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ABSTRACT

This study presents a comparative analysis of Partial Discharge (PD) detection and localisation in
Mineral Oil (MO) and Refined, Bleached and Deodorised Palm Olein (RBDPO) based on the Ultra-
High Frequency (UHF) technique. A PD experiment was arranged using a needle—plane electrode
configuration, and the gap was set to 35 mm. To initiate the PD, the applied voltage was gradually
increased from 15 kV to 25 kV in 5 kV/step. In total, 4 patch-type UHF sensors were mounted

externally on the steel tank wall at predetermined
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locations to capture the PD signals. An electrical
PD event was detected simultaneously using an
Impedance Matching Circuit (IMC). The UHF
PD signals were denoised by a Gaussian filtering
method. The Time Difference of Arrival (TDOA)
was then determined through the First Peak
Method (FPM) and Cumulative Energy Method
(CEM). PD localisation was carried out based on
the TDOAs obtained from both FPM and CEM.
It is found that although RBDPO exhibits higher
attenuation of UHF PD signals, it achieves lower
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localisation error as compared to MO. Performance assessment further confirms that PD localisation
is better in RBDPO than in MO.

Keywords: Cumulative energy method, first peak method, partial discharge localisation, refined, bleached and

deodorised palm olein, ultra-high frequency

INTRODUCTION

Partial Discharge (PD) is an electrical occurrence that happens within insulating materials
that are subjected to high voltage stress. It is well acknowledged as a preliminary sign of
insulation deterioration in high-voltage apparatus such as power transformers. If PD is left
unaddressed, it can cause insulation failure, dielectric breakdown, unexpected power outage
and costly repair or replacement of the equipment (Chan et al., 2023; Rathod et al., 2021;
Thiviyanathan et al., 2022). Therefore, comprehensive detection and localisation of PD
are essential for condition-based monitoring and preventative maintenance in electricity
systems (Duan et al., 2019).

Mineral Oil (MO) has been the primary insulation and cooling agent in transformers
since its inception. However, the extensive use of fossil-based products has raised
concerns over environmental pollution and sustainability (Adak & Cangi, 2024).
Consequently, researchers have investigated biodegradable diclectric insulating fluids as
alternatives to MO. Researchers in (Muangpratoom et al., 2023) examined the electrical
and physicochemical properties of various batches of palm oil. The efficacy of acoustic
emission-based PD detection in soybean oil was evaluated by Qian et al. (2018). Mohamad
et al. (2021) examined the impact of aluminium oxide nanoparticles on the PD properties
of palm oil and coconut oil. Meanwhile, Mina-Casaran et al. (2025) and Mohan Rao et al.
(2019) examined rapeseed oil and sunflower oil that can be used as alternatives to MO.
Among the various potential alternatives, Refined, Bleached and Deodorised Palm Olein
(RBDPO) has garnered considerable interest due to its beneficial dielectric and thermal
properties. In addition, high biodegradability, low toxicity and wide availability in Southeast
Asian countries made RBDPO a more attractive choice as a sustainable dielectric insulating
fluid for transformers (Ahmad et al., 2025; Azis et al., 2014; Azmi et al., 2017; Girish et
al., 2021; Mina-Casaran et al., 2025; Mohamad et al., 2014).

PD is a rapid electrical phenomenon that produces electromagnetic waves within the
Ultra-High Frequency (UHF) band. The UHF sensing technique is widely applied to detect
and locate PDs in transformers. It offers a higher Signal-to-Noise Ratio (SNR), better
sensitivity and stronger immunity to electromagnetic interference than the conventional
electrical PD method (Antony et al., 2021; Chai et al., 2019; Desai & Sarathi, 2018; Jangjoo
et al., 2023; Uwiringiyimana et al., 2022). The principle of the technique relies on the
detection of electromagnetic signals between 300 MHz and 3 GHz through UHF sensors
(Gautam et al., 2023; Gautam et al.,2024).
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The UHF PD localisation critically depends on the Time Difference of Arrival (TDOA)
computation. The First Peak Method (FPM) and the Cumulative Energy Method (CEM)
are commonly used to determine the TDOA based on the PDs. For FPM, the PD signal
is converted to unipolar form and normalised to a common amplitude scale. The earliest
peak that exceeds a pre-defined threshold is taken as the Time of Arrival (TOA) of the PD
signal. This method is less affected by multipath reflections and often provides good output
for TDOA computation (Ha et al., 2018; Song, 2004). On the other hand, CEM identifies
the TDOA based on the Cumulative Energy (CE) curve of the PD signal. It is suitable for
noisy environments and for PD signals with low SNR, as the CE profile is less affected by
the instantaneous fluctuations in signal amplitude (Sinaga et al., 2011; Xavier et al., 2021).

