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Abstract: Epoxy insulators are widely used in Gas-Insulated Transmission Lines (GILs), playing
a significant role in electrical insulation and mechanical support. The metal particles generated
during the production and operation of the equipment aggravate surface charge accumulation on the
insulator, causing surface flashover. Therefore, it is necessary to study the suppression strategy of
charge accumulation. In this paper, a downsized disc insulator was taken as the research object to
investigate the effect of zoning coating on charge suppression with the presence of a linear aluminum
metal particle under negative DC voltage. The zoning coating method was achieved by painting
coatings with different conductivities in three areas on the insulator surface to regulate the charge. The
inhibition mechanism of zoning coating on the charge accumulation in the presence of a linear metal
particle was analyzed with the assistance of numerical simulation. The results showed that negative
charges were accumulated in the nonplanar region as there was no metal particle, and the existence
of metal particles led to the significant accumulation of positive charge speckles in the nonplanar
region. The application of zoning coating could significantly inhibit the charge accumulation in the
nonplanar area of the insulator and the charge injection from the grounded electrode to reduce the
charge density. Under −25 kV, the maximum charge density on the insulator with the zoning coating
was 48.1% lower than that without the coating, and the inhibition effect increased by 57.9% when the
metal particle was introduced. This paper provides a new way to suppress the charge accumulation
on the insulator surface.

Keywords: GIL; surface charge accumulation; metal particle; zoning coating

1. Introduction

Traditional overhead lines, power cables, and other electrical equipment can be re-
placed by Gas-Insulated Transmission Lines (GILs). They are suitable for long-distance
and high-capacity transmission and have great application potential [1]. Epoxy insulators
are widely used in GILs. However, after a long time under a DC electric field, the free
charge will be accumulated on the insulator surface. At present, it is generally believed
that the surface charge is one of the important reasons to reduce the gas–solid interface
insulation performance of the insulator. The electric field at the gas–solid interface will
be distorted by the accumulated surface charge, which will cause surface flashover [2].
Therefore, it is necessary to study the charge accumulation mechanism in depth, and find
effective strategies to inhibit the charge accumulation on the insulator.

Over the years, a large number of studies have been carried out to reveal the possible
factors leading to charge accumulation, among which metal particles have been highly
associated. During the production, transportation, installation, and long-term operation of
equipment, metal particles are produced [3]. The particles near the insulator will not only
directly distort the electric field on the insulator surface but also aggravate the accumulation
of surface charges and cause serious harm to the electrical performance of insulators [4].
Linear metal particles have a more serious impact on the surface charge accumulation than
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metal particles of other shapes [5,6]. Due to the high electric field at the end of linear metal
particles, micro-discharge is likely to occur and generate free charges. The charges are
accumulated on the insulator surface under the application of the electric field. Gao, Y. et al.
have studied the influence of bouncing linear metal particles on the charge accumulation
of an epoxy insulator under DC voltage [7]. It has been pointed out that there are two
main motion modes of the bouncing particle and the impact of a charged particle hitting
the edge of the electrode on the charge accumulation is more significant than other modes.
Wang, Z.Y. et al. studied the surface charge accumulation influenced by the adhering
attitude of metal particles [8]. The study showed that the metal particles adhered to the
insulator surface would cause a surge of surface charges, and the charge accumulation
caused by the adhesion of metal particles along with the HV and grounded electrode was
the most obvious. Li, B.T. et al. explored the influence of the length of the metal particle
on the charge accumulation of the post insulator [9], where the lengths of the particle
were 5, 10, and 15 mm respectively. It was revealed that an increase in the length could
lead to obvious charge accumulation. As the length increased to 15 mm, negative charges
were accumulated on the end of the particle. Cheng, H. et al. studied the surface charge
distribution and electric field force of linear metal particle under DC voltage [10], and the
effect of the electrode coating on the lift force of linear particles was discussed. It was
shown that electrode coating could inhibit the charge accumulation by suppressing the
initiation of particles.

