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Insulation failure is a common issue in electric power transmission.
Insulation is necessary to separate two or more live conductors to prevent
electrical arcing or sparking between them. Partial discharge (PD) is a
phenomenon that can also occur in high-voltage equipment under
pre-breakdown conditions. This PD activity can take place in liquid
insulation, such as transformer oil, leading to a decrease in the quality and
reliability of the transformer. This study aims to detect PD under various
conditions and investigate its characteristics. Although various studies have
been conducted on PD in liquid insulation, most of them focus on PD
characterization under specific conditions without considering variations in
electrode configurations that may influence the PD phenomenon. Therefore,
this research is necessary to fill this gap by analyzing PD characteristics
using a needle-plane and plane-plane electrode system. This study introduces
the use of castor oil as an alternative liquid insulating material. In this study,
PD testing will be conducted in a laboratory environment, and it is expected
to produce reliable data regarding the capability of liquid insulation to
withstand PD. The results obtained indicate that the PD phenomenon occurs
more quickly in the needle-plane electrode configuration compared to the
plane-plane configuration. PD in the needle-plane electrode occurs at an
average voltage of 10.96 kV, while PD in the plane-plane electrode occurs at
an average voltage of 12.5 kV.

This is an open access article under the CC BY-SA license.

©00

Corresponding Author:

Abdul Syakur

Department of Electrical Engineering, Faculty of Engineering, Universitas Diponegoro
Professor Soedarto Street No. 13, Semarang, Central Java 50275, Indonesia

Email: gakusei2003@yahoo.com

1. INTRODUCTION

To meet the rapidly growing demand for electricity, high-voltage power systems with higher
performance and better stability are needed, making insulation one of the most important aspects in
maintaining the safety and performance of high-voltage equipment [1]-[4]. High-voltage equipment includes
transformers, generators, high-voltage cables, and others. This equipment typically uses insulation in the
form of gas, liquid, and solid materials. Each type of insulation has different properties and capabilities,
leading to different implementations [5], this study investigates the partial discharge (PD) phenomenon in
solid insulating materials, specifically polyvinyl chloride (PVC), by introducing an artificial cavity in a
0.8 mm thick sheet using a ball-plane electrode system [4], [6]-[8], this study investigates PD activity in
ferrofluids based on biodegradable transformer oil with iron oxide nanoparticles [9]. Insulation plays a
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crucial role in the electrical power system by separating two or more live conductors, serving as a barrier to
prevent flashovers or sparks [10]-[13].

A key component in high-voltage generation equipment is the power transformer [14], [15]. Within
the power transformer itself, there is an essential component that significantly affects insulation between
conductors, namely oil, which acts as a dielectric material or liquid insulation [2], [16]-[19]. Liquid
insulation has a higher dielectric capacity compared to gas insulation and has self-healing capabilities if
discharge occurs [8], [10], [12], [17], [20]-[22]. However, liquid insulation is not always perfect, so the
possibility of PD still exists.

Partial discharge is an electrical discharge event that occurs partially, bridging two electrodes that
should otherwise remain unconnected. The causes include defects or aging, such as voids, protrusions, and
contaminants. PD events do not instantly cause insulation failure, but continuous PD activity can caused
localized overheating, which progressively deteriorates the insulation quality and erodes the dielectric
material, possibly leading to total collapse [23]-[26]. Therefore, analyzing PD activity in insulating materials
is essential. The PD discussed in this study focuses on PD in liquid insulating material, specifically
transformer oil.

Rahman et al. [27] This study investigates the effect of irregular-shaped copper (Cu) particles in
transformer oil PD characteristics under varying electric field. Rahman and Nirgude [28] This study presents
the investigations on PD behavior of irregular-shaped copper particle in oil with pressboard barrier placed in
two positions under uniform field with different moisture contents.