Currently, research on PD phenomena in natural esters, such as RBDPO, remains at
an early stage (Gautam et al., 2023; Gautam et al., 2024). Previous studies have mainly
focused on the investigation of PD characteristics and detection in natural esters, while
studies that are related to UHF PD localisation are still limited (Lam, 2024; Mengounou et
al., 2022; Rajab et al., 2025). Therefore, this study aims to experimentally investigate the
feasibility of UHF PD localisation in RBDPO. An experiment is established to generate
PD in a test tank by means of a needle-plane electrode configuration. The UHF PD signals
are acquired through 4 patch-type UHF sensors mounted on the external surface of the
tank wall. In addition, an Impedance Matching Circuit (IMC) is employed to record the
electrical PD signals and verify the PD occurrence. The UHF PD signals are denoised by
a Gaussian filter, and the FPM and CEM are applied to determine the TDOA from the
denoised PD signals. Finally, the PD localisation in either MO or RBDPO is carried out
based on the calculated TDOAs and a non-iterative algorithm that locates the PD location
without iterative optimisation, thus reducing computational time. The main contribution
of this study is the experimental validation of UHF PD localisation in RBDPO and its
quantitative comparison with conventional MO under controlled experimental conditions.

METHODOLOGY
QOil Sample Preparation

RBDPO served as the test sample in this study, while MO was employed for comparison.
The properties of the MO and RBDPO used in this study are listed in Table 1 (Dombek
& Gielniak, 2023; Mohamad et al., 2018). The preparation of the oil samples involved
filtration and drying to ensure that the oil samples were clean and to reduce the moisture
content. Filter paper with a 0.22 pm pore size was utilised to filter the oil samples. The
drying process was conducted at 85 °C for 48 hours for MO and 72 hours for RBDPO.
After drying, the moisture contents of the MO and RBDPO were 12 ppm and 109 ppm,
respectively. In total, 65 litres of MO and 65 litres of RBDPO were filtered, dried, and
filled into the test tank for the PD test.
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PD Experiment Setup Table 1

. Oil properties
The PD experiment setup was conducted
according to the IEC 60270 standard, as Properties Unit MO RBDPO
shown in Figure 1 (Ahmad et al., 2023). A D.ensn?’ at20°C kg/dm®  0.88 089
needle-plane electrode pair was employed VlSCO.SIFy.at 40°C oSt 8.7 37:3
t te ionisation (Murad et al., 2025) Pemnittivity ) 219278
0 geneta " > Breakdown Voltage kV 55 52

with the gap between the needle tip and the (2.5 mm gap, after
plane electrode fixed at 35 mm. The strong _treatment)

electric field produced at the needle tip
enabled stable and repeatable PD generation. Therefore, this defect model is commonly
adopted in PD localisation experiments (Wu et al., 2022). The dimensions of the steel test
tank were 100 cm in length, 30 cm in width, and 25 cm in height, and it was grounded.
The lower-left corner at the back of the test tank was taken as the origin of the tank’s
coordinate system. The x-, y-, and z-axis orientations are illustrated in Figure 2. Based
on this coordinate system, the PD source was placed at the coordinates 0.50 m, 0.08 m,
0.15 m inside the tank. The temperature in the experimental environment ranged from 26
°C to 28 °C, while the relative humidity ranged from 53% to 69%. In total, 10 different
sensor configurations were employed for UHF PD signal acquisition, and the coordinates
of the 4 UHF sensors for each of the configurations are listed in Table 2. For both MO
and RBDPO, 3 UHF PD measurements were taken for each of the sensor configurations.
For PD detection, 4 commercially available patch-type UHF sensors with an operating
frequency range from 0.7 GHz to 2.7 GHz were used. The specifications of the UHF sensors
are outlined in Table 3. The UHF PD signals were recorded by a LeCroy WaveMaster