Insulator surface treatment is one of the common methods to inhibit charge accumula-
tion. In addition, surface coating can reduce the charge density by adjusting the surface
conductivity of the insulator [11,12]. Gao, Y. et al. studied the effect of different contents
of graphene oxide (GO) on the charge suppression performance of an epoxy/silicon car-
bide (SiC) coating [13]. Their conclusion showed that the epoxy/SiC coating had the best
inhibition effect on the charge accumulation as the content of GO was 0.1 wt%. Deng,
J.B. et al. discussed the charge accumulation on alumina-filled epoxy insulators covered
with epoxy/SiC coating with different contents [14]. It was observed that the flashover
voltage could increase when the content of SiC was 10 wt% to 20 wt%. However, if the
content exceeded 50 wt%, the flashover voltage decreased due to the increase in surface
leakage current. Du, B.X. et al. studied the surface flashover phenomenon by magnetron
sputtering zinc oxide (ZnO) on the surface of the insulator to form a gradient coating with
different surface conductivities [15]. It was shown that the surface flashover voltage of the
coated insulator was improved. At present, scholars have preliminarily accepted the use
of coatings doped with nanoparticles to adjust the charge distribution. However, most of
them utilized a single type of coating, which may be not suitable for an insulator with a
complex surface profile. In order to optimize the electric field distribution on the insulator
surface, it is necessary to formulate the corresponding coating scheme for the specific shape
of an insulator.

In this paper, a disc insulator and coaxial electrode system were designed. The charge
accumulation behaviors of the insulator were studied and a zoning coating method to
inhibit the charge accumulation on the insulator was proposed. The effect of zoning coating
on the charge accumulation of the insulator with and without the metal particle under
negative DC voltage was analyzed. The results showed that negative charges were mainly
accumulated in the nonplanar region. As the metal particle adhered to the grounded
electrode, positive charge speckles were accumulated in the nonplanar region. Zoning
coating could significantly inhibit the charge accumulation and optimize the electric field
distribution of the insulator surface.

2. Test Setup and Procedures
2.1. Test Insulator and Electrode Arrangement

The downsized disc insulator used in this paper was provided by Taikai Group Co.,
Ltd., Shandong, China. The insulator was cast by using epoxy and Al2O3 particles with
a mass ratio of 1:3; the average size of the Al2O3 was 12–13 µm and its top view and
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side view are shown in Figure 1. In order to simulate the electric field distribution in
a GIL, a coaxial electrode system was designed. The electrode system included an HV
electrode and a grounded electrode. The HV electrode consisted of two parts; the upper
part was used to connect the HV power supply, and its lower surface was in contact with
the central electrode of the insulator. The field distribution was consistent with that in the
real GIL, which was confirmed in our previous works [16,17]. The detailed dimensions of
the insulator and electrode are shown in Figure 2. The area in line 1 is referred to as the
planar region, and the rest is called the nonplanar region. The test insulator, along with
the coaxial electrode, was placed in an enclosed test chamber in which the surface charge
accumulation test was carried out.
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Figure 2. Insulator profile and electrode size.

2.2. Experimental Platform Arrangement

Before the experimental measurement, the test insulator was dried at 60 ◦C for 12 h to
remove the moisture absorbed and was wiped on the surface with absolute ethanol. Then
the potential of the sample was measured to ensure that there were no residual charges
on the surface. In order to analyze the effect of gas ionization on the charge accumulation
conveniently, the experiment was performed in air [16]. During the experiment, the
chamber was sealed and the relative humidity in the chamber was controlled at 10 ± 2%.
DC voltages of −15, −20, and −25 kV were applied and the insulator was charged for
1 h. Then, the HV power supply was disconnected, and the insulator surface was scanned
with a Kelvin-type probe (3455ET) equipped with an electrostatic voltmeter (P0865). The
probe was located 5 mm above the sample surface and was kept perpendicular to the
surface during the measurement. In total, 648 potential data sets were sampled on the
upper surface. The charge density was obtained by an inversion calculation [18,19].
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2.3. Preparation of Coatings with Different Conductivities

In this paper, the epoxy coating was based on the bisphenol-A epoxy resin (511#),
which was produced by MACKLIN. The epoxy was a viscous liquid and the viscosity
was 9000~14,000 MPa·s at 25 ◦C. The epoxy value was 0.48~0.54 mol/100 g. The curing
agent was low-molecular-weight polyamide (651#), which was produced by MACKLIN.
It was a brownish-yellow liquid and the viscosity was 2000~7000 MPa·s at 40 ◦C. The
amine value of the polyamide was 380~420 mgKOH/g. The zoning coating method
requires coating with different conductivities coated in different areas. In order to prepare
coatings with different conductivities, different nanoparticles were added into the epoxy
matrix. A high-conductivity coating was obtained by adding 4~20 nm graphene (GR) into
epoxy. A low-conductivity coating was obtained by adding 30 nm Al2O3 into epoxy. A
nonlinear conductivity coating was obtained by adding 40 nm SiC as filler. The epoxy-based
nanocomposite coatings were prepared by the following procedure. The three kinds of
nano particles were dried in a drying chamber at 100 ◦C for 12 h to remove the moisture.
Then they were poured into the liquid epoxy according to the mass ratio. The mixture
was put into the magnetic stirrer and ultrasonic cleaner for 1 h in each. The hardener
was poured into the mixture with a mass ratio of 30:100 and the composite was treated
under vacuum to evacuate the air. Finally, the treated coating was uniformly coated on the
insulator surface and heated in the heating chamber at 70 ◦C for 3 h then 120 ◦C for 3 h to
obtain the epoxy nanocomposite coatings. The reference sample was epoxy resin doped
with micron-alumina fillers made by Taikai Group Co., Ltd., Shandong, China, which was
made of the same material as the disc insulator used in the experiment.

3. Results and Discussion
3.1. Behavior of the Charge Accumulation on the Insulator without Zoning Coating

The charge distribution of the insulator without zoning coating under −15, −20, and
−25 kV is shown in Figure 3. The top view of the typical surface charge distribution
is given. The inside of the dotted circle represents the nonplanar area, and the outside
represents the planar area. In addition, the black triangle represents the maximum value of
the charge density and the white triangle represents the minimum value. It is observed that
positive charges with low charge density mainly accumulated in the planar region near the
grounded electrode. With the increase in DC voltage from −15 to −25 kV, the maximum
positive charge densities increased from 1.6 to 2.3 pC/mm2, which may have been caused
by charge injection of the grounded electrode or micro-discharge [20]. However, the
negative charges were mainly accumulated in the nonplanar area due to the injection by
the HV electrode. With the increase in the DC voltage, the maximum negative charge
densities showed a growing trend. The maximum values were −3.3 pC/mm2 under
−15 kV, −5.1 pC/mm2 under −20 kV, and −8.1 pC/mm2 under −25 kV.

According to the experimental results, it is shown that negative charges were mainly
accumulated in the nonplanar region whereas positive charges were deposited near the
grounded electrode. Under the negative voltage, there was a strong normal component of
the electric field in the nonplanar area, and the direction pointed to the insulator from the
gas. Therefore, the negative charges injected by the insulator bulk and HV electrode were
transported to the nonplanar region of the insulator surface under the electric field [16,17].
There was a strong tangential component of the electric field in the planar region. The direction
pointed to the central conductor from the grounded electrode. Therefore, the positive charges
injected by the grounded electrode were deposited near the grounded electrode.
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3.2. Behaviors of the Charge Accumulation on the Insulator with Zoning Coating

In this paper, a zoning coating strategy to inhibit charge accumulation is proposed.
As shown in Figure 4, the insulator surface is divided into three areas, i.e., A, B, and
C, where area A is in the nonplanar region and areas B and C are in the planar region.
The high conductivity coating is painted in area A to accelerate the dissipation of the
charges accumulated in the nonplanar area. The low conductivity coating is deposited
in area C to inhibit the charge injection from the grounded electrode. The coating with
nonlinear conductivity in area B plays a transition role between area A and area C. When
the electric field increases, the conductivity of the coating in area B increases to accelerate
the dissipation of the charges in area A.
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Table 1 presents the surface and bulk conductivities of different coatings. As shown in
Table 1, the surface conductivity of the sample with added 3 wt% Al2O3 is 1.27 × 10−19 S
which is lower than the 1.3 × 10−18 S of the reference sample. The surface conductivity
of the sample with added 3 wt% GR is 3.98 × 10−17 S which is higher than that of the
reference sample. As shown in Figure 5, the conductivity of the sample with added SiC
is a little higher than that of the reference sample. With the increase in the electric field,
the conductivity of the sample begins to increase significantly when it reaches a certain
value, showing the nonlinear conductivity characteristic. With the increase in the content
of SiC, the electric field required for the nonlinear conductivity characteristic of the sample
decreases. As the content of SiC increases to 10 wt% and 15 wt%, the epoxy/SiC coating
presents the nonlinear conductivity characteristic under the high electric fields of both
5 kV/mm and 3 kV/mm. Nonlinear conductivity is a characteristic of SiC itself, so when
the electric field increases to a certain value, the surface conductivity will increase with the
field, just like the bulk conductivity. Therefore, the strategy of zoning coating is to apply
a high-conductivity coating with 3 wt% GR in area A to promote charge dissipation, a
nonlinear-conductivity coating with 15 wt% SiC in area B as a transition between areas A
and C, and a low-conductivity coating with 3 wt% Al2O3 in area C to inhibit the charges
injected by the grounded electrode.

Table 1. Conductivity of different samples.

Sample Bulk Conductivity (S/m) Surface Conductivity (S)

Reference 2.3 × 10−15 1.3 × 10−18

Al2O3-1 wt% 4.04 × 10−15 9.35 × 10−19

Al2O3-3 wt% 4.94 × 10−15 1.27 × 10−19

GR-1 wt% 5.18 × 10−15 3.95 × 10−18
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The typical distributions of surface charge on the insulator with zoning coating under
−15, −20, and −25 kV are shown in Figure 6. Compared with the charge distributions of
the uncoated insulator shown in Figure 3, the maximum positive charge densities were 0.9,
0.6, and 2.0 pC/mm2, respectively, which decreased by 43.8%, 70.0%, and 13.0% compared
with those of the uncoated insulator. In addition, the negative charges were also obviously
suppressed. Under−15 kV, the maximum negative charge density was−1.8 pC/mm2, which
was a decrease of 45.5% compared with that of the uncoated insulator. The maximum negative
charge densities were−2.7 and−4.2 pC/mm2 under−20 kV and−25 kV, respectively, which
were decreases of 47.1% and 48.1%. It is shown that both positive and negative charge
accumulations are noticeably inhibited by the zoning coating.
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Figure 6. Typical charge distribution on insulator with zoning coating under different voltages.
(a) Typical charge distribution under −15 kV; (b) Typical charge distribution under −20 kV; (c) Typical
charge distribution under −25 kV.

In order to facilitate the analysis of the distribution of the charge along the insulator
radius, Figure 7 shows the radial distribution curve of the average charge density on the
insulator surface with and without zoning coating, in which the data point of each curve is
the average charge density on the circumference of the radial sampling point. A curve with
single-peak superposed fluctuation behavior in the nonplanar area can be observed. As the
voltage increases, the peak value of the charge density increases and the maximum value
occurs in the nonplanar area at the radial length of about 25 mm from the central conductor
of the insulator.
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The influence of the negative charges is more significant than the positive ones because
the maximum value of the negative charge density is larger than that of the positive charge
density. Thus, more attention is attached to the negative charges. Negative charges
accumulated in the nonplanar area gradually increase with the increase in voltage. The
peak values of the average charge density on the surface of the insulator without coating
under −15, −20, and −25 kV are −1.7, −4.8, and −7.3 pC/mm2, respectively. After the
application of the zoning coating, the average charge densities are significantly suppressed;
these are −0.8, −2.5, and −4.4 pC/mm2, respectively. The effects of the charge suppression
are 52.9%, 47.9%, and 39.7%. From this 2D profile of charge accumulation, it is proved
again that the zoning coating is effective on charge accumulation suppression.

3.3. Behaviors of the Charge Accumulation on the Insulator with Metal Particle

When metal particles are in the equipment, especially near the insulator, the zoning
coating can still inhibit the charge accumulation. In order to study the inhibition effect of
zoning coating on the charge accumulation in the presence of a strong discharge source,
a linear aluminum metal particle with a diameter of 0.5 mm and a length of 10 mm was
employed. As the metal particle is contacted with the grounded electrode, the charge
accumulation is more significant than those with particles adhering to other areas [16]. In
order to simulate the worst case, the metal particle was adhered to and stretched out from
the edge of the grounded electrode for 5 mm, as shown in Figure 8.

Energies 2022, 15, x FOR PEER REVIEW 8 of 13 
 

 

The influence of the negative charges is more significant than the positive ones be-
cause the maximum value of the negative charge density is larger than that of the positive 
charge density. Thus, more attention is attached to the negative charges. Negative charges 
accumulated in the nonplanar area gradually increase with the increase in voltage. The 
peak values of the average charge density on the surface of the insulator without coating 
under −15, −20, and −25 kV are −1.7, −4.8, and −7.3 pC/mm2, respectively. After the appli-
cation of the zoning coating, the average charge densities are significantly suppressed; 
these are −0.8, −2.5, and −4.4 pC/mm2, respectively. The effects of the charge suppression 
are 52.9%, 47.9%, and 39.7%. From this 2D profile of charge accumulation, it is proved 
again that the zoning coating is effective on charge accumulation suppression. 

