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Abstract: As DC transmission voltage increases, the DC wall bushing becomes longer, and a
supporting insulator is introduced to keep the conductor straight. Under extremely high electric
fields coupled with a thermal gradient, the surface charge of the supporting insulator may distort the
field distribution and increase the risk of flashover. In this paper, surface potentials of three model
epoxy resin composites were systematically investigated under varied voltage amplitudes, different
voltage polarities and electric field distributions. The bulk and surface resistivity of the epoxy resin
composites over a broad temperature range were measured to reveal the correlations between surface
charge and such basic electrical parameters. The results indicate that the normal-dominated electric
field plays the major role in charge accumulation. The processes of surface charge accumulation and
dissipation are more closely related to the surface resistivity. As a result, the surface charge properties
can be improved by optimizing the electrode structure and resistivity of the epoxy resin composites.

Keywords: charge accumulation; surface potential; surface resistivity; normal-dominated electric field

1. Introduction

With the increased demand of power loads, large-capacity power transmission over
long distances has developed rapidly in recent years [1,2]. In the meantime, with advances
in technology, DC transmission is getting more and more attention from researchers and
engineers. Especially when the transmission distance is greater than the economic distance,
DC transmission shows a clear advantage in the economical way [2]. However, the higher
DC voltage imparts longer DC wall bushings. A ±800 kV DC wall bushing with a length
of 21 m is shown in Figure 1. For DC ± 1100 kV ultrahigh voltage transmission projects in
China, the length of a bushing reaches up to 30 m [3]. Therefore, a supporting insulator is
needed to keep the conductor straight and consequently makes the field distribution inside
the bushing more uniform. Meanwhile, charge can accumulate on the insulator surface for
long-term operation under the DC electric field [3–8]. The electric field generated by the
surface charge can distort the initial field and possibly increase the risks of partial discharge
or flashover [9,10].

Many researchers from all over the world study the charge properties on the dielectric
surface. It is reported that ion pairs generated in gas are the major source of charge
accumulation on the insulator surface [9]. Cone-shaped insulators made of Al2O3-filled
epoxy resin composites have been used to investigate the surface charge properties [4,5,10]
and demonstrate the distortion of electric field distribution and the process of surface
flashover [4]. Apart from the bulk effect of insulating materials, surface modification is
utilized to generate more surface traps and suppress the charge accumulation [5,10–20].

Energies 2021, 14, 370. https://doi.org/10.3390/en14020370 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en14020370
https://doi.org/10.3390/en14020370
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14020370
https://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/14/2/370?type=check_update&version=2


Energies 2021, 14, 370 2 of 12

In addition to the material properties, the influence of voltage type on charge accumulation
is also considered [11]. However, in terms of a cylinder-shaped supporting insulator,
the influence of surface electric field direction on surface charge accumulation has not been
reported [21–24], but this is beneficial to the further optimization of electrode structure.
The surface charge accumulation and dissipation are not yet correlated to the bulk or
surface resistivity, which are key factors for modifying the formula of insulator materials.
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Figure 1. Image of the setup of a ±800 kV DC wall bushing.

In this paper, the sample and experimental setups are introduced first. A system
was designed to apply a normal-dominated electric field and a tangential electric field,
respectively. Then, the test results are shown and analyzed. Bulk and surface resistivity of
three model epoxy resin samples were measured over a broad temperature range. Then,
surface potential distribution was measured under different voltage amplitudes, voltage
polarities and electric field distribution. In addition, charge accumulation under different
temperatures was analyzed to better reveal the relation between saturated surface potential
and surface resistivity. Finally, the major approach of charge accumulation and dissipation
was demonstrated. Several possible modifications for the optimization of the supporting
insulator are proposed according to the results.

2. Experimental Setup
2.1. Model Epoxy Resin Composites

The samples used in this paper were flakes with a diameter of 100 mm and a thickness
of 1 mm provided by Pinggao Group Co. LTD (Pingdingshan, China). They were made by
pouring epoxy resin and Al2O3 composites with three different loadings of Al2O3. Basic
properties of the samples are listed in Table 1. It should be noted that the formulas used in
this paper were similar to the formulas used in the actual supporting insulator of the UHV
DC bushing of a ±1100 project under construction in China.