10 MQ
Step-up Transform er ek Test tank withneede-plane
240 VAN KV E | electrode
SEVA = C1 | .
1000 pF r UHF Sensor
= | |§ = 3 -
: LeCrovy
—_— C2 Wavehaster 83071
IMC PicuScnPE 4000
series
| Gnd 500

C ontrol Panel

Figure 1. Schematic diagram of PD experiment using UHF sensor configuration

2296 Pertanika J. Sci. & Technol. 34 (4): 2293 - 2310 (2026)



PD Detection and Localisation in RBDPO Using UHF

i

Electrode

Figure 2. Electrode and sensor placement

Table 2

Coordinates of the 4 UHF sensors for the 10 experimental configurations

Sensor Sensor 1 Sensor 2 Sensor 3 Sensor 4
Configuration (x,, z) (m) (x, Y, z) (m) (X, , z) (m) (X, Y, z) (m)

1 1.00, 0.15, 0.15 0.75, 0.15, 0.30 0.10, 0.05, 0.30 0.00, 0.10, 0.20
2 1.00, 0.15, 0.15 0.60, 0.10, 0.30 0.35,0.10, 0.30 0.00, 0.10, 0.20
3 1.00, 0.10, 0.10 0.80, 0.05, 0.30 0.45, 0.05, 0.30 0.95, 0.15, 0.00
4 1.00, 0.05, 0.25 0.20, 0.15, 0.30 0.70, 0.05, 0.30 0.90, 0.15, 0.00
5 0.10, 0.15, 0.00 0.20, 0.15, 0.30 0.60, 0.10, 0.30 0.95, 0.10, 0.00
6 0.10, 0.15, 0.00 0.20, 0.15, 0.30 0.85, 0.10, 0.30 0.95, 0.05, 0.00
7 0.05, 0.15, 0.00 0.10, 0.15, 0.30 0.45, 0.15, 0.30 1.00, 0.05, 0.15
8 0.05, 0.15, 0.00 0.10, 0.15, 0.30 0.50, 0.10, 0.30 0.85, 0.15, 0.00
9 0.00, 0.15, 0.15 0.20, 0.10, 0.30 0.45, 0.15, 0.30 1.00, 0.05, 0.15
10 0.00, 0.15, 0.15 0.20, 0.10, 0.30 0.70, 0.15, 0.30 0.90, 0.10, 0.00

830Zi oscilloscope operated at a sampling Table 3

rate of 40 GS/s and a bandwidth of 3 GHz ~ VHF sensor specifications

to ensure high-resolution data collection.  Parameter Specification

Meanwhile, an electrical PD signal was  Return Loss -9dB

acquired to verify the occurrence of PD. The ~ Efficiency 45%

electrical PD signals were measured through ~ Peak Gain 2 dBi
Average Gain -3.5dB

an IMC and recorded by a PicoScope 4824
oscilloscope at a sampling rate of 80 MS/s
and a bandwidth of 20 MHz. The calibration

Radiation Pattern Omni-directional

of the IMC was performed with a JZF-10 external calibrator to establish the voltage level
that corresponded to an apparent charge of 100 pC (Working Group D1.33, 2012). Only
UHF signals that occurred simultaneously with an IMC voltage above the calibrated

threshold were considered as valid PD signals.
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PD Signal Denoising and TDOA Computation

The UHF PD signals were denoised by Gaussian filtering before the TDOA determination
process (Sefl et al., 2023). The employed Gaussian filter consisted of a Gaussian kernel
derived from the Gaussian distribution, as expressed in Equation 1.

x2

e 202 [1]

1
@) = V2mo?

In this equation, o denotes the standard deviation that controls the width of the filter,
and X is the distance from the kernel centre. In this study, o was set to 10. Noise reduction
was performed through a convolution between the UHF PD signal and a Gaussian kernel,
as given in Equation 2.

Sdenoised (n) = f_ Sraw (t)G(n - t) dt (2]

In Equation 2, n represents the data point of the denoised UHF PD signal, whereas t
denotes the data point in the raw UHF PD signal. S,4,, (t) and Sgenoisea (1) are the raw
and denoised UHF PD signals, respectively.