Although many studies have been conducted on PD in liquid insulation, most previous research has
focused on PD characterization under specific conditions without considering variations in electrode
configurations that may influence PD inception and development. Additionally, prior studies have
predominantly used electrode systems with larger gap distances (25 and 50 mm) [23], whereas research on
PD in transformer oil with a smaller electrode gap (2.5 mm). Therefore, this study aims to fill this research gap
by observing and measuring PD in transformer oil using more varied electrode configurations and a smaller
gap, to gain a deeper understanding of the mechanisms of PD inception and development in liquid insulation.

Korobeynikov et al. [20] This study shows that PD in liquids can develop in various forms,
including gas discharge within bubbles and impact ionization in the liquid under extreme electric fields. This
study also highlights the importance of initial electrons in PD inception and the influence of X-rays in
lowering the PD inception voltage.

Pasternak and Rozga [4] conducted laboratory-scale research on an oil-wedge type electrode system,
focusing on the comparison of partial discharge inception voltage (PDIV) when immersed in liquid dielectric.
Pattanadech ef al. [23] studied PD in liquid insulation media using plane electrodes with gap distances of
25 and 50 mm. Pan et al. [16] this study shows that the presence of metallic particles in moving transformer
oil affects the characteristics of PD and breakdown voltage. Experimental results indicate that an increase in
oil flow velocity raises the PDIV, while the magnitude and frequency of PD decrease.

This study uses a new approach in analyzing the characteristics of PD using two different electrode
configurations (needle-plane and plane-plane) on transformer oil based on castor oil. The novelty of this
research lies in the use of castor oil as an alternative liquid insulating material, with PD detection performed
through the observation and measurement of charge pulses using needle-plane and plane-plane electrode
systems with a 2.5 mm gap under varying AC voltages. This study also highlights the sensitivity of PD
detection and the discharge initiation time as indicators of oil degradation.

2. METHOD
2.1. Electrode and sample

The electrodes used in this measurement are needle electrodes and plane electrodes made of copper.
The tip of the needle is sharpened until it is sharp like a pencil, with a sharp angle of 20°. The plate is
cylindrical, with a diameter of 4.5 cm and a thickness of 1 cm. The shape of the needle and plane electrodes
used is shown in Figures 1(a) and 1(b).

The sample used is a new liquid insulating material in the form transformer oil based on castor oil,
and the gap distance between the electrodes is 2.5 mm, as shown in Figures 2(a) and 2(b). The castor oil used
has a breakdown voltage of more than 30 kV, a viscosity of 200300 cSt, a tan delta value of less than 0.02,
and a water content of 500 ppm, as shown in Table 1. The test voltage ranges from 0 to 20 kV AC with a
frequency of 50 Hz. The test is carried out at room temperature (25 °C) with controlled humidity. The PD
signal is captured using a capacitor coupling sensor and amplified before being analyzed. Partial discharge
signal data is analyzed using a time domain approach using the partial discharge phase-resolved (PRPD)
method, which maps the characteristics of the discharge pattern to the AC voltage phase angle to identify the
type of PD.
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(a) )

Figure 1. The electrodes for measurement (a) needle and (b) plane electrodes

Figure 2. The sample for a new liquid insulating material (a) castor oil test sample and
(b) needle-plane electrodes

Table 1. Physical and chemical specifications of castor oil

Parameter Typical value
Appearance Pale yellow to golden yellow
Kinematic viscosity at 40 °C 200-300 ¢St (mm?/s)
AC breakdown voltage >30kV
Water content <500 ppm
Dielectric dissipation factor (tan 8) <0.02

2.2. Experimental set up

The stages of the experiment are shown in Figure 3. Measurements are conducted using AC input
with a frequency of 50 Hz connected to the needle-plane and plane-plane electrodes. The transformer oil
sample being tested will exhibit PD, which will then be detected by the RC detector, functioning as an
integrator. The R and C components in the RC detector are used to adjust the sensitivity of the PD detector.
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Figure 3. Needle-plane electrode PD measurement system

