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ABSTRACT

This research describes an investigation on the localization of partial discharge (PD) in Refined,
Bleached and Deodorized Palm Oil (RBDPO) with the applications of 2 denoising methods, namely
Savitzky-Golay (SG) and Moving Average (MA). A needle-plane electrode setup was used to initiate
the PD. The electrical PD signal measurement was carried out through the impedance matching
circuit (IMC), and the acoustic PD signal was obtained by acoustic emission (AE) sensors. The
AE sensors were attached to the tank’s surface, and pre-amplifiers were used to boost the acquired

acoustic PD signal. A high-voltage AC supply

initiated the PD within the test tank filled with
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error (RMSE) and correlation coefficient (CC)
metrics. The denoised acoustic PD signals were
then utilized in the time difference of arrival
(TDOA) technique to perform PD localization.
The SG was found to be more effective than the
MA in denoising both the electrical and acoustic
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PD signals based on its low RMSE and high CC. The estimated PD source locations based on the
SG-denoised acoustic PD signals are closer to the actual PD source than those derived from the
MA-denoised signals.

Keywords: Acoustic partial discharge, moving average (MA), partial discharge localization, RBDPO (refined,
bleach and deodorized palm oil), Savitzky-Golay (SG), time difference of arrival (TDOA)

INTRODUCTION

Partial discharge (PD) is a phenomenon that can affect the insulation in transformers.
PD diagnostic is commonly employed due to its high sensitivity (Firuzi et al., 2019).
Localization of PD can further be used to pinpoint the location of potential problems in
the insulation system (Karami et al., 2020). Furthermore, it can help with the targeted
maintenance scheme of transformers (Chan et al., 2023; Zhang et al., 2018).

The introduction of Refined, Bleached and Deodorized Palm Oil (RBDPO) as a possible
substitute for mineral oil in transformers promotes sustainable initiatives in industries (Rafiq
et al., 2015). Several studies have examined the suitability of RBDPO for this purpose
(Azis et al., 2014; Mustam et al., 2023). Currently, the study related to acoustic PD source
localization in RBDPO is still limited.

It is known that PD could be identified through electrical, chemical, acoustic and
electromagnetic approaches. Acoustic PD signal often consists of both PD signal and noise
components, necessitating denoising techniques to enhance detection accuracy (Hussain
et al., 2021). The Savitzky-Golay (SG) is known as one of the denoising methods used
in different types of applications, such as acoustic PD source localization in mineral oil,
medical electromyography signal, on-load tap changer vibro-acoustic signal and sulfur
hexafluoride corona discharge data (Dombi & Dineva, 2020; Feizifar et al., 2019; Lietal.,
2021; Lonkwic et al., 2017; Seo, 2018a, 2018b; Yang et al., 2022). Moving Average (MA)
is applied for electrical and acoustic PD source localization in mineral oil, communication
echo signal/temperature data and photochemical and electrochemical reactor data (Ghosh
et al., 2017; Guifion et al., 2007; Hashim et al., 2023; Purnamasari et al., 2021). SG and
MA methods are widely used in various applications due to their simplicity, efficiency and
ability to preserve important signal features while reducing noise.

This study investigates the localization of the estimated PD source in RBDPO based
on the electrical and acoustic PD signals denoised by SG and MA methods. These PD
signals are acquired through an impedance matching circuit (IMC) and acoustic emission
(AE) sensors. The acoustic PD source localization is based on the time difference of arrival
(TDOA) outputs determined from the denoised acoustic PD signals. The performances of
denoising methods are analyzed through signal-to-noise ratio (SNR), root mean squared
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error (RMSE) and correlation coefficient (CC) metrics. The accuracy of the acoustic PD
source localization is examined through location error analysis.

MATERIALS AND METHODS
Oil Preparation

Refined, Bleached and Deodorized Palm Oil (RBDPO) was used in this study, whereby the
properties can be seen in Azis et al. (2014). The RBDPO was first subjected to filtration
with a 0.22 pm membrane filter. After filtration, the RBDPO was dried in an air-circulating
oven at 85 °C for 72 hours.

