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ABSTRACT: Partial discharge (PD) is commonly related to electrical insulator degradation.
It occurs in a high electric field environment, especially in high-voltage systems. It can lead
to the electrical breakdown of insulators. Knowledge of the characteristics of PD allows for
testing and monitoring of insulation properties in power system equipment. PD can be
observed in both AC and DC power. However, research on AC-PD is much more mature than
DC-PD due to the established pattern of AC’s changing magnitude and polarity
characteristics. This work uses finite element analysis to study PD activity under DC stress
with voltage disturbance at different void sizes, with AC harmonic as the focused disturbance.
The characteristics are evaluated based on the electric potential distribution, electric field
distribution, electrical charges, and repetition rate. As the void radius increases from 1 mm to
4 mm, the inception voltage decreases by approximately 65%, while the PD repetition rate
increases by 58%. In addition, a comparison between DC-PD and AC harmonic disturbance
and AC-PD is performed to analyze their differences. The simulation result shows that the
repetition rate for DC-PD with AC harmonics is approximately 75% lower than that of AC-
PD, indicating fewer PD events in the case of DC-PD with AC harmonics. The conducted
simulation provides valuable insights and guidance for the formation of DC-PD testing, and
consequently, a validated method can be approved to monitor insulating material condition
under DC power.

ABSTRAK: Penyahcasan separa (partial discharge, PD) merupakan fenomena biasa yang
berkait rapat dengan degradasi penebat elektrik. Ia berlaku dalam persekitaran medan elektrik
tinggi, khususnya dalam sistem voltan tinggi, dan boleh menyebabkan kerosakan elektrik
pada penebat. Pengetahuan mengenai ciri-ciri PD membolehkan ujian dan pemantauan sifat
penebat dalam peralatan sistem kuasa dijalankan. PD boleh diperhatikan dalam kedua-dua
kuasa arus ulang-alik (AC) dan arus terus (DC). Namun, kajian mengenai PD dalam AC
adalah lebih matang berbanding dalam DC disebabkan oleh corak perubahan magnitud dan
polariti AC yang telah mapan. Kajian ini meneliti aktiviti PD di bawah tekanan DC dengan
gangguan voltan pada saiz kekosongan yang berbeza menggunakan analisis elemen terhingga,
dengan gangguan harmonik AC sebagai tumpuan utama. Ciri-ciri yang dinilai termasuk
taburan potensi elektrik, taburan medan elektrik, cas elektrik, dan kadar pengulangan. Apabila
jejari kekosongan meningkat dari 1 mm kepada 4 mm, voltan permulaan menurun sebanyak
kira-kira 65%, manakala kadar pengulangan PD meningkat sebanyak 58%. Selain itu,
perbandingan antara PD-DC dengan gangguan harmonik AC dan PD-AC turut dilakukan bagi
menganalisis perbezaannya. Hasil simulasi menunjukkan bahawa kadar pengulangan bagi
PD-DC dengan gangguan harmonik AC adalah kira-kira 75% lebih rendah berbanding PD-
AC, menandakan bilangan kejadian PD yang lebih sedikit dalam kes PD-DC dengan
gangguan harmonik. Simulasi yang dijalankan ini memberikan pandangan yang bernilai dan
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panduan berguna bagi pembentukan ujian PD-DC, dan seterusnya, kaedah yang disahkan
boleh diluluskan untuk memantau keadaan bahan penebat di bawah kuasa DC.

KEYWORDS: Partial discharge, DC, AC harmonics, void, FEA

1. INTRODUCTION

In electrical power systems, partial discharge (PD) is the first indication that the insulation
properties of an electrical apparatus are deteriorating. The failure of the insulation system can
eventually cause the breakdown of the apparatus, jeopardizing the reliability of the
transmission and distribution system. PD is an electrical breakdown that occurs in insulating
materials caused by operating stresses [1] such as an overhigh electric field [2]. Under normal
circumstances, the insulators contain defects such as voids or air-filled gaps that promote the
activity of PD. However, PDs do not cause an abrupt breakdown of the insulation property.
When subjected to long and harsh operations, insulating properties start to degrade, causing an
increase in PD activity, which eventually could lead to total breakdown [3], [4].

PD detection and measurement are known as a standard method to evaluate the quality of
the insulation system [5]; where the knowledge of the PDs’ characteristics is crucial for their
detection and measurement. Various techniques have been developed for PD measurement,
analysis, and recognition, particularly for partial discharge under AC stress (AC-PD). AC
voltage operation in terms of its polarity and direction changes is naturally made suitable for
monitoring PDs. The pure AC output from transformer conversion allows simplicity in
measuring the discharge value without any disturbances.

The critical parameters for measurement include partial discharge inception voltage
(PDIV) [6] apparent charge, repetition rate, and the Phase-Resolved Partial Discharge (PRPD)
pattern [7]. These parameters are highly influenced by the types of insulating materials, voltage
stress, temperature, humidity, impurities, and defects (usually referred to as voids) geometry
[4], [6], [8]. The knowledge of the fundamental characteristics of AC-PD, combined with
information about the parameters, allows for monitoring the insulation properties of the power
system apparatus. Current research is also integrating PD simulation modelling and machine
learning [9], [10] in facilitating this method of insulation monitoring.

On the other hand, recent developments in high voltage transmission and distribution
systems show an increasing interest in high voltage direct current (HVDC) systems. Similar to
the traditional HVAC systems, the insulation systems for HVDC also face the same partial
discharge (DC-PD) problem. Unlike AC-PD, which is already well characterized, PRPD is well
established as a method of analysis; the fundamental characteristics of DC-PD are still not well
known. DC power behaves differently from AC power in terms of its electrical characteristics,
such as the magnitude, type, and phase. These differences in characteristics are enough to
influence the PD behaviours between AC and DC systems. However, the testing and
monitoring procedures of DC-PD are still unclear because the study is still being conducted,
and researchers are studying and developing new methods for a definitive solution.

This paper aims to contribute to this study by simulating the PD activity under DC stress
with voltage disturbance at different void sizes. In relation to DC power, the output
transmission voltage in an HVDC system contains voltage disturbances such as traces of AC
harmonic voltage or DC voltage ripple. Thus, it is essential to investigate the effect of voltage
disturbance on the characteristics of DC-PD. Here, finite element method (FEM) analysis will
be used to analyze the DC-PD characteristic for different void size in cross-linked polyethylene
(XLPE) material under DC stress superimposed with AC harmonics.
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2. METHODOLOGY

This chapter consists of several sections. Section 2.1 covers the model's geometry and the
simulation parameters. Section 2.2 shows the governing equation of PD modelling using the
FEA method. Fig. 1 shows a summary of the methodology.

2.1. Model Configuration

The model for this simulation uses a 2D axisymmetric dimension, allowing for only half
of the geometry to be drawn, with the remainder completed through 3D revolution or 2D
mirroring. Fig. 2 shows the model following the CIGRE Method-II (CM-II) Type Metal-Air
Gap-Metal Electrode system [11]; comprises an insulator material sandwiched by two
electrodes, and a cylindrical-shaped air gap is created in the middle of the insulator. The
electrodes’ pole is 3mm in radius and 20mm in height, while the electrode plates are 20mm in
radius and 2mm in height. The insulator material is 25mm in radius and 2mm in height. The
void radius varies as a parameter, taking 1 mm, 2 mm, 3 mm, and 4 mm values.
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Figure 1. Flowchart of the study.
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Figure 2. Geometry of the model

Each part of the geometry is assigned materials used experimentally to simulate the partial
discharge (PD) model. The electrodes are made of copper metal, suitable for electrical
conductivity. The material of the insulator cable is cross-linked polyethylene (XLPE) since this
material is often utilized in HVDC systems where the cross-linking by-products, impurities,
voids, and gaps can easily cause space charge accumulation under HVDC stress, consequently
leading to PD. On the other hand, the material of the void is air [12], with significantly lower
dielectric strength than XLPE, a standard material used for PD simulation. Properties of the
materials are configured to fulfill simulation requirements, namely the relative permittivity and
electrical conductivity, summarized in Table 1. The relative permittivity is the ratio between
the absolute permittivity of the insulator and the absolute permittivity of vacuum. At the same
time, the electrical conductivity determines the material’s ability to conduct electric current.
Next, the mesh of the model is created to establish the numerical computation process.
Triangular meshing is used for this model, and the mesh element size is set to fine to allow
accurate measurement, but this reduces computational resources. Fig. 3 represents the built
mesh on the model.

Table 1. Material properties

Materials Relative Electrical
permittivity conductivity [S/m]
Copper 1 5.998x107
XLPE 2.3 1x10°13
Air 1 1x10°"3 (Initial)
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Figure 3. Mesh of the model

Two types of input voltage are defined for the simulations: a) DC input voltage
superimposed with AC harmonics and b) AC input voltage. The DC + AC harmonics voltage
contains 500kV (DC) + 100kV (AC), while the AC input voltage has a magnitude of 600kV,
as shown in Fig. 4.
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Figure 4. Input voltages

2.2. Governing Equations

First, the upper electrode is determined as the terminal to receive the input voltage, while
the ground electrode becomes the ground terminal. The assumptions for this analysis are as
follows:

a. The geometry, material properties, and boundary conditions are symmetric about a
central axis.

b. The current continuity equation is satisfied throughout the entire domain.

c. The electrical insulation is perfect, where no current flows through the insulated
boundaries or regions.

The electric potential and electric field distribution are calculated based on the governing
equations as follows [13]:
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Eq. (1) is Gauss’ Law, which states that the total electric flux is equal to the total electric
charge across a closed surface. D is the electric flux density, p is the volume charge density
and V is the gradient operator. Eq. (2) is from the derivation of Ohm’s Law, and it takes into
account the electric field, E, current density, J, and conductivity, o. The next three are further
derivations of the first two, and these equations are translated into Eq. (6).

The first FEA condition of PD occurrence is when the current electric field value, Ecur,
inside the void is higher than the minimum inception electric field value, Einc [14], [15]. This
is known as the streamer inception criterion, where the electrons gain energy, perform further
ionization in molecules and atoms, and cause an avalanche of excited electrons. The formula
for Einc 1s represented as follows:

Einc = (E1/P)er P (1 + ) (7)

where p is the air pressure inside the void, a is the void radius and (E;/p).r, B and n is
parameters that are involved in gas ionizations. The constant values for these parameters are
(E1/p)er =242 VPa'm™!, B = 8.6 Pa’>m!? and n = 0.5. After a period of discharge occurs,
the electric field inside the void starts to drop because there is a difference of strength between
the electric field left by the charged particles and the supplied voltage. When the value falls
below an extinction value (E,,; ), the streamer discharge cannot be fulfilled. The formula for
E,,: 1s represented as follows:

B
2pa)"

Eext =pY(E/P)cr ®)
where y depends on the voltage polarity and is usually obtained from experiments [13].

The second condition is the electron generation rate and the probability of electron
availability. Eq. (9) is used to assess the availability of electrons for PD to occur, where N, is
a constant, U, is the voltage across void, U;,. is the PD inception voltage across the void,
and At is the time step of the simulation. Then, in Eq. (10), P is calculated to determine the
probability of generating free electrons at the time step of the simulation [16]. Subsequently, P
is compared with R, where R is a random number between 0 and 1 (0 <R <'1).

At E., > Ejnc and P > R, PD occurrences are dynamically simulated by switching the
void’s state from non-conducting to conducting (i.e., increasing the conductivity 6.4, from
O1ow 0 Omax), as shown in Eq. (11). This causes the field inside the void to increase again, and
the discharges are repeated. Table 2 summarizes the constant parameters implemented in this
simulation.

Ntot(t) = Nes exp(|Ucqv/ Uincl) )
P= Ntot(t)At (10)

_ Gmax EcurZ Einc & P>R
Ieav = {Ulow Ecuyrs EExT (a1
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Table 2. Constant parameters of the simulation [13], [16], [17]

Symbols Parameters Values
F Frequency of the input voltages 60 Hz
T Period of the input voltages 0.0167 s
Omax Max conductivity of the void 5x10* S/m
Olow Min conductivity of the void 1x10™" S/m
P Void pressure 101325 Pa
Yy Streamer propagation factor 0.35
(E/P)er Gas ionization constant 242 V. Pa'm!
B Gas ionization parameter, air 8.6 Pa!”’m!?
n Gas ionization constant, air 0.5
N, Initial electron generation rate 650 1/s
At Simulation time step -

PD charge magnitudes and repetition rate are standard parameters used to evaluate PD,
and they can be calculated using Eq. (12) and Eq. (13), respectively. It is important to note that
the electric field values are taken from the simulation, where only the electric field inception
and extinction are considered. Meanwhile, the charge magnitudes and repetition rate are
considered in the first condition, and the electron probability is calculated through the electron
generation rate formula.

text =g =2
Qreal = tinc fScav,surf](t)' dsdt (12)
PD repetition rate = {(1) ECL;;R:,,iIsNﬁEg;ITJ >R (13)

In Eq. (12), the current density values f (t) is integrated over the Scqy syrp Which is the
void surface, obtaining the current within the void. Then, the values are integrated again during
the interval of PD inception and extinction times. When PD does not occur, the time intervals
are flipped and integrated oppositely. The value is recorded at each time step of the simulation.
In Eq. (13), the PD repetition rate is counted when the FEA conditions are fulfilled. Only one
count is taken for each PD event, which is increased for the next PD event.

3. RESULT AND DISCUSSION

This section covers the results of the DC-PD simulation with AC harmonic disturbance at
different void sizes. Section 3.1 shows the electric field distribution of the model and line
graphs during the absence and presence of PD. Section 3.2 shows the PD charge magnitudes
in a scatter graph and repetition rate in a 2D bar graph. Section 3.3 compares the DC-PD
simulation with the AC harmonic disturbance and the pure AC-PD simulation.

3.1. Electric Field Distribution at Different Void Sizes

The influence of AC harmonics disturbance on DC-PD is determined by measuring the
electric field. The occurrence of PD is heavily dependent on the electric field values. The plots
and values are recorded after simulating one cycle. Fig. 5(a), (b), (c), and (d) indicate that the
electric field distribution across all void sizes is uniform, and the voids have lower values than
the input voltage. Fig. 5(b), (d), (f), and (h) show the changing electric field values throughout
the cycle period. When the electric field PD inception condition is fulfilled, the conductivity
changes to a high value. After that, the electric field value drops instantly, fulfilling the PD
extinction condition. The conductivity then changes back to a low value, and the electric field
value is in accordance with the electric field during the absence of PD. Fig. 5(h) has the highest
changing conductivity values because it has the lowest Einc and PD inception voltage, Uinc
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value. Thus, the PD inception condition is fulfilled faster in the 4mm void radius simulation

than the lower void radius simulations. Table 3 shows the Einc and Uinc values for each void
size simulation.
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Figure 5. Electric field surface distribution and the electric field for different void sizes
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Table 3. The PD electric field and amplitude inception values

Void radius [mm]  Einc [V/m]  Uinc [V]

1 3.93x10° 8499.6
2 3.5x10° 3519.2
3 3.31x10° 3130.6
4 3.19x10° 2984.5

3.2. Evaluation of Electrical Charges and Repetition Rate at Different Void Sizes

The charge magnitude and repetition rate across the void under DC-PD + AC harmonics
are calculated for the different void sizes. The value and number of these charges indicate the
occurrence of PDs when the conditions for PD are fulfilled. The PD inception and electron
generation rate are considered when evaluating the charges. When these conditions are
fulfilled, the electrons gain enough energy to move quickly due to the increased electric field
strength. This increases the electrical current and, in turn, increases the electrical charges inside
the void. The plots and values are recorded after simulating five cycles.

Fig. 6 shows the charge magnitudes and the repetition rate at different void sizes. Fig. 6(¢)
and Fig. 6(g) show the highest number of PD charges at a high range of charge values.
Considering the electron generation rate condition, the increase in void sizes allows the charges
to reach very high values. The 3mm and 4mm void size for the PD repetition rate shows the
highest number of PDs. Table 4 shows the number of PDs, total charge values, and maximum
charge values for each void radius simulation per cycle. The results show that all the parameters
increase in value when the void radius increases. As the radius of the void increases, the
effective discharge area and the number of charged particles in the discharge channel grow,
leading to a higher discharge quantity and increased discharge repetition rate.