The FPM and CEM were subsequently used to compute the TDOA from the denoised
UHF PD signals. In the FPM, the denoised UHF PD signals were subjected to unipolar
conversion to ensure consistency in polarity while the amplitude characteristics of the PD
signals were preserved. This conversion reduced the effects of phase shift and waveform
distortion and allowed for reliable comparisons of PD signals from different sensors. The
UHF PD signals were then normalised to a uniform amplitude range between 0 and 1.
This step was necessary to ensure comparable amplitude levels among the PD signals,
especially in RBDPO, where attenuation was apparent. The TOA for each of the UHF
PD signals was determined as the time of the first local peak that exceeded an amplitude
threshold of 0.25. Sensor 1 was designated as the reference sensor, and the TDOAs were
computed as the difference between the TOA at the reference sensor and the TOAs at the
other three sensors.

For CEM, the CE curve of each of the UHF PD signals was first calculated based on
Equation 3.

N
Uelnl = ) xiin] 3]

n=1
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In Equation 3, Uy represents the CE curve, Xj denotes the UHF PD signal from the
sensor k, and N is the total number of data points in the UHF PD signal. The similarity
function in Equation 4 was then applied to determine the TDOAs between the reference
sensor and the other three sensors.

N-Il

Sled = ) Ui = Uetia)ls - k=2,3,4 4]

i=1

In this equation, U; and Uy, are the CE curves from the reference sensor and the k™
sensor, respectively, and [ denotes the amount of time shift between the two curves. Since
the UHF PD signals were sampled at 40 GS/s, one unit difference in [ corresponded to a
time interval of 25 ps. The time shift [ that produced the lowest value of S[t;] was taken
as the TDOA between the reference sensor and the k™ sensor (Sinaga et al., 2012).

PD Localisation Based on TDOA

The non-iterative algorithm in (Sinaga et al., 2012) was employed to perform PD
localisation based on Equations 5 and 6.

X 1
[yl = _[xmn Ymn Zmn]_1 X (rmn )rn += (rrnn2 - Km + Kn)] [5]
2 2

rnz = (x — xn)z + - yn)z +(z— Zn)z [6]

In Equation 5, n denotes UHF sensor 1, which serves as the reference sensor, while
m corresponds to UHF sensors 2, 3, and 4. The term 7y, represents the TDOA between
sensor m and sensor 7, multiplied by the propagation velocity of the UHF PD signal in the
insulation medium under consideration. The unknown term 7;, indicates the distance from
the reference sensor to the PD source, and K,,, and Ky, are defined as K; = sz + yjz + ij .
The TDOAs derived from the FPM and CEM were used in Equation 5 to express the PD
source coordinates, (X, Y, Z) in terms of 73,. The quadratic equation in Equation 6 was then
solved to obtain 2 roots, which were substituted back into Equation 5 to compute the PD
source location.

Equation 7 was employed to compute the propagation velocity of the UHF PD signal
either in RBDPO or MO. In this equation, v denotes the propagation velocity of the UHF
signal in the insulation medium, s refers to the speed of light in a vacuum, and &, represents
the relative permittivity of the insulating liquid. In this study, s; was taken as 3 x 10®m/s
and &, was set to 2.78 for RBDPO. Under these conditions, the calculated velocity of the

Pertanika J. Sci. & Technol. 34 (4): 2293 - 2310 (2026) 2299



Nur Darina Ahmad, Norhafiz Azis, Zhi Yang Lim, Jasronita Jasni, Khairil Anas Md Rezali, Mohd Aizam Talib, Nik Hakimi Nik Ali, and
Masahiro Kozako

UHF PD signal in RBDPO was 1.7992 x 10® m/s (Mohamad et al., 2014). Similarly, the
propagation velocity of the UHF PD signal in MO was computed as 2 x10% m/s. Since the
UHF PD signals were sampled at 40 GS/s, the oscilloscope provided a temporal resolution
of 25 ps. This corresponded to a spatial resolution of approximately 5 mm in MO and 4.5
mm in RBDPO for the TDOA-based PD localisation method.

[7]

The accuracy of UHF PD localisation in both MO and RBDPO was evaluated through
the localisation error (LE) and relative error (RE) as defined in Equations 8 and 9 (Mohd
Hashim et al., 2022).

2 2 2
LE = J(xactual - xcomputed ) + (yactual - YComputed ) + (Zactual - Zcomputed )
[8]

LE
Tank Diagonal

RE 100 [9]

The Mean Squared Error (MSE) and Root Mean Squared Error (RMSE) were also
employed to assess the PD localisation accuracy along the x-, y- and z-axes (Perfetto and
D’Antona, 2021; Khodaveisi et al. 2024). These metrics measure the deviation between the
estimated and actual PD coordinates. Lower MSE and RMSE indicate high PD localisation
accuracy.

RESULTS AND DISCUSSION
Amplitude of UHF PD Signals in MO and RBDPO

The average, maximum, and minimum amplitudes of the UHF PD signals in MO and
RBDPO are presented in Figure 3. The amplitudes of the UHF PD signals are generally
higher in MO than in RBDPO. This is possibly due to differences in the dielectric loss
properties of the 2 oil samples (Dombek & Gielniak, 2023). The percentage difference in
average amplitude between MO and RBDPO is 92.7%. For the maximum and minimum
amplitudes, the percentage differences are 92.4% and 91.3%, respectively.

Denoising of UHF PD Signals in MO and RBDPO

Figure 4 shows an instance of the raw and denoised UHF PD signals in MO. It is found
that the raw UHF PD signal exhibits a distinct peak at the start of the discharge event, and
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Figure 3. Amplitudes of the UHF PD signals in MO  Figure 4. Raw and denoised UHF PD signals in MO
and RBDPO

it is followed by oscillations that gradually decay over time. The amplitude reaches + 1.1
V, which suggests a less obstructed propagation path in MO as compared to RBDPO. A
moderate level of background noise appears before and after the main PD events, which
is anticipated due to the electromagnetic interference. The UHF PD signal denoised by
the Gaussian filter preserves the main waveform structure, while the background noise is
largely reduced.

Figure 5 shows the raw and denoised UHF PD signals in RBDPO. The raw UHF
PD signal has a similar structure to that in MO, which consists of an initial peak, and
it is followed by damped oscillations. However, the amplitude is relatively low, at +
0.09 V, which indicates that RBDPO exhibits stronger attenuation characteristics than
MO. The background noise in RBDPO appears slightly higher than in MO, possibly
due to the differences in dielectric properties, such as its viscosity, permittivity,
and conductivity, which may affect the

propagation and dispersion of UHF PD o
signals (Chandrasekar & Montanari, 2014; 008 Denseed P Sigra |
Jaroszewski & Rakowiecki, 2017; Khelifa 0.06
et al., 2024). The denoised UHF PD signal . ZZ:
shows a significant improvement in clarity, g L
whereby the background noise is reduced by Eom
79.9%. Nevertheless, the overall amplitude o
remains lower than in MO, which peaks at Z ZE
+ 0.08 V. The oscillations after the initial PD 01 g : - : -
event become more distinct in the denoised Ll 07

UHF PD signal, which may facilitate the PD  Figure 5. Raw and denoised UHF PD signals in
localisation analysis. RBDPO
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TDOA Determination
First Peak Method

The UHF PD waveforms in MO and RBDPO after unipolar conversion and normalisation
are illustrated in Figures 6(a) and 6(b). A 0.25 amplitude threshold is applied in the FPM
to ensure that the TOA is identified from the actual first peak of the UHF PD signals
instead of the background noise. For MO, the normalised waveforms exhibit several
early peaks with amplitudes up to 0.99 p.u., and slowly decay, as depicted in Figure 6(a).
The normalised UHF PD signals in RBDPO show sharp initial peaks with amplitudes
up to 0.99 p.u., which lead to attenuated peaks. It is found that after the initial peaks,
the amplitudes of the UHF PD signal in RBDPO are lower than those in MO. The UHF
PD waveforms in RBDPO are more damped, as indicated by the fewer oscillations after
0.5 us, as in Figure 6(b). These PD waveform characteristics suggest a higher dielectric loss
and a relatively obstructed propagation medium for UHF signals in RBDPO. Although the
PD signal duration is shorter in RBDPO, the relatively clearer initial peaks likely improve
the localisation accuracy. These observations agree with previous studies on the impact of
oil properties on UHF signal behaviour and PD detection in RBDPO (HadiAlnashia et al.,
2018; Muangpratoom et al., 2023; Suhaimi et al., 2025).