Experiment Setup

A steel test tank with dimensions of 40 cm in length, 25 cm in width, 25 cm in height and a
maximum capacity of 20 liters was employed for the experiment. PD was produced through
a needle-plane electrode setup with a gap distance between the needle tip and the surface
of the plane electrode fixed at 50 mm throughout the experiment. The needle has a tip
radius of 3 pm, and the diameter of the plane ground electrode is 50 mm. Figure 1 depicts
the test circuit for electrical and acoustic PD measurement, whereby the measurement is
carried out in accordance with IEC 61294 and IEC 60270 (Fuhr, 2005; Pattanadech &
Muhr, 2017). Figure 2 illustrates an example of the AE sensors and needle-plane electrode
placements. A 3D coordinate system was established for the steel tank, whereby one of the
bottom corners of the tank was set as the origin (0, 0, 0) m, as shown in Figure 3. Based
on this coordinate system, the actual PD source was set at (0.07, 0.08, 0.18) m.
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Figure 1. Experimental configuration for electrical and acoustic partial discharge measurements
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Figure 2. Example of needle-plane electrodes and acoustic emission sensor placements
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Figure 3. Coordinate marking for partial discharge localization

A high-voltage AC supply with a rating up to 100 kV was utilized to supply the voltage
at the needle electrode, as shown in Figure 1. The supply voltage was increased at a constant
step of 5 kV from 15 kV to 40 kV. In this study, 4 AE sensors were applied to capture the
acoustic PD signals, as depicted in Figure 3. The operating frequency range of these AE
sensors is between 20 and 180 kHz. Each AE sensor was connected to a pre-amplifier
with 60 dB gain. The sensitivity of the AE sensor was checked based on IEEE C.57.127
(Ghosh et al., 2017). The electrical PD signal was acquired via an IMC with input and
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output impedances of 50 Q respectively. The acoustic PD signals were collected once the
electrical PD signals exceeded the partial discharge inception voltage (PDIV), which ranges
from 120 pC to 140 pC, depending on the surrounding noise and weather. PicoScope 4824
with a sampling frequency up to 80 MS/s was used to acquire the electrical and acoustic
PD signals simultaneously.

Acoustic Emission Sensors Positioning

Sixty-four different combinations of AE sensors’ positions were used to collect the acoustic
PD signals during the experiment. Each combination consisted of the positions for the 4
AE sensors, which were attached to the surface of the tank wall via magnetic holders. The
various combinations were designed to ensure full coverage of the test tank’s surface area.
The AE sensors’ position combinations are provided in Table 1.

Table 1
Examples of AE sensors’position combinations

Combination AE Sensor Sensor Position (cm)

Yy
Sensor 1 0 15

Sensor 2 40 15 20

! Sensor 3 5 15 25

Sensor 4 10 10 25

Sensor 1 0 10 5

Sensor 2 40 10 20

2 Sensor 3 5 10 25

Sensor 4 40 5 10

Sensor 1 0 15 10

Sensor 2 10 15 25

3 Sensor 3 40 15 15

Sensor 4 0 10 20

Denoising Technique

Once the measured data from the experimental work were acquired, the denoising technique
was applied to electrical and acoustic PD signals.

Savitzky-Golay

The Savitzky-Golay (SG) is a time-domain method that performs least-squares polynomial
fitting in a specific moving time window. As the time window moves across the input PD
signals, a high level of smoothing without significant attenuation and minimal distortion
can be generated based on Equation 1.
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In Equation 1, y(i) represents the denoised output for the electrical or acoustic PD
signal, while s;,, is the (i+k)-th data point of the corresponding input electrical or acoustic
PD signal. The nR and nL indicate the number of data points to the right and left of the
current data point, 7, respectively. ¢ is the SG coefficient obtained from the least squares
fitting process (Dombi & Dineva, 2020).

Moving Average

The Moving Average (MA) is a simple denoising method used to denoise a signal by
calculating the average magnitude of the data points within a specific window. The MA
of'a PD signal can be computed based on Equation 2.

z—1
2

y(@) =% z x(i + ) [2]

_ 1
ke=——~

In Equation 2, y(i) represents the moving average at the i-th data point of the input
electrical or acoustic PD signal, and x(i+k) refers to the data points within a window of
size z centered around the current data point x(i).

Denoising Evaluation

SNR was utilized based on the equation in Yang et al. (2022) to assess the performance of
the denoising methods. To assess the distortion of the waveforms for the denoised signal in
comparison to the original signal, RMSE was employed based on the equation in Chaudhuri
et al. (2023). The similarity of the denoised and original signals was evaluated using the
correlation coefficient (CC) through the equation in Javandel et al. (2022).

