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ABSTRACT 
A theoretical model considering the dynamic change of surface charge accumulation in 
transient and steady states is proposed. The surface charge accumulation under 
transient and steady states are simulated using three model spacers with different 
volume conductivities. The results show that on the convex surface of a spacer, when 
the volume conductivity is lower than 2 × 10-18 S/m, the hetero-polarity charge 
accumulated on the spacer surface is dominant, while the homo-polarity charge 
accumulated on the surface is dominant when the conductivity is higher than 6 × 10-17 

S/m. The surface charge density is non-uniformly distributed, and the time duration of 
the transient process of the surface charge density at different positions on the spacer 
surface is different, due to the distribution of electric field lines. It is hopefully that the 
content of this paper can provide reference for the mechanism study of gas-volume 
interface charge transport and the preparation of HVDC spacers.  

   Index Terms — HVDC, GIL, spacer, surface charge accumulation, electric field, 
transient analysis 

 

1 INTRODUCTION 

GAS insulated transmission line (GIL) serves as an 
optional replacement for overhead power transmission lines 
and has been widely used in AC electrical power transmission 
systems. However, the surface charge accumulation on spacers 
are believed to be a significant threat to the stable operation of 
DC GIL [1]. The operating environment of the spacer surface 
inside DC GIL is a typical gas-volume interface. Due to the 
distribution of DC electric field lines, charges in the volume 
and in SF6 are pushed and accumulate in the interface where a 
vertical electric field component touches the surface [2]. The 
problem of surface charge accumulation is considered as one 
of the core issues limiting the development of gas insulated 
transmission technology under DC [3].  

The charge generation on the surface of spacers inside a

 
GIL is generally considered to have the following three 
sources: the conduction along the surface of the spacer 
(surface conduction), the conduction through the bulk of the 
spacer (volume conduction) and the gas volume conduction 
(gas conduction). The competitive relationship between the 
three parts is depended by the electric field distribution [4], the 
geometry of the insulation system [5,6], ion pair generation 
rate[5,6] and other charge carriers generated under high field 
conditions [6-9]. In previous studies, during the calculating of 
the electric field distribution and surface charge distribution of 
a spacer, the generation and transport of ions in SF6 are mostly 
based on the fluid dynamic equation of the gas discharge 
theory. In addition, most of current researches focus on the 
steady state characteristics of surface charge behavior [10-13]. 
However, very few studies discuss the charge behavior in 
combination with transient and steady states during charge 



 

accumulation process. In the existing transient analysis, the 
description of full-life process of charge accumulation is not 
fully integrated with electric field distribution with 
capacitance during initial transient process and electric field 
with resistance variation in the steady state, after the voltage is 
applied for a long time [14, 15]. 

This paper studies the full-life behavior of surface charge 
accumulation considering the process of transient and steady 
states. The transient distribution and steady state distribution 
of the charge accumulation on the spacer surface using three 
model spacers with different volume conductivities are 
discussed. It is hopefully that this paper can provide a useful 
reference for the mechanism study of gas-volume interface 
charging and the manufacturing of HVDC spacers.  

2 THEORETICAL MODEL 
Figure 1 shows the two-dimensional axisymmetric 

simplified model of a GIL spacer. The time derivative of the 
surface charge density σ(z,t) at any point P(z) of the spacer 
surface can be obtained by the modified Maxwell continuity 
equation for a thin layer covering the spacer surface [16] 
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where σ(z,t) is the surface charge density, C/m2; JG(z,t), JI(z,t) 
and JS(z,t) are the electrical conductance density of the spacer 
surface due to the gas conductance, the volume electrical 
conductivity flow density and the surface current density in 
this thin surface layer, A/m2. 

 
Figure 1. Two-dimensional axisymmetric simplified model of GIL spacer. 

The surface of the spacer studied in this paper is not a 
modified one, and as a consequence, the JS(z,t) term in Equation 
(1) can be ignored according to [4]. The volume conductivity 
of the spacer is calculated using Ohm’s law 
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where EI(z,t) represents the normal electric field intensity of the 
volume side, V/m;  represents the conductivity of the 
volume state, S/m.  

JG(z,t) is determined by physical parameters such as the gas 
ion generation rate, the mobility, and the composite coefficient. 
Ec is defined as the critical field strength threshold of the ion 
recombination value. According to the structural 
characteristics of the GIL system, in the GIL system, ion 
recombination occurs in a region where the electric field 
strength is smaller than Ec, and only ions in the region where 
the electric field strength is greater than Ec can all move to the 
surface of the spacer, and surface neutralization occurs to form 
a surface charge. The area that is stronger than Ec is the area 
studied in this paper and is defined as the effective area. 
Therefore, the dynamic change of the ion recombination rate 
is not considered in the mathematical model of the gas ion 
current density. 