T
UHF waveform UHF waveform
Threshold 26% | Threshold 25% | 7
¥ Firstpeak UHF First peak UHF

I

= o o
- m e
= o o
N wm e

T

o
@
)
@

n
T

Normalized Amplitude
o o o
=

w

o
Marmalized Amplitude
= o o

=

o
(SR
T T T T
— !

Ilw“ nﬂﬂ “‘M ﬂ‘
. LTI ——— | 'i" A VAV

5 0 5 10 15 20 10 15 20
Time (s) 107 Time (s) <107

(a) (b)
Figure 6. UHF PD signals in (a) MO and (b) RBDPO after unipolar conversion and normalisation in the FPM

=)

o

&

Cumulative Energy Method

The CE curves of the UHF PD signals in MO and RBDPO are depicted in Figures 7(a)
and 7(b). The UHF PD signals in both MO and RBDPO show similar CE patterns, where
the curves start with a flat region and increase rapidly, marking the occurrence of the PD
event. In MO, the CE curve exhibits a steep and abrupt transition across all sensors. As seen
in Figure 7(a), the normalised CE curve rises abruptly from zero to unity within a narrow
time range of less than 1 ns. This sharp transition indicates strong PD signal intensity and
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stable propagation of the UHF PD signal through MO. In contrast, the CE curve of the
UHF PD signals in RBDPO displays a more gradual rise, and the overall slope is lower than
that of MO, as illustrated in Figure 7(b). This can be attributed to the higher permittivity
and viscosity of RBDPO, which tend to attenuate and slow down UHF wave propagation
in the medium (Durga et al., 2020; Kurimsky et al., 2021). For both MO and RBDPO, the
CE curves from each of the sensors are closely aligned; hence, the TDOAs between the
collected UHF PD signals fall within the nanosecond range.

MNormalized CE
o o o
s @ @

=]
5}

o

-02

i(‘
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Normalized CE

0s
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02F
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0.06

-0z

0.01

0.02

0.03
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(a) (b)
Figure 7. Normalised CE curves of UHF PD signals in (a) MO and (b) RBDPO

PD Localisation

The LE and RE for PD localisation in MO and RBDPO are shown in Figure 8. Each data
point represents the average of the 30 UHF PD measurements. For TDOAs from the FPM,
the PD localisation in RBDPO is better than in MO, where the LE in MO is 2.27 cm higher
than in RBDPO. This is consistent with the RE, as the RE of PD localisation in RBDPO is
2.1% lower than in MO. In contrast, the PD localisation in MO is better than in RBDPO for
TDOAs from the CEM, where the LEs are 54.22 cm and 56.83 cm, respectively. Similarly,
the RE of PD localisation in MO is 2.4% lower than in RBDPO. The standard deviations
of the PD LEs are also presented in Figure 8. For the FPM, the standard deviations of the
LEs in MO and RBDPO are 18.24 cm and 17.23 cm, whereas for the CEM, the standard
deviations are 17.73 cm and 17.55 cm for RBDPO and MO, respectively. The comparable
standard deviations among the 4 cases suggest that the spread of the PD LEs is similar
under different types of oil samples and TDOA estimation methods. Overall, the TDOAs
from the FPM produce lower LE than those obtained from CEM. Furthermore, for TDOAs
from the FPM, PD localisation in RBDPO results in lower LE than in MO. The higher PD
localisation accuracy in RBDPO is likely due to its higher permittivity as compared to MO,
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which could help to reduce multipath reflections and improve the SNR of UHF PD signals
(Azis et al., 2014; Mu et al., 2024; Yu & Zhang, 2024). Although the theoretical spatial
resolution for PD localisation is approximately 5 mm in MO and 4.5 mm in RBDPO, the
experimental PD LEs are considerably larger. This is because the practical PD localisation
accuracy depends not only on the temporal resolution of the PD detection system but also
on measurement noise, multipath propagation, and error in TDOA estimation.
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Figure 8. Localisation error (LE) and relative error (RE) of PD localisation in MO and RBDPO based on
TDOAs obtained from FPM and CEM

Table 4
MSE and RMSE of PD localisation based on TDOAs from the FPM

MO RBDPO
X Y V4 X Y V4
MSE (mm?) 0.42 12.91 1.83 0.06 4.41 1.04
RMSE (mm) 20.37 113.62 42.76 7.56 66.39 32.19

Table 4 presents the MSE and RMSE of the estimated PD locations based on the TDOAs
from the FPM. Based on the MSE, the estimated PD locations in RBDPO have lower errors
than in MO across all x-, y-, and Z-axes. The x-axis records the lowest MSE at 0.06 mm?.
The RMSE displays a similar trend to the MSE, whereby the PD localisation in RBDPO
yields lower errors in the X- and z-axes, at 7.56 mm and 32.19 mm as compared to MO.
For the y-axis, RBDPO records an RMSE of 66.39 mm, which is the highest among the 3
axes but still 47.23 mm lower than in MO.

The MSE and RMSE of the estimated PD locations that are computed with the TDOAs
from the CEM are reported in Table 5. For MO, the highest MSE and RMSE among the 3
axes occur along the y-axis, at 15.98 mm? and 126.43 mm, respectively. A similar pattern
is observed in RBDPO, where the y-axis also records the largest errors, with an MSE of
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Table 5
MSE and RMSE of PD localisation based on TDOAs from the CEM

MO RBDPO
X Y V4 X Y V4
MSE (mm?) 0.32 15.98 1.78 0.55 32.05 7.17
RMSE (mm) 17.99 126.43 42.32 23.52 179.03 84.10
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Figure 9. 3D heatmap scatter plot of the LE of the estimated PD locations in MO and RBDPO based on TDOAs
obtained through (a) FPM and (b) CEM

32.05 mm? and RMSE of 179.03 mm. According to these analyses, the PD localisation in
RBDPO based on the TDOAs from the FPM produces the lowest MSE and RMSE among
all cases, regardless of the axis. These results align with the LE and RE analyses, which
showcase that the TDOAs from the FPM generally lead to higher localisation accuracy,
and that for the FPM, PD localisation in RBDPO is better than in MO.

The 3D heatmap scatter plot of the LE of the estimated PD locations in MO and
RBDPO is illustrated in Figure 9. Figure 9(a) and Figure 9(b) present the estimated PD
locations computed from the TDOAs of the FPM and CEM, respectively. The actual PD
location is shown as a black marker, while the estimated PD locations in MO and RBDPO
are represented by circular and square markers, respectively. The colour gradient indicates
the magnitude of LE, whereby blue to green colours represent lower LE values, while
yellow colours represent higher LE values. Figure 9(a) clearly highlights the contrast in
localisation accuracy between the oil samples. The RBDPO cluster appears tight around the
actual PD location without any yellow square markers, and the LEs remain below 0.18 m.
For PD localisation based on the TDOAs from the CEM, the LEs are larger as compared
to those from the FPM. This is evident in Figure 9(b), where the colour scale exceeds 1
m, and several estimated PD locations fall outside the tank. This result is consistent with
the LE and RE results in Figure 8.
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CONCLUSION

This study presented an experimental comparison of PD localisation performance in MO
and RBDPO based on the UHF method. The UHF PD signals are recorded experimentally,
while electrical PD signals are acquired in parallel to confirm the occurrence of PDs. It is
found that RBDPO achieves lower LE and RE as compared to MO based on the TDOAs
obtained from the FPM. Conversely, CEM produces significantly larger errors than FPM
for PD localisation in both MO and RBDPO. Furthermore, the 3D heatmap scatter plots
demonstrate that the estimated PD locations in RBDPO are clustered closely around the
actual PD source, whereas those in MO exhibit slightly broader dispersion. Overall, UHF
PD detection and localisation in RBDPO are experimentally demonstrated to be feasible.
These findings support the potential application of natural esters such as RBDPO as
alternative insulation in transformers, where the insulation condition can be effectively
monitored through the UHF method.
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LIST OF ABBREVIATIONS

PD : Partial discharge

RBDPO : Refined, Bleached and Deodorised Palm Olein
MO : Mineral Oil

UHF :  Ultra-High Frequency

TOA : Time of Arrival

TDOA : Time Difference of Arrival
FPM : First Peak Method

CE : Cumulative Energy

CEM : Cumulative Energy Method
IMC: :  Impedance Matching Circuit
MSE :  Mean Squared Error

RMSE : Root Mean Squared Error

LE : Localisation Error

RE . Relative error
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