3.3. Behaviors of the Charge Accumulation on the Insulator with Metal Particle 
When metal particles are in the equipment, especially near the insulator, the zoning 

coating can still inhibit the charge accumulation. In order to study the inhibition effect of 
zoning coating on the charge accumulation in the presence of a strong discharge source, 
a linear aluminum metal particle with a diameter of 0.5 mm and a length of 10 mm was 
employed. As the metal particle is contacted with the grounded electrode, the charge ac-
cumulation is more significant than those with particles adhering to other areas [16]. In 
order to simulate the worst case, the metal particle was adhered to and stretched out from 
the edge of the grounded electrode for 5 mm, as shown in Figure 8. 

 
Figure 8. Schematic diagram of metal particle placement. 

With the metal particle adhered to the grounded electrode, the typical distribution of 
the charge accumulation on the uncoated insulator is shown in Figure 9. A positive charge 
speckle with a maximum charge density of 8.3 pC/mm2 is formed in the nonplanar region 
under −15 kV. A larger charge speckle is observed under −20 kV. With the increase in 
voltage, the area of the positive charge speckle is further enlarged. The maximum charge 
density in the area covered by the positive charge speckle increases from 12.0 pC/mm2 
under −20 kV to 19.7 pC/mm2 under −25 kV. 

Figure 8. Schematic diagram of metal particle placement.

With the metal particle adhered to the grounded electrode, the typical distribution of
the charge accumulation on the uncoated insulator is shown in Figure 9. A positive charge
speckle with a maximum charge density of 8.3 pC/mm2 is formed in the nonplanar region
under−15 kV. A larger charge speckle is observed under−20 kV. With the increase in voltage,
the area of the positive charge speckle is further enlarged. The maximum charge density in
the area covered by the positive charge speckle increases from 12.0 pC/mm2 under −20 kV to
19.7 pC/mm2 under −25 kV.

The typical charge distributions of the insulator with zoning coating with the presence of
the metal particle under−15,−20, and−25 kV are shown in Figure 10. Unlike the distribution of
surface charges on the insulator without the metal particle in Figure 3, a positive charge speckle
appears in the nonplanar region. This is because metal particles can distort the surrounding
electric field and induce gas ionization. The ionized positive charges move to the insulator
surface and negative charges move to the grounded electrode under the action of the electric
field. Therefore, a positive charge speckle is formed in the nonplanar region near the metal
particle. The area covered by the charge speckle of the insulator with zoning coating is smaller
than that of the uncoated insulator under the same voltage. Under −15, −20, and −25 kV, the
maximum positive charge densities of the insulator surface with zoning coating are 2.6, 4.8, and
8.3 pC/mm2, respectively. Compared with Figure 9, the effects of the charge suppression are
68.7%, 60.0%, and 57.9%, which are even better than that without metal particles.
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Figure 9. Typical charge distribution on the insulator without zoning coating with the metal particle
under different voltages. (a) Typical charge distribution under−15 kV; (b) Typical charge distribution
under −20 kV; (c) Typical charge distribution under −25 kV.
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under different voltages. (a) Typical charge distribution under−15 kV; (b) Typical charge distribution
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4. Inhibition Mechanism of Zoning Coating on Surface Charge Accumulation

It has been reported that the charge density on the insulator is determined by bulk,
gas, and surface conduction [20]. It can be considered that the accumulation of surface
charge is the result of the superposition of these three kinds of conductions. The method of
calculating these three conduction current densities is given by [21],

JV =
∂D
∂t

+ γvEbn (1)

JG =
∂D
∂t

+ e(µ+n+ + µ−n−)Egn − e∇(D+n+ − D−n−) (2)

JS = ∇ · (Etγs) (3)

where JV, JG, and JS are the current densities through bulk, gas, and surface, respectively. e is
the elementary charge. D is the electric flux density. Ebn and Egn are the normal electric fields
in insulator bulk and gas. Et is the tangential electric field along the insulator surface. γv and
γs are the volume and the surface conductivities. µ+, µ− and D+, D− are the mobility and the
diffusion coefficient of positive and negative ions, respectively. n+ and n− are positive and
negative charge carrier densities. The charge density σ can be described as follows [22,23],

∂σ

∂t
= JV − JG − JS (4)

