Chemical

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 are 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 [121]. 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 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.

4.2.1. Transformer
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Figure 16(a) 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
transformer, as illustrated in Figure 16 [122].
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Figure 16. The two most common chemical methods for detecting PD are the (a) hydrogen-in-oil
detector and (b) continuous monitoring [122].

4.3. Acoustic

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 on 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 oil's molecule results
in a mechanical energy explosion, which a pressure field is produced from which sonic wave
emerges. The capacitive properties of PD are unimportant when acoustic technique is used due to its
insensitive to changes in the capacitance of the test object [118]. 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. 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 17.
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Figure 17. The touch sensor practically used to detect PD in GIS.

4.3.2. Transformer

The maximal temperature and insulation tolerance are crucial factors in determining a
transformer's operational lifespan, which has a significant economic impact on the operation of an
electrical power network. Any malfunctioning transformer reduces network 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 Figure 18) induces PD in the oil-immersed electrode 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 to within a 1% margin of error [119].
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Figure 18. The experimental setup for PD measurement by replicating the PD stimulate in a
transformer using a PD test cell [119].

4.4. Optical


https://doi.org/10.20944/preprints202307.0333.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 July 2023 d0i:10.20944/preprints202307.0333.v1

19

Fiber optic cable has long been utilized as a sensor because to 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. 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 a fiber optics, its shape is
distorted. This distortion will influence fibre 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.

4.4.1. 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, are required. A
previous approach to acoustic detection involved utilizing fiber optic 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 19, an experimental setup is shown for monitoring PD
signals using a submerged coil of fiber optic sensor into oil inside transformer. Light source in the
system, a single-mode optic fiber, an optoelectronic transducer which converts 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 difference, 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 [120].
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Figure 19. The Mach-Zehnder interferometer was used in an experiment to detect PD in the
laboratory.

The Fabry-Perot interferometric sensor has a wide range of applications, including the detection
of acoustic waves generated due to PD events [121]. 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 20. 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 20. The illustration of the principle of the Fabry-Perot interferometric sensor.

On the other hand, Table 2 and Table 3 show the recent timelines of Partial Discharge activities
in Power Transformer and Gas Insulated Switchgear, respectively.

Table 2. Recent timeline of Partial Discharge activities inside Power Transformer.

Artificial
Reference, defect/PD test
4 T h . . -f-
Year cell/electrodes echniques Significant Outcomes
configuration
A three-phase oil-filled
transformer’s whole The EM signal’s amplitude reduces
[123], 2018 Needle-plane  internal structure was nonlinearly as its distance from the PD
! model employed to research the source grows, and the rate of dampening
propagation properties of slows as it does so

electromagnetic waves
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Transformer oil

Needle-plane characteristics for a Due to alterations in factors like viscosity
[45], 2018 clectrode temperature range of 30- and BDV, the AE signal's amplitude
75 C may be identified via decreased from 65C to 75C at 17 kV
the AE technique

Fabry-Perot optical fiber
sensor array-based AE
[124], 2018 Needle-plane technique with a Steered = Enhanced accurateness compared to the

electrode Response power sound-  more common piezoelectric transducer
source localization

algorithm

BA combinational When compared to direct acoustic wave
Artificial PD method: The UHF probe's P

.. . detection, the integrated sensor is more
defect/source tip is inserted with an AE g. .
sensitive.
Sensor.

[51], 2019

Water Content of  Use of optical fiber
[125],2019 Transformer sensors for optical
Insulation Paper detection

Ties well to a water activity probe that
works with various dielectric oils

When compared to three or more PD
sources, the multi-step discrimination
Void, surface, approach can detect and differentiate
[122], 2019  and floating mixed signals with similar forms that the
electrode 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
[126], 2021 Suspended metal Use multipl'exed optical de.term‘ine the pre‘cis‘e location of the
defect ultrasonic sensors  partial discharge within the transformer.
The combination of these techniques
demonstrates a potential solution for
detecting and addressing partial
discharge defects in power transformers

Localized Use high sensitivity ~ To enhance the early detection of such
breakdown in optical fiber defects

electrical )
. . interferometer sensor
insulation

[127], 2021
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Localized Analyzing the time delay between the

breakdown in arrival of PD signals at different

[128], 2021 Use Rogowski coil sensor

electrical
insulation

locations inside the transformer
windings.

A The use of fuzzy logic aids in
[129], 2022  Defect in oil CO‘::CLCHZI;E:SIOH approaching acoustic emission technique
for PD detection

Table 3. Recent timeline of Partial Discharge activities in Gas Insulated Switchgear.

Artificial defect/PD test
cell/electrodes Techniques Significant Outcomes
configuration

Reference,
Year

Integration of
optical fiber and  Usage of both methods at once provides
ultra-high comprehensive approach for PD detection
frequency (UHF)

[130], 2018 Voids and containments

Power-frequency The test asses the dielectric integrity of GIS
[131], 2018 Conductor protrusions partial discharge equipment by detecting weak discharge

test under AC voltage
F;izt:;:i]:rlg %ﬁ;ﬁfg’ Uses ultra-high A new approach to diagnose unknown
[132], 2018 metallic parts, as well as frequency (UHF) phase-shifted PDs in GIS using a decision
cavities due to voids and for PD tree method, based on UHF measurement
measurement and extracted parameters

cracks in spacers

Optical fiber sensor technique offers

Dy - Employing an advantages such as high sensitivity,
Voids, impurities, or ) . . ) ..
[133], 2019 . optical fiber immunity to electromagnetic interference,
mechanical stresses - -
sensor and the ability to perform remote monitoring
of PD activity in GIS.

Cracks, floating
particles, free particles,
protrusions on
conductors (POC),
protrusions on
[134],2020  enclosures (POE),  Use autoencoders
particles on spacers
(POS), and voids

Aims to identify and classify these PD
defects in GISs.
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Micro built-in
Fault diagnosis of Gas  optical sensor  These techniques enhance the accuracy and
[135], 2021 Insulated Switchgear along with a UHF effectiveness of PD fault diagnosis
(GIS) (Ultra High in GIS equipment.
Frequency)

Offers the advantage of non-invasive and

. . real-time monitoring, which can help in
Insulation degradation, Fluorescent & p

[136], 2021 identifying and addressing potential

i t fail tical fi
equipment fatiure optical fiber insulation problems before they escalate
sensor . . .
into major failures.
. new flexible planar biconical antenna design
Ultrahigh method for PD detection in GIS. This
frequency (UHF)

[137], 2022 Latent insulation fault technique offers improved detection

flexible planar
. p sensitivity and adapts to the curved structure
biconical
of GIS.
antennas

involves the use of a numerical model based
Multiscale fusion " the Finite Element Method (FEM). The
[138], 2022 Insulation voids ) . FEM model considers the complex structure
simulation . . . .
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 technique offers
[139],2022  Corona discharge UV sensors non-intrusive and real-time monitoring
capabilities, enabling timely detection and
maintenance actions to ensure the reliable
operation of GIS systems.

5. 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 which potentially can be gratified and included to be the critical concerns in extending the
research in 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 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
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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, 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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