Since JG(z,t) is non-uniformly distributed on the spacer 
surface, the surface is divided into n partial surfaces A(i﹒∆z,t) 

equally. The upper and lower boundaries of the local surface 
are defined as the power lines that cross the gas-spacer 
interface when z=iꞏ∆z and z=(i+1)ꞏ∆z. Moreover, the two 
power lines together with the Ec boundary line and the partial 
surface constitute a local gas volume V(i﹒∆z,t). After the above 
definition of local surface and local volume, the two-
dimensional diagram in Figure 1 is equivalent to divide the 
spacer surface from the high voltage side to the low voltage 
side into n equal segments, marked as L1, L2ꞏꞏ Ln. The length 
of each segment is ∆z. Since the electric field generated by the 
surface charge is superimposed on the external electric field 
during the charging process, the electric field distribution 
changes dynamically with time. Therefore, the local volume 
V(i ﹒ ∆z,t) is a function of time. This paper considers the 
movement of ions along the electric power line in the volume. 
When the electric field strength is less than the critical field 
strength Ec, the ions have a recombination process. When the 
electric field strength is higher or equal to Ec, the gas ions 
generated by natural ionizing radiation can reach the surface 
of the spacer and ignore the recombination process. This paper 
only considers the area where the electric field strength is greater 
than Ec. The mathematical model of the gas conductivity 
density of the local surface is thereby established as: 
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where N is the ion pair generation rate, IP/(cm3﹒s); e is the 
unit charge amount, C; V(i﹒∆z,t) is the space effective volume 
with electric field strength greater than EC , m3; A(i﹒∆z,t) is the 
area corresponding to the effective neutralization volume on 
the spacer, m2.  

During simulation, the spacer is divided into 20 small cells 
along the surface. In the simulation, the voltage value is +500 
kV, and the ion pair generation rate is N=29, IP/(cm3ꞏs). The 
electrical conductivity of the spacer is separated into high, 
medium and low sections with values in range of 10-19-10-17 

S/m [15]. The solid conductivity selected in this paper is 



 

around the range of pure epoxy resin (undoped): 2 × 10-18 S/m, 
9 × 10-18 S/m and 6 × 10-17 S/m, respectively. The values of the 
basic parameters in the simulation are shown in Table 1.  

Table 1. Values of the basic parameters in the simulation of GIL. 
Physical 
quantity 

Name 
Numerical 

value 
Unit 

 e Unit charge 1.6×10-19 C 
ε(epoxy) Dielectric constant 4.95 -- 

ε(SF6) Dielectric constant 1.002 -- 

3 ITERATIVE ALGORITHM  
The simulation tools used in this paper are COMSOL and 

MATLAB. The finite element method (FEM) is used to 
simulate and calculate the electromagnetic field. The partial 
differential equation (PDE) calculation function of COMSOL 
and the cyclic call function of MATLAB are both applied.  

Three subroutines are developed. The first subroutine is to 
draw electric power lines starting at a distance of ∆z originated 
from z=iꞏ∆z on the spacer surface, and to calculate the normal 
electric field intensity EI(z,t) in the volume side. After 
considering the electric field line distribution and rotational 
symmetry, the second subroutine calculates the local gas 
volume V(i﹒∆z,t) and the gas side current density according to 
JG(i﹒∆z,t). The third subroutine is used to extract the normal 
electric field strength EI(z,t) inside the spacer surface and 
calculate the volume current density JI(z,t) according to the 
volume current density equation.  

For the discretization of the dynamic calculation model, 
firstly, time integration is calculated based on Equation (1): 
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After discretization of Equation (4), the following equation 
can be obtained: 

      , ,0
, ( 1) 
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where j≥0, δ(z,0)=0. 

The iterative calculation method of Equation (5) is used to 
calculate the transient accumulation process of surface 
charges. Each iteration step includes the calculation of 
electrostatic field JG and the calculation of current density JI. 
The current density difference between the volume side and 
the gas side in the geometric series is calculated by three 
subroutines developed by the jth iteration and the developed 
subroutine, taking into account the surface charge density that 
is accumulated during the (j-1)th iteration. This means that in 
addition to the boundary voltage values of the high voltage 
terminal voltage V0 and the low-voltage terminal voltage 0, the 
non-uniform distribution and cumulative increased surface 
charge density δ(z,(j),∆t) are defined as a new boundary 
conditions after each iterations. Therefore, the electric field 
generated by the accumulated surface charge is superimposed 
on the external field.  

The ideal conditions for the end of the iteration are as 
follows: 

   , ,I z t G z tJ J =0                                (6) 

A very small value (10-13) was chosen as the current density 
difference to ensure the accuracy of the iteration calculation.  

4 SIMULATION RESULTS 

4.1  TRANSIENT STATE ANALYSIