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Abstract. The accumulation of space charge on the insulation surface can affects the distribution 
of the total electric field. The surface charge distribution characteristics of dielectrics under 
negative corona have been studied using spherical plate gaps in this paper. In order to measure 
the surface potential of three insulating materials under the influence of a DC corona by vibrating 
electrostatic probe. The experiment tested the surface potential of silicone rubber circular 
specimen and two umbrella-type disks with different curvatures under negative corona in a 
spherical gap. Afterwards, a new inversion algorithm was proposed in order to convert the 
surface potential to a surface charge density. Potential spots were found on the surface of silicone 
rubber, and the degree of charge clustering of umbrella-type disks was positively correlated with 
curvature. This experiment will serve as a foundation for future research on the surface charge 
distribution characteristics of insulation in HVDC corona equipment. Meanwhile, it can also be 
applied to optimize the insulation design. 

1. Introduction 
Due to the use of HVDC, space charge gradually accumulates on the surface of insulating structure 
materials of electrical equipment, which makes the potential distribution of the insulating surface and 
the electric field along the surface change, posing a threat to the insulating structure [1]. And corona 
discharge can cause much harm, mainly including corona loss, radio interference, audible noise and ion 
flow [2]. According to Miller, the two most important causes of insulate surface flashover are the 
accumulation of surface charge and the distortion of the surface electric field [3]. Because of this, it is 
necessary to investigate in greater detail the accumulation and distribution of surface charge on 
dielectrics under the influence of DC corona. 

Moreover, the surface charge accumulation ability is positively correlated with the dissipation rate, 
but most of the materials used are planar materials [4]. The accumulation and dissipation process of 
insulator surface charge occur simultaneously and change dynamically with time [5]. There are few 
studies on the distribution characteristics of insulating surface charge and the influence of curvature on 
the dissipation characteristics. The active electrostatic probe method can more accurately measure the 
surface potential of insulating materials with different shapes, the measurement distance is not a factor 
for the oscillating probe equipment, and it is not sensitive to it [6]. Using the oscillating probe method 
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as a foundation and combined with the motion control system, this paper designs a measurement system 
which can automatically run and measure the surface potential of insulating materials with different 
thickness and curvature, so as to collect the surface potential data of insulating materials with different 
materials or shapes and the dynamic dissipation data of surface charge. Afterwards, using an inversion 
algorithm [7-8], the surface potential is transformed into the density of the surface charge. In this 
preliminary study, the surface charge distribution characteristics of dielectric under the negative sphere-
plane corona discharge are determined, and these results serve as references for the subsequent study of 
charge distribution characteristics of high voltage DC equipment insulation surfaces under the corona. 

2. Experimental Process  

2.1 Experimental Measurements  
The test equipment has built a test and measurement platform to measure the surface charge distribution 
characteristics of insulating materials under DC corona, as shown in Figure 1. In this test, ball plate 
corona discharge under negative polarity is used to make the insulation surface area gather charge. The 
ball electrode is made of copper, with a diameter of 1 cm, the plate electrode has a diameter of 50 cm 
and a thickness of 3 mm. The DC high voltage circuit that produces the corona consists of a voltage 
regulator and a DC high voltage generator, which can generate DC voltages up to 200 kV. The voltage 
regulator is used to control the output voltage of the DC high voltage generator and display the output 
voltage on the LCD screen of the voltage regulator for easy reading. 

 
Figure 1. Schematic diagram of experimental platform 

 
In this experiment, three circular samples of various materials and umbrella-type materials with 

varying curvatures were chosen to measure the surface potential of the material under consideration. 
Round specimens made of epoxy resin, inorganic glass, and silicone rubber have a diameter of 20 cm 
and a thickness of 5 mm. They are 20 cm in diameter and 5 mm thick. The two kinds of umbrella-type 
materials with different curvature are made of photosensitive resin and processed by 3D printing 
technology. They have the same diameter (20 cm) and different thickness (1 cm and 2 cm) respectively, 
so as to form different surface curvature. The temperature is 15~25℃ and humidity is 75% to 85% in 
the process of experiment.  

2.2 Experimental Method  
The whole measuring process is roughly as follows: firstly, the sphere electrode is applied a high DC 
voltage which is more than the corona onset voltage of the sphere-plane air gap. After a certain time of 
the corona discharge, the applied voltage was stopped, and the sphere electrode is taken away. Then the 
motion control system is turn on to make the electrostatic probe measure the surface potential from the 
edge to the center of the dielectric. At the same time, the potential signals that obtained by electrostatic 
probe are processed by electrostatic voltmeter and are delivered to the data acquisition card and PC to 
be saved. Finally, the surface potential measured by experiment is converted to the density of surface 
charges using a kind of inversion algorithm. 
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3. The Inversion Algorithm of Surface Charge 
The electrostatic probe can only detect the surface potential on insulating materials. Then, the obtained 
potential distribution results are processed by inversion algorithm method. Finally, the charge density 
distribution results on the insulation surface are obtained. 

Following the corona discharge, polarization charges and free charges coexist on the insulating 
surface as a result of the discharge. Superposition theory states that the potential and electric field at any 
point P in space are generated by two types of charges on the assumption that the charge transfer of an 
insulator is ignored. The concept of apparent charge density a for the insulating surface is defined as 
the sum of the polarization charge and free charge.  