The arrester connects the RC detector to the oscilloscope via channel 1, which shows the partial
discharge phenomenon on the oscilloscope, while channel 2 is used to obtain the sinusoidal waveform. The
oscilloscope records the PD and sends the data to a computer device via a flash drive for further analysis.
During the testing process, the electrodes used were needle-plane and plane-plane configurations, with the
sample consisting of transformer oil based on castor oil. The initial test was carried out to obtain the PD

Analysis of partial discharge characteristics in transformer oil ... (Teuku Khairul Murad)



4448 O ISSN: 2088-8708

inception voltage. The PD inception voltage (Vin) was determined by gradually increasing the voltage until
PD phenomena occurred for the first time. This step was repeated three times to obtain the average PD
inception voltage. The PD phenomena occurring during the measurement were observed using an oscilloscope.

After the average PD inception voltage was determined, the voltage was set at a constant level
below the average PD inception voltage or before the occurrence of the PD phenomenon. The sample was
then left for a period until PD occurred, and the inception time was recorded. This delay is referred to as the
PD inception time (Tin), as PD does not occur immediately but requires a certain delay time before appearing
for the first time. This procedure was also repeated three times, similar to the PD inception voltage (Vin), to
obtain the average PD inception time (Tin).

After the average initial PD voltage and initial time were determined, measurements were carried
out for voltage variations on each test electrode. This was done by increasing the voltage by 10% above the
average initial PD voltage that had been obtained. During the test using the needle-plane electrode, the needle
was connected to a high-voltage alternating current, while in the test using the plane-plane electrode, the
plane was also connected to a high-voltage alternating current. Each voltage variation was measured for
1 hour. During the measurements, both the needle-plane and plane-plane electrodes were immersed in a tank
containing transformer oil based on jatropha oil to prevent surface charge discharge into the air. The PD
occurring in the sample was detected by an RC detector that functions as an integrator. The PD detector used
had a measurement bandwidth of 50 to 800 kHz, with a minimum sensitivity of 1 pC. This range allows the
detection of PD pulses typically found in liquid insulation systems.

3. RESULTS AND DISCUSSION
3.1. PD inception voltage (Vin)

The inception voltage (Vin) is obtained by gradually increasing the voltage until the first observable
PD phenomenon occurs. This process will be repeated three times for both the needle-plane and plane-plane
electrodes. The three measured inception voltage (Vin) values will be combined to obtain the average
inception voltage (Vin). The measured inception voltage (Vin) for the transformer oil sample is shown in
Table 2.

Table 2 shows that in the first trial for the needle-plane electrode, the initial voltage was recorded at
11 kV, while in the second trial, the initial voltage was 10.9 kV, and in the third trial, it was 11 kV. Based on
these three initial voltage values, the average PD inception voltage (Vin) for the needle-plane electrode is
calculated to be 10.96 kV.

For the plane-plane electrode, the initial voltage recorded in the first trial was 12.5 kV, in the second
trial it was 12.4 kV, and in the third trial, it was 12.5 kV. From these three initial voltage values, the average
PD inception voltage (Vin) for the plane-plane electrode is determined to be 12.5 kV. The average inception
voltage (Vin) for the needle-plane electrode tends to occur more quickly because the electric charge is
concentrated at the sharp tip of the needle, influencing the onset of the PD phenomenon.

Table 1. PD inception voltage (Vin)

Experiment Needle-plane electrode  Plane electrodes
PD inception voltage 1 11kV 12.5kV
PD inception voltage 2 10.9 kV 12.4kV
PD inception voltage 3 11kV 12.5kV
Average inception voltage 10.96 kV 12.5kV

3.2. PD inception time (Tin)

After obtaining the average inception voltage (Vin), the voltage will then be set slightly below the
inception voltage (Vin) or just before the occurrence of the PD phenomenon. This experiment is conducted
three times for both the needle-plane and plane-plane electrodes, with the voltage reduced by 0.3 kV for each
trial. This step aims to identify the inception time (Tin), as the PD phenomenon does not occur immediately
but requires a short delay before appearing. The measured inception time (Tin) for the transformer oil sample
is shown in Table 3.