When the DC bushing is under operation, the internal temperature would be notably
higher than the room temperature due to the thermal effect caused by the current. The in-
crease in temperature could have an influence on the bulk resistivity and surface resistivity
of the insulation material and, thus, make a difference on the charge accumulation and
dissipation process. The lowest glass transition temperature among the three formulas
was 115 ◦C, so the highest temperature investigated in this paper was 110 ◦C. The bulk
resistivity and surface resistivity were measured according to IEC Standard 90093 [12].
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Table 1. Basic properties of samples with different formulas.

Sample Density
(g/cm3)

Tensile
Strength

(MPa)

Bending
Strength

(MPa)

Relative
Permittivity

Dielectric
Loss (%)

Breakdown
Strength
(kV/mm)

Temperature of
Glass Transition

(◦C)

Formula 1 2.28 80 137 5.2 0.25 33 144
Formula 2 2.19 76 134 5.0 0.24 32 141
Formula 3 2.25 70 132 5.0 0.25 30 118

2.2. Measurement Setup

The surface potential distribution was measured using an active electrostatic probe
connected to the TREK-347 electrometer (Trek, Lockport, USA). The voltage range was
0–3.3 kV, and the accuracy was 1 V. The response time was 3 ms, and the spatial resolution
was less than 1 mm.

Figure 2 shows the testing system designed for measuring the surface potential.
A transparent PMMA (polymethyl methacrylate) open box (300 × 300 × 200 mm) was
made with a metal base plate (diameter = 150 mm) on the subface that could be connected
to the ground. The probe that connected to the electrometer was fixed to the guide rail
and kept vertical to the plate. The gap between the probe and sample was set at 2 mm.
The measuring error can be limited within 2% when the gap distance is no more than 3 mm,
beyond which the measuring error becomes dramatically higher [13]. The gap distance of
not less than 2 mm could effectively avoid discharges between the sample surface and the
probe [14]. The rail was marked with a scale, the measuring accuracy of which was 1 mm,
adjusted continuously by rotary knobs. In this way, the probe could cover the whole area
of the sample with the assistance of the guide rail.
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Figure 2. Surface potential measurement setup: (a) schematic diagram; (b) photo of the system.

The maximum output of the DC voltage source for the surface charge accumulation
was ±60 kV, and the accuracy was 0.1 kV. Calorstat with an accuracy of 1 ◦C and a preser-
vation range from room temperature to 300 ◦C was selected to control testing conditions.
Amperemeter Keithley 6514 was used to measure the current from 1 fA to 20 mA with the
accuracy of 1 fA.

Two sets of different electrode configurations were developed to generate different
types of electric fields. The electrodes were first placed on the top of the box to apply
a DC electric field for a certain time. Then it was removed, and the measuring system
was placed there instead to conduct the measurement. Figure 3 shows the needle-plate
electrode designed to generate a normal-dominated electric field and the cylinder-annulus
electrode designed to generate a tangential-dominated electric field. Using Maxwell
Ansoft, the surface electric field distribution along the radial direction was demonstrated in
Figure 4, which was consistent with our expectations. Field strength results near the sample
surface were calculated according to finite element simulation and shown in Figure 5. Field
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strength under a tangential-dominated field is higher but is mainly concentrated in small
areas near the inner electrode. While field strength under a normal dominated electric field
decreases linearly along the radius.
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mm); (b) cylinder-annulus electrode designed for a tangential electric field (the inner electrode 
placed at the center was cylindrical with a diameter of 10 mm and height of 10 mm, the outer elec-
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electric field was applied by needle-plate or cylinder-annulus electrode for 10 min. After 
that, the electrode system was removed and the probe was set to perform the measurement. 

Figure 3. (a) Needle-plate electrode designed for a normal electric field (the length of the needle was
15 mm, the curvature radius of the tip was about 10 µm and the gap distance was kept at 50 mm);
(b) cylinder-annulus electrode designed for a tangential electric field (the inner electrode placed at
the center was cylindrical with a diameter of 10 mm and height of 10 mm, the outer electrode was
annulus with a height of 5 mm, external diameter of 110 mm and inner diameter of 100 mm, which
was the same as the size of the sample).
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The sample was put into the Calorstat three hours before the experiment. Then the DC
electric field was applied by needle-plate or cylinder-annulus electrode for 10 min. After
that, the electrode system was removed and the probe was set to perform the measurement.