'a                                      (1) 

When the free charge density is equal to , the polarization charge density is equal to σ′, so the 
potential and potential φ(P) and electric field E(P) for point P are as follows, respectively. 
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In this equation, ε0 denotes the permittivity of vacuum, r denotes the distance of the change in space 
away from the point P, and S denotes the entire surface area of space. The insulation surface is divided 
into n grids, which is in accordance with the FEM concept. When the number n is large enough, it is 
reasonable to assume that the surface charge density of each grid is uniformly distributed across the 
entire grid. So the formula of the potential and electric field for any grid on the insulation surface can 
be expressed as the following forms. 
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Si is the area of the i th grid element; rij is the distance from grid cell i to grid cell j, and the potential 

and electric field for the j th grid cell. The following matrix equation can be obtained by formula (4). 
 aφ σ P

                                           (6) 
Where φ is the matrix of the potential of all the grids on the insulation surface which can be obtained 

by measurement, a is the matrix of the apparent charge density, P is the relative coefficient matrix. Any 
element of the matrix P can be calculated by following formula. 
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Where Si is the area of the grid I and Rij is the distance between the centers of the grids i and j. So 
the surface charge density matrix on the insulating surface can be solved by equation (8). 

1aσ φP
                                        (8) 

On the insulation surface, this is followed by a calculation of the free charge density. It is possible to 
express the free charge density i for any grid on the insulation surface using the formula (9). 

2 2 1 1( )i i i i   E E n
                             (9) 

Assuming that the relative permittivity of an insulation material and air is one, ε1 and ε2 denote the 
electric field generated by the insulation material and air at the interface between them. respectively, ni 
is the unit normal vector of grid i and its direction is from the interface to air. Ei1 and Ei2 can be calculated 
by equation (5). So, the matrix equation about the free charge density and the apparent charge density 
can be calculated using the equation (10). 

 aσ σ F
                                        (10) 
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Any element of the coefficient matrix F can be calculated by equation (11). 
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So, the free charge density on the insulation surface can be calculated with the help of the equations 

listed previously. 

4. Entire Specimen Potential Experimental Results of Silicone Rubber and Umbrella-Type 
Material  

4.1 The Track of Probe and The Mesh of Inversion Algorithm 
The surface potential of the entire specimen can be scanned for silicone rubber and umbrella-type 
material because of low speed of decay. Assuming that potential decay does not affect the distribution 
and amplitude of the surface potential in one scanning process. The insulating surface is divided into n 
grids, which are determined by the surface charge inversion algorithm. In order to ensure that there is 
less time spent and sufficient mesh quantities, the entire specimen scanning track and the finite element 
mesh which has the similar mesh area is shown in figure 2. There are 10 circles from the center to the 
edge. The number of measuring points on each circle is 4, 10, 16, 16, 16, 20, 20, 20, 24, 24, a total of 
170. Seven minutes are needed to scan the entire specimen. 

 

   
Figure 2. Schematic diagram of probe track and mesh generation 

4.2 Silicone Rubber 
It is difficult to decay for silicone rubber material, so the loading voltage is set up at 40kV and the 
duration is 3min. The height of sphere electrode is 13cm. The results of the potential measurement at 
each time after discharge are shown in Figure 3. From the figures, silicone rubber surface potential is 
saturated immediately after discharge. After a period, a kind of "potential spot" whose potential is lower 
than other places are generated. Then the presence of "potential spot" accelerates the decay of the 
ambient potential while the area of the "potential spot" becomes larger. 
 

 
Figure 3. The potential distribution of silicone rubber at 0, 7, 14 and 21 min after discharge 

 
According to the inversion algorithm and potential distribution diagram, Silicone rubber's surface 

charge density distribution is calculated in the manner shown in Figure 4. The surface charge density 
distribution demonstrates that the surface charge density distribution is related to the potential 
distribution to a certain extent. 
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Figure 4. The surface charge distribution of silicone rubber at 0, 7, 14 and 21 min after discharge 

4.3 Umbrella-type Material  
Umbrella-type material is made of a kind of resin by 3D print technique. Their diameters are 20cm and 
their thickness are 1cm and 2cm respectively as shown in Figure 5. 

 
Figure 5. The picture of umbrella-type material 

 
The Y axis stepper motor is used to adjust the probe height slightly to ensure that the distance 

between the probe and the insulating material remains the same throughout the measurement process. 
Because the diameter of the specimen is much larger than the height of it, the measurement error caused 
by the incomplete parallelism and the distance between the probe and the measured surface is not taken 
into consideration. The loading voltage is set up at 40kV and the duration is 3min. The height of sphere 
electrode is 13cm. The top and 3D view of 2 cm umbrella-type material are shown in Figure 6 (a) and 
(b), respectively. The top and 3D view of 1 cm material are shown in Figure 6 (c) and (d). 

 

 
Figure 6. The results of umbrella-type material potential measurement 

 
The figures show that the shape of potential distribution is annular, and the amplitude of center 

potential is higher than that of edge potential. Besides, the potential amplitude of 2cm high umbrella-
type material is higher as well. According to the inversion algorithm, the surface charge densities 
distribution can be calculated. And the top and 3D view of 2 cm umbrella-type material are shown in 
Figure 7 (a) and (b), respectively. The top and 3D view of 1 cm material are shown in Figure 7 (c) and 
(d). The figures show that the surface charge amplitude of 2cm high umbrella-type material is higher 
than that of 1cm high umbrella-type material. It can be concluded that the greater the curvature of the 
surface of an insulating material, the easier it is for the charge to accumulate within a specific range of 
values. 

 

 
Figure 7. The results of umbrella-type material surface charge distribution 
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5. Conclusion 
From the results of experiments, three conclusions can be inferred. 

a) "Potential spot" is easy to form on silicone rubber surface. It will accelerate the potential 
decay nearby while the area of the "potential spot" becomes larger. 

b) It is possible that the curvature of an umbrella-type insulation material will have an effect on the 
accumulation of surface charge. In a certain range, the greater the curvature of the surface of an 
insulating material, the greater the ease with which the charge can accumulate. 

c) The surface charge density distribution on the three materials is consistent with the potential 
distribution.  
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