Table 3 shows that the average PD inception time (Tin) for both the needle-plane and plane-plane
electrodes tends to be directly proportional to the applied voltage. For the needle-plane electrode, when the
applied voltage is 10.6 kV, the time required for PD to occur is 1 minute and 13 seconds. When the applied
voltage is 10.3 kV, the time until PD occurs increases to 5 minutes and 32 seconds. At an even lower applied
voltage of 10 kV, the time until the PD phenomenon occurs extends to 11 minutes and 7 seconds. For the
plane-plane electrode, when the applied voltage is 12.2 kV, the time required for PD to occur is 2 minutes
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and 3 seconds. When the applied voltage is reduced to 11.9 kV, PD occurs after 7 minutes and 46 seconds. At
an applied voltage of 11.6 kV, the time until the PD phenomenon occurs reaches 17 minutes and 21 seconds.
Thus, it can be seen that the lower the applied voltage, the longer it takes for the PD phenomenon to occur.
This is because the electric field formed at lower voltages is not strong enough to trigger the ionization
process within the liquid insulation sample, which in this case is transformer oil. However, it is important to
note that this relationship between voltage drop and PD onset time is not universal, but rather depends on the
characteristics of the electrode type, oil, and other experimental conditions. In this case, the voltage drops
results in a weaker electric field, thus increasing the time required to trigger ionization and PD onset.

Table 2. PD inception time (Tin)

Voltage (kV) Inception time (minutes)
Needle-plane electrode  Plane electrodes  Needle-plane electrode  Plane electrodes
10.6 12.2 1:13 2:03
10.3 11.9 5:32 7:46
10 11.6 11:07 17:21

3.3. Comparison of PD testing configurations using castor oil

Table 4 summarizes the comparison between needle—plane and plane—plane electrode configurations,
highlighting key parameters such as electric field distribution, PDIV, phase-resolved PD behavior, and their
respective advantages and limitations. Furthermore, the study acknowledges the relevance of investigating
biodegradable insulating oils to evaluate their effectiveness in mitigating PD activity compared to
conventional transformer oils.

Table 3. Comparison of PD testing configurations using castor oil
Electrode Electric field PDIV PD phase distribution Advantages Limitations
configuration
Needle—plane  Non-uniform Lower (more 60°-150° & 240°-330°, Early PD detection,  Does not fully represent

(focused) sensitive) dominated by corona simulates localized  uniform field conditions
discharge surface defects in transformers
Plane—plane Uniform Higher More symmetrical PD Closer to actual field ~ Less sensitive to early-
distribution distribution in power  stage or micro-discharge
transformers phenomena

3.4. Partial discharge characteristics

The inception voltage (Vin) obtained will then be increased by approximately 10% above the
inception value, after which it will be held constant for 1-hour. The PD phenomenon will subsequently be
measured during this 1-hour period to determine the characteristics and magnitude of the PD occurring in the
transformer oil. The needle-plane configuration simulates a focused electric field, while the plane-plane
represents a uniform field distribution commonly found in transformers, so both were chosen to represent
real-world conditions. The plane-plane configuration is used to simulate a uniform field. Both configurations
provide insight into how PD can occur under a variety of real-world transformer operating conditions.

The PD inception voltage (Vin) values that are close at high electric fields can be caused by
differences in field distribution and dominant electrode surface effects in the needle-plane configuration. This
is because the roughness of the electrode surface and the geometry of the test can affect the local electric
field intensity. From the PD inception voltage (Vin) measurements on the needle-plane electrode type, a
value of 10.96 kV was obtained, so the voltage will be increased to 12 kV and 13 kV. For the PD inception
voltage (Vin) measurements on the plane-plane electrode type, a value of 12.5 kV was obtained, so the
voltage will be raised to 13.5 kV and 14.5 kV. The PD phenomenon will then be detected by the RC detector
and displayed on the oscilloscope used during the measurement. The resulting PD graphs can be seen in
Figures 4 and 5.