3. Results and Discussion
3.1. Bulk and Surface Resistivity

Bulk and surface resistivity as a function of the temperature from 30 to 110 ◦C were
illustrated in Figure 6. The logarithm of bulk resistivity was negatively correlated to the
temperature linearly within the investigated temperature range. From room temperature
to 110 ◦C, the bulk resistivity was 20-fold lower. The temperature dependence of the bulk
resistivity revealed little difference among the three formulas, as shown by the fitting results
in Figure 6a (black for formula 1, red for formula 2 and blue for formula 3). Different from
the bulk resistivity, surface resistivity is related not only to the properties of the material
but also to the interfacial characteristics. In general, the surface resistivity is high for dry
and clean dielectrics. It becomes lower mainly because there is moisture or impurities
adsorbed on the surface [2]. Besides, the effect of surface trap distribution is an important
factor in surface electron migration [21]. As a result, with the increase of temperature,
the variation trend of surface resistivity was complicated. In general, it was larger at higher
temperatures.
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3.2. Surface Potential Distribution

First, DC voltages with different amplitudes and polarities under 30 ◦C were applied
to generate a normal-dominated electric field for 10 min. The electric field generated by
needle-plate electrode was quite asymmetrical, which means corona could easily happen
during the test. Therefore, we also measured the leakage current when voltage increased.
It was found that under negative voltage, when the voltage applied was less than 2.8 kV,
the current waveform showed an average value of no more than 0.1 µA. Next, after
the amplitude reached 2.8 kV, a pulse current occurred and the average value rose to
0.14 µA. Thereafter, with the increase in voltage, the number of pulses in the current
increased gradually and made the overall value a little higher. Finally, once it got to 4.8 kV,
the quantity and amplitude of pulses increased sharply. The average current value went up
to 1.22 µA, which was caused by the intense corona discharge. The waveform of discharge
under three typical voltages are shown in Figure 7.
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son could be attributed to the difference between negative charge (an electron) and posi-
tive charge (an atom that lost an electron). Discharge was more intense under negative 
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Figure 7. Corona current measures under the applied voltages of (a) −1.0 kV, (b) −2.8 kV and (c) −4.8 kV.

Surface potential distribution was measured and shown in Figure 8. It was found that
when positive/negative voltage was applied, there was only positive/negative surface
potential. Based on that, the surface potential under negative voltages was transformed into
an absolute value for a side-by-side comparison. It has to be noted that surface potential is
not proportional to the surface charge density [15]. That is, we could make a qualitative
judgement about surface charge accumulation with the surface potential distribution, but it
is not sufficient to derive the qualitative charge distribution directly.
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When ±2 kV or a lower voltage was applied, the corona current was very weak and
was unable to get much charge amassed on the surface to measure. When the voltage
amplitude reached 3 kV, the electric field was strong enough to ionize the air. Thereafter,
more charges accumulated on the surface, generating a higher potential. Furthermore,
the discharge process was dramatically enhanced under voltages above 5 kV.

There were more charges accumulated on the sample surface when negative voltage
was applied than compared to positive voltage with the same amplitude [25,26]. The reason
could be attributed to the difference between negative charge (an electron) and positive
charge (an atom that lost an electron). Discharge was more intense under negative voltages
because of the polar effect of corona. In addition, the absorption properties of different
charges were not the same. As a contrast, when a tangential-dominated electric field was
applied, the surface potential distribution along the radial direction was irregular, as shown
in Figure 9. The inner electrode was in contact with the sample, which was quite different
from the needle electrode mentioned above. There were charges of different polarities
existing since both positive and negative surface potential were detected. It could also
be found that the potential under negative voltages was a little higher than that under
positive voltages, which indicated there were more charges accumulated.

Energies 2021, 14, 370 7 of 11 
 

 

could also be found that the potential under negative voltages was a little higher than that 
under positive voltages, which indicated there were more charges accumulated. 

 
(a) (b) 

Figure 9. Surface potential distribution after exposed to a tangential-dominated DC electric field 
for 10 min at 30 °C of (a) Formula 1 under different voltages (surface potential under negative 
voltage was taken the opposite for the convenience of comparison); (b) Formulas 1–3 under differ-
ent voltages. 