PD Source Localization

In this study, the electrical PD signal served as the reference for acoustic PD signal detection
for time of arrival calculation. This reference signal was crucial for synchronizing the
acoustic PD signal to calculate the time delay. The PD source localization was subsequently
performed using both time of arrival and TDOA, as outlined in Equation 3 (Ghosh et al.,
2017; Sinaga et al., 2012). In this setup, sensor 2 was set as the reference sensor.
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In Equation 3, x, y, and z represent the coordinates of the estimated PD source. The
terms X, yj», and z;, jointly refer to the distance between sensor j and the reference sensor,
while rj, is the TDOA between sensor j and the reference sensor times the speed of the
acoustic PD signal in RBDPO. The variable r, denotes the distance between the reference
sensor and the estimated PD source, and K; values are calculated as K; = x;* +y;* + z. In
the experiment, the velocity of the acoustic PD signal in RBDPO was set to 1528.22 ms™!
(Ahmad et al., 2023). For Equation 3, all the terms were known values except for r,. The
X, y, and z coordinates were first expressed as functions of r, and then substituted into
Equation 4. The positive solution for r, obtained from Equation 4 was substituted back
into Equation 3 to solve the equation. The x, y, and z coordinates computed from Equation
3 represented the estimated PD source location based on the given positions of the AE
sensors and the TDOA obtained from the denoised signals.

The TDOA between any pair of the AE sensors was computed as the difference between
the time of arrival of the acoustic PD signal at each sensor. In order to determine the time
of arrival of the acoustic PD signal for each of the AE sensors, the first peak method was
selected according to Sarathi et al. (2014). The signal was first denoised and then converted
to unipolar. Next, the signal was normalized by dividing the magnitude of each data point
by the maximum magnitude of the signal. The first peak of the denoised acoustic PD signal
that exceeded a pre-defined magnitude threshold was identified as the time of arrival for
the particular sensor. Location error analysis was performed to evaluate the accuracy of
the estimated PD source locations based on

the equation in Kozako et al. (2012). 3

RESULT AND DISCUSSION . }‘

Partial Discharge Characteristic % o; L‘lw,‘l_

Electrical Partial Discharge E‘o: ____________ " ‘\ﬁ‘l‘"'ﬁ S
Figure 4 shows an example of the electrical .1..:. ' ‘

PD signal acquired at an applied voltage 2:

of 35 kV. The pattern of the electrical PD
signal is in accordance with the standard
IEC 60270 (CIGRE TB 676, 2017). Figure 4. Typical electrical PD signal obtained from

the PD experiment
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Acoustic Emission Partial Discharge

The examples of acoustic PD signals with strong oil path and strong steel path characteristics
can be seen in Figures 5(a) and 5(b), respectively. The contours of the acoustic PD signals
are similar to those depicted in (CIGRE TB 676, 2017). The acoustic PD signal in Figure
5(a) propagates through oil over a total distance and time of 30.03 cm and 196.55 us. In
Figure 5(b), the total distance and time for the acoustic PD signal to propagate along the
steel wall are 16.34 cm and 106.94 ps.
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Figure 5. Acoustic PD signal with strong (a) oil and (b) steel path characteristics

Denoising Analysis

The original electrical and acoustic PD signals can be subjected to various kinds of noises
such as mechanical noise, white noise and discrete spectral interference (Hashim et al.,
2023). Thus, the denoising methods are applied to remove the noise from the original
signals. Examples of original and denoised electrical and acoustic PD signals based on
SG and MA can be found in Figures 6 and 7. It is shown that SG and MA can remove the
reflection of the acoustic PD signal at the origin (Figure 7). As seen in Figure 8(a), while
MA effectively smooths the ripples of the electrical PD signal, it also slightly reduces the
magnitude of the electrical PD signal. The arrival time for the electrical PD signal using both
methods shows almost the same result as the original signal. Although the starting time of
SG- and MA-denoised acoustic PD signals is the same as the original signal, the first peak
of the acoustic PD signal that is denoised by the MA is delayed by 0.7 us from the original
signal, whereby it can affect the accuracy of time of arrival measurement, as illustrated
in Figure 8(b). The SG can remove the noise and retain the essential characteristics of
the original acoustic signal, such as peak and width, including a minor peak, as shown in
Figure 8(b), whereby the arrival time is delayed by only 0.1 ps.
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Figure 7. Original and denoised acoustic PD signals based on SG and MA
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Figure 8. Time of arrival of (a) electrical and (b) acoustic PD signals based on SG and MA denoising
methods
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The denoising performances for SG and MA for the electrical and acoustic PD signals
based on the SNR, RMSE and CC analyses can be seen in Table 2. The SG performs better
than MA in denoising the electrical PD signals based on the lower RMSE of 0.1144 and
higher CC 0f 0.9938. Although the MA achieves a higher SNR of 3.8816 than the SG, this
may be due to the greater reduction in the magnitude of the MA-denoised signal. The SG
also performs better for acoustic PD signals than the MA, as indicated by the low RMSE of
0.0018 and high CC of 0.9746. The high SNR by the MA is possibly due to the significant
distortion in the denoised acoustic PD signal, as shown in Figure 8(b).