Table 4. Evaluation of PD parameters

Void radius Average PD repetition Average PD charges Maximum PD charge
[mm] rate per cycle value per cycle [pC] [pC]
1 13.2 1.3416x103 5.763x10°
2 16.8 2.7851x10° 4.9488x10°
3 18.2 3.93x10° 1.1040x107
4 20.8 6.0024x103 1.13862x10’
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Figure 6. Charge vs phase and PD repetition rate for different void sizes
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3.3. Comparison of Electrical Charges and Repetition Rate between AC-PD and DC-PD
+ AC harmonics

After evaluating the simulation characteristics of DC-PD with AC harmonics, the PD
behavior between this simulation and the AC-PD simulation is compared to see the differences
between these configurations. The void radius is kept constant at 4mm for these comparisons.
Fig. 7 displays the PD charges values and repetition rate graph between AC-PD and DC-PD +
AC harmonics.

Comparing Fig. 7(a) and Fig. 7(c), the simulations of AC-PD contain a higher range of
charge compared to DC-PD + AC harmonics. The comparison of PD repetition rate in Fig. 7(b)
and Fig. 7(d) is also significant, where the number of PDs can reach up to 70 counts in AC-
PD, while for DC-PD + AC harmonics, it can only reach up to 19 counts. AC-PD possesses a
significantly higher average PD repetition rate per cycle than the other simulations. Table 5
shows the recorded PD parameters for the two simulations. This observation might be related
to the difference in the input voltages shown in Fig. 5. It can be seen from the figure that
amplitudes are different despite the almost similar peak value, indicating a difference in the
magnitude of the voltage. AC's input voltage is higher than the DC+AC harmonics, suggesting
a higher electric field in the case of AC-PD. However, the average and maximum PD charges
in the DC-PD+AC harmonics simulation are not that different from those in the AC-PD
simulation. Even though the number of PDs is lower in DC-PD compared to AC-PD, the AC
harmonic component of the combined voltage can cause higher PD charge values due to the
increase in electric field when the AC values change alternately.
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Table 5. Results evaluation of PD parameters between AC-PD and DC-PD with AC

harmonics
Simulation tvpe Average PD repetition Average PD charges Maximum PD
yp rate per cycle value per cycle [pC] charge [pC]
AC-PD 78.8 3.1083x10° 1.4345%107
DC-PD + AC harmonics 19.2 1.8881x10° 9.6837x10°

4. CONCLUSION

PDs are temporary electrical connections that occur between the surface of the insulator
and the conductor in high electric fields and voltage systems. Monitoring the condition of the
insulator is vital to recognizing the defects. Compared to AC-PD testing, monitoring PD under
DC power is not well-developed. Thus, research and study are conducted to unveil new
methodologies to improve the monitoring of DC-PD. For simulation, FEA modelling is
discovered as one of the methods to model the PD behavior using conditions such as electric
field inception, electron generation rate, and the availability of electrons.

The simulation of DC-PD with AC harmonic disturbance has been conducted under
different void sizes. The electric field at the void origin is plotted, and the results show that the
values change in accordance with the electric field PD inception and extinction conditions at
each void size. The inception voltage decreases by approximately 65% with the increase in the
radius from Imm to 4mm. After that, the evaluation of PD charges and repetition rate is
recorded. As the void size increases, the charge values and number of PDs also increase, with
the maximum charge PD charge increasing by 95% and the average PD repetition rate per cycle
increasing by 58%.

A comparison of AC-PD and DC-PD with AC harmonic is performed to view the
performance of the testing PDs in these two simulations. It is concluded that AC-PD shows
higher values compared to the DC-PD + AC harmonic simulation, where the repetition rate for
DC-PD with AC harmonics is approximately 75% lower than that of AC-PD, indicating fewer
PD events in the case of DC-PD with AC harmonics.

The simulation of DC-PD with AC harmonics across all simulations provides promising
results for observing PDs. At the very least, PDs appear in DC-PD + AC harmonic simulation
because the number of PD occurrences is very low in pure DC-PD testing. To conclude, the
simulation is successful as the occurrence of PDs is obtained through the combination of DC
voltage + AC harmonic disturbance. The simulation provides valuable insights and guidance
for developing DC-PD testing and monitoring techniques for assessing the condition of
insulating materials. Further research under varying environmental conditions, such as
temperature fluctuations and thermal stress, can enhance the application of these methods.
Additionally, the DC-PD behavior of various materials used in HVDC facilities, including
emerging insulator materials like High-Performance Thermoplastic Elastomer (HPTE), should
be further explored. This will help further expand the applicability and understanding of DC-
PD behavior in insulating materials.
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