There are two theories that interpret the influence of the electric field distribution on 
surface charge accumulation. One insists that the normal electric field plays a major role in 
the accumulation [22,23]. The other proposes that the tangential electric field determines the 
surface resistivity and, thus, shows a dominated effect on the accumulation [24]. The results 
in this paper demonstrate that the charge was more likely to accumulate under a normal 
electric field because a similar potential was measured under much lower field strength. 
Therefore, the dependence of resistivity on the accumulation and dissipation processes 
would be investigated under a normal-dominated electric field in the following parts. 

There are several possible sources of surface charge. The first is a partial discharge 
like corona, which happens if the field distribution is not uniform. A charge with the same 
polarity as the voltage applied is generated in this way. The second is field emission. The 
field strength for field emission of a cathode is about 109 V/m. However, when there is a 
micro burr on the electrode surface, the emission field strength could reduce to 107 V/m. 
Only electrons, i.e., negative charges, can be emitted. The third source is dielectric polari-
zation. Under the force of the electric field, the charges inside the dielectric move direc-
tionally, and a layer of bound charge is formed on the material surface. In this paper, the 
polarity of the charge that accumulated on the upper surface by polarization was opposite 
from the voltage applied. Furthermore, if there are metal microparticles on the surface of 
an electrode or a sample, the local field could be distorted, resulting in a partial discharge. 
Therefore, the sample and electrode were carefully wiped with ethanol before the test to 
avoid metal particles. 

After considering the test conditions in this paper, partial discharge and polarization 
contributed most to the surface charge. Since the charge polarities from these two sources 
were opposite, when the normal-dominated electric field was applied, partial discharge 
was clearly the major way. 

3.3. Temperature Dependence of Surface Charge Accumulation 
It was confirmed that the shapes of potential distribution curves under a normal-

dominated electric field at different voltages for three formulas were the same as shown 
in Figure 8. Thereafter, if the polarity of the surface charge was identical, the potential at 
the sample center became proportional to the total charge quantity of the surface. There-
fore, the center potentials of three formulas at different temperatures were measured and 
shown in Figure 10. 

Figure 9. Surface potential distribution after exposed to a tangential-dominated DC electric field for
10 min at 30 ◦C of (a) Formula 1 under different voltages (surface potential under negative voltage
was taken the opposite for the convenience of comparison); (b) Formulas 1–3 under different voltages.

There are two theories that interpret the influence of the electric field distribution on
surface charge accumulation. One insists that the normal electric field plays a major role in
the accumulation [22,23]. The other proposes that the tangential electric field determines the
surface resistivity and, thus, shows a dominated effect on the accumulation [24]. The results
in this paper demonstrate that the charge was more likely to accumulate under a normal
electric field because a similar potential was measured under much lower field strength.
Therefore, the dependence of resistivity on the accumulation and dissipation processes
would be investigated under a normal-dominated electric field in the following parts.

There are several possible sources of surface charge. The first is a partial discharge
like corona, which happens if the field distribution is not uniform. A charge with the
same polarity as the voltage applied is generated in this way. The second is field emission.
The field strength for field emission of a cathode is about 109 V/m. However, when there is
a micro burr on the electrode surface, the emission field strength could reduce to 107 V/m.
Only electrons, i.e., negative charges, can be emitted. The third source is dielectric polariza-
tion. Under the force of the electric field, the charges inside the dielectric move directionally,
and a layer of bound charge is formed on the material surface. In this paper, the polarity
of the charge that accumulated on the upper surface by polarization was opposite from
the voltage applied. Furthermore, if there are metal microparticles on the surface of an
electrode or a sample, the local field could be distorted, resulting in a partial discharge.
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Therefore, the sample and electrode were carefully wiped with ethanol before the test to
avoid metal particles.

After considering the test conditions in this paper, partial discharge and polarization
contributed most to the surface charge. Since the charge polarities from these two sources
were opposite, when the normal-dominated electric field was applied, partial discharge
was clearly the major way.

3.3. Temperature Dependence of Surface Charge Accumulation

It was confirmed that the shapes of potential distribution curves under a normal-
dominated electric field at different voltages for three formulas were the same as shown in
Figure 8. Thereafter, if the polarity of the surface charge was identical, the potential at the
sample center became proportional to the total charge quantity of the surface. Therefore,
the center potentials of three formulas at different temperatures were measured and shown
in Figure 10.
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Figure 10. Measured and fitted surface potential values at the center of three formulas after being
exposed to a tangential-dominated DC electric field for 10 min at different temperatures (the voltage
applied was −5 kV, which means the potential had been saturated).