When the negative voltage is applied to the HV electrode, the direction of the elec-
tric field is from gas to the insulator. In the nonplanar region, there is a strong normal
component of the electric field, and the direction points to the insulator from the gas. The
negative charges in the insulator tend to migrate from the bulk to the surface. In addition,
the positive charges in the gas tend to move to the insulator surface. As there is no ob-
vious discharge source in the gas without the presence of the metal particle, the ion pair
generation rate in the gas is low so the gas conduction is weak. The bulk conduction is
dominant in the process of charge accumulation so negative charges are accumulated in
the nonplanar region. In the planar region, there is a strong tangential component of the
electric field, and the direction points to the central conductor from the grounded electrode.
Therefore, the positive charges injected by the grounded electrode are deposited in the
planar region near the grounded electrode.

With the presence of the zoning coating, there is no change in the bulk and gas con-
ductions but the surface conduction is changed. Surface conductivity plays a major role in
the dissipation of the surface charge because the coating is quite thin. In area A, the surface
conductivity increases from 1.3 × 10−18 S to 3.98 × 10−17 S after the insulator is coated by
epoxy/GR coating. The coating with high insulator conductivity promotes the dissipation
of the surface charge. Therefore, the charges accumulated in the nonplanar area are reduced
and the charge accumulation is effectively restrained. In area C, in order to reduce the
charges injected by the grounded electrode, the low-conductivity coating consisting of
epoxy and Al2O3 is applied. As the surface conductivity decreases to 1.27 × 10−19 S, the
charge transportation caused by the tangential electric field is suppressed. In area B, an
epoxy/SiC coating with nonlinear conductivity is used as a transition between areas A and
C. The conductivity of the epoxy/SiC mixture will increase with the increase in the electric
field strength and the effect of accelerating charge dissipation is more obvious.

When the metal particle is adhered to the grounded electrode, due to the small radius
of curvature of the tip of the metal particle, the gas is prone to ionize under a strong
electric field, producing a large number of positive and negative ions. The gas conduction
is dominant in the process of charge accumulation. Because the direction of the electric
field is from the ground electrode to the central conductor under negative voltage, the
positive charge is transported to the nonplanar area, and the negative charge is absorbed
by the grounded electrode. Due to the strong normal component of the electric field in the
nonplanar area, a large number of positive charges are accumulated in the nonplanar area
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of the insulator to form the positive charge speckle. The dynamic diagram of the charge
on the insulator surface under the zoning coating is shown in Figure 11, in which the blue
line is the electric field line, and the linear metal particles are represented by black line
segments. As the insulator surface is coated with zoning coating, positive charges are more
easily able to migrate in the nonplanar region and are accumulated with lower density
because of the coating with high conductivity; they are then neutralized by the negative
charges transported from the insulator bulk. Therefore, the area covered by the positive
charge speckle and the maximum charge density of the insulator with zoning coating is
smaller than that of the uncoated insulator under the same voltage.
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Figure 11. Schematic diagram of surface charge accumulation with metal particle adhered to the
grounded electrode under negative voltage.

5. Conclusions

In this paper, the downsized insulator is taken as the research object, the charge
accumulation behaviors on the insulator surface under negative DC voltage are studied, and
a zoning coating strategy to suppress the charge accumulation is proposed. The influence
of metal particle on surface charge distribution with the zoning coating is discussed. The
main conclusions are summarized as follows:

1. When the negative voltage is applied to the HV electrode, negative charges are
mainly accumulated in the nonplanar region of the insulator surface. In addition, positive
charges are accumulated near the grounded electrode. The charge density profile along
the radial direction shows a single-peak distribution feature. The peak value of the charge
density increases and the maximum value occurs in the nonplanar area at the radial length
of about 25 mm from the central conductor of the insulator.

2. With the presence of the metal particle, an extra charge speckle is formed in the
nonplanar region. The gas conduction dominates the charge accumulation process. The
maximum charge density of positive charges increases with the increase in applied voltage.

3. The zoning coating, which is achieved by coating region A with a high-conductivity
material, region C with a low-conductivity material, and region B with a nonlinear-
conductivity material, can inhibit the accumulation of charge with and without the presence
of the metal particle. The maximum charge densities are reduced by the coating. The in-
hibition effect of the charge accumulation with the presence of the metal particle is better
than that without the presence of the metal particle.
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In summary, it is found that zoning coating can effectively inhibit the charge accu-
mulation on the insulator surface, especially in the presence of the metal particle. Such a
finding will be helpful for the design and the safe operation of the insulator in DC GILs.
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