3.4.1. Needle-plane electrode

Figure 4 illustrates the PD magnitude pattern during one hour of transformer oil aging using a
needle-plane electrode. At 12 kV, showing that PD mostly occurs at angles between 60° to 150° for the
positive cycle and 240° to 330° for the negative cycle, with a maximum discharge magnitude of +37.8 pC, as
shown in Figure 4(a). Meanwhile, at 13 kV, PD is mostly observed at angles between 30° to 180° for the
positive cycle and 210° to 330° for the negative cycle, with a maximum discharge magnitude of +86.6 pC, as
shown in Figure 4(b).
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Figure 4. The PD values over a 1-hour period for the needle-plane electrode with applied voltages are as

follows (a) at 12 kV and (b) at 13 kV

3.4.2. Plane-plane electrode

Figure 5 illustrates the plane-plane electrode with an applied voltage of 13.5 kV, where PD occurs at
angles between 60° to 150° for the positive cycle and 240° to 330° for the negative cycle, with a maximum
discharge magnitude of £35.4 pC, as shown in Figure 5(a). At 14.5 kV, PD is observed at angles between 60°
to 150° for the positive cycle and 270° to 330° for the negative cycle, with a maximum discharge magnitude
of £37.8 pC, as shown in Figure 5(a).
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Figure 5. The PD values over a 1-hour period for the plane-plane electrode with applied voltages are as

follows (a) at 13.5 kV and (b) at 14.5 kV
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For the needle-plane configuration is most likely due to the field buildup effect in that part of the
voltage cycle. Although classical theory states that the discharge occurs at the beginning and end of the half
cycle, the discharge in castor oil shows a delay due to the dielectric properties of the oil and the jump
mechanism that is restrained by the viscosity of the oil. Additionally, it can be observed that PD charges
occur more quickly in the needle-plane electrode compared to the plane-plane electrode. This difference is
likely influenced by the type of electrode used, as the sharp needle electrode facilitates the concentration of
electrical charge at a single point. The applied voltage also affects the PD magnitude, where an increase in
voltage strengthens the electric field around the sample. This increase in the electric field accelerates the
ionization process, resulting in a larger PD magnitude. However, at higher voltages, PD tends to occur at
almost all angles.

4. CONCLUSION

The measurement and analysis of PD characteristics in transformer oil samples (castor oil type)
using needle-plane and plane-plane electrode systems have been conducted. The results show that PD
charges occur more quickly in the needle-plane electrode configuration compared to the plane-plane
configuration. This difference is influenced by the type of electrode used, as the sharp needle electrode
facilitates the concentration of electric charges at a single point. In the needle-plane electrode system, the
average initial PD voltage (Vin) was found to be 10.96 kV, while for the plane-plane electrode system, the
average initial PD voltage (Vin) was 12.5 kV.

Under varying voltage conditions, the PD magnitude patterns during one hour of transformer oil
aging using needle-plane electrodes at 12 kV showed that PD mostly occurred at angles between 60° to 150°
in the positive cycle and 240° to 330° in the negative cycle. Meanwhile, at 13 kV, PD was mostly observed at
angles between 30° to 180° in the positive cycle and 210° to 330° in the negative cycle. In contrast, the PD
magnitude pattern during one hour of transformer oil aging using plane-plane electrodes at an applied voltage
of 13.5 kV showed that PD occurred at angles between 60° to 150° in the positive cycle and 240° to 330° in
the negative cycle. At 14.5 kV, PD was observed at angles between 60° to 150° in the positive cycle and 270°
to 330° in the negative cycle. These values indicate that the average initial PD voltage (Vin) for the needle-
plane electrode is generally lower than that for the plane-plane electrode, suggesting that PD phenomena in
the needle-plane system occur more rapidly. Moreover, the average initial time (Tin) is directly proportional
to the applied voltage. This indicates that a lower applied voltage results in a weaker electric field, which
increases the time required to trigger ionization and initiate PD. Furthermore, the magnitude of the applied
voltage affects the PD charge and the number of PD activities at certain phase angles.
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