The surface potential variation as a function of the temperature was very similar to
the variation of surface resistivity. The center surface potential was fitted by Equation (1):

U = K lg(ρS) (1)

where U is potential, ρS is the surface resistivity, and K is a constant to be determined.
According to the fitting results shown in Table 2, the average value of K was 95.61 and the
variance was 3.91. The fitting results are also put into Figure 10 for comparison and were
found to be basically consistent with the measurement.

Table 2. K values under different temperatures.

Temperature (◦C) Formula 1 Formula 2 Formula 3

30 92.56 91.75 95.10
50 96.91 96.96 96.41
70 94.50 96.21 98.07
90 97.33 93.84 96.99

110 97.14 93.24 97.20
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It demonstrates that when only one electrode was in contact with the sample and
the field was normal-dominated, the charge accumulation process was dominated by the
surface resistivity.

3.4. Temperature Dependence of Surface Charge Dissipation

Samples after applied −5 kV in a normal-dominated way until saturation at different
temperatures were kept on the grounded base plate for charge dissipation. The center
potential variation was measured and shown in Figure 11. The initial potential was related
to the surface resistivity as mentioned before.
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There are three main ways of charge dissipation [27–30]. First is dissipating through
the bulk of the sample. For homogeneous dielectrics, the dissipation of charge conforms to
exponential law, that is

Q = Q0e−t/τ (2)

where Q is residual charge, Q0 is initial charge, t is dissipation time and τ is the time
constant for dissipation. In addition, τ is related to the properties of dielectrics:

τ = εrε0ρV (3)

where ρV is bulk resistivity, ε0 and εr are vacuum and relative permittivity, respectively.
Dissipation can also occur along the sample surface with a relation among the surface

current density jS(t), surface resistivity ρσ and local tangential electric field Et(t):

jS(t) =
Et(t)

ρσ
(4)

In addition, the surface charge could be neutralized by a free charge in the air. The den-
sity and migration rate of the free charge in the air play the most important role in the
neutralization process. Compared to the two ways above, the process was very slow in
this study due to the dominating influence of surface resistivity on the dissipation process,
as we show below.

As we mentioned above, the logarithmic bulk resistivity reduced in an approximately
linear way as the temperature rose. However, the dissipation progress did not show the
same trend. It was found that the dissipation rate was more related to the surface resistivity.
At higher temperatures, the surface charge of all three kinds of samples dissipated more
slowly due to higher surface resistivity. At lower temperatures, the surface resistivities of
Formula 1 and Formula 2 were much lower, and the dissipation process was apparently
accelerated. The ratio of potential after 24 h dissipation to the initial potential for all the
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three formulas was calculated and shown in Figure 12. A clear positive correlation could
be derived from the results.
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4. Conclusions

The paper investigates the surface charge dynamics of epoxy resin composites affected
by surface and bulk resistivity. Several main conclusions could be derived, as follows:

• The logarithmic bulk resistivity decreased approximately linearly with the increase in
temperature because of the molecular thermal motion. Overall, the surface resistivity
increased, but the trend was complicated because it was affected by various factors.

• More charges accumulated on the sample surface under negative voltages. For a
tangential-dominated electric field, both positive and negative charges accumulated af-
ter voltage was applied. More charge tends to accumulate under a normal-dominated
electric field. The inner structure of DC bushing should be optimized accordingly to
avoid normal electric fields applying on the dielectric surface.

• For a normal-dominated electric field, the saturation potential of the sample surface
was closely related to the surface resistivity, which indicated that the main source of
the surface charge was discharge in the air. The saturation potential was basically
proportional to the logarithmic surface resistivity. Among the three model samples
investigated, the coefficient between surface potential and the logarithm of the surface
resistivity was similar.

• For the samples under a normal-dominated electric field, the dissipation rate was
dominated by the surface resistivity. It indicated that the surface charge mainly
dissipated along the sample surface. Based on the results, formula modification could
be conducted as well as surface modification in order to suppress the surface charge.
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