Table 2
Denoising performance of SG and MA based on the SNR, RMSE and CC analyses

Denoising Method  Signal SNR RMSE CcC

Savitzky-Golay Electrical PD 0.3222 0.1144 0.9938
Acoustic 1.1016 0.0018 0.9746

Moving Average Electrical PD 3.8816 0.5160 0.8917
Acoustic 6.4177 0.0061 0.6201

Partial Discharge Localization

Figure 9 shows examples of normalized and unipolar acoustic PD signals. The acoustic
PD signal denoised by SG yields a higher amplitude than that of MA. The acoustic PD
signal that is denoised by MA is smoother than that of SG. Compared to SG, the acoustic
PD signal denoised by MA can be easily identified.
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Figure 9. Unipolar and normalized acoustic PD signal based on (a) SG and (b) MA denoising methods

The 3D model in Figure 10 shows the visual representation of PD localization using
both denoising techniques. Table 3 quantitatively compares the estimated and actual
PD source locations across the x, y, and z axes for each method. The actual PD source
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locations based on SG demonstrate small differences between estimated and actual PD
source locations, with differences, A of 0.0039 m, 0.0132 m, and 0.0132 m along the x,
y, and z axes, respectively. In contrast, the estimated PD source locations based on MA
present slightly large differences, particularly along the x and y axes, with 0.0054 m and

0.0175 m, respectively.
Table 3
Comparison of actual PD source location based on SG and MA denoising methods
Type of filter SG MA
Axes X (m) y (m) z (m) X (m) y (m) z (m)
Estimated 0.0739 0.0932 0.1668 0.0646 0.0975 0.1745
Actual 0.07 0.08 0.18 0.07 0.08 0.18
Difference, A 0.0039 0.0132 0.0132 0.0054 0.0175 0.0055
i SG
I |
! \ MA
I ]
| ]
i 1
\ 1
\ 1 !
" \\ . . -‘,
A "
- i -
- y_.--

Figure 10. 3D model of PD localization based on SG and MA denoising methods

Table 4 highlights the location error and relative error for both denoising methods.
The estimated PD source location based on SG achieves a lower location error of 0.0668
m compared to the MA with 0.0669 m. Although the absolute difference in location error
is small, the relative error is slightly lower for SG, with 6.684%, compared to 6.691% for
MA. This indicates that while both methods are relatively close in terms of PD localization
accuracy in RBDPO, the SG consistently outperforms the MA, particularly in minimizing
the deviation from the actual PD source location. The accuracy of the acoustic PD
source localization achieved based on the SG-denoised acoustic PD signal in RBDPO is
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comparable to that of mineral oil (Hashim et al., 2022). This highlights the ability of SG-
denoised signals to improve acoustic PD source localization among different insulating
fluids with distinct viscosities.

Table 4
Location error of the estimated PD source location based on SG and MA denoising methods

Evaluation SG MA

Location relative error (%) 6.684033005 6.691435483

Location error (m) 0.06684033 0.066914355
CONCLUSION

It is found that the SG can denoise the electrical and acoustic PD signals better than MA
based on SNR, RMSE and CC analyses. The estimated PD source locations based on the
denoised PD data by SG are more scattered than those by MA. Nevertheless, the estimated
PD source locations at the x and y axes based on the denoised PD data by SG are closer
to the actual PD source than those of MA. Future research could explore optimizing the
SG parameters to further enhance the PD localization approach. In addition, advanced
techniques could be explored for the denoising of electrical and acoustic PD signals and
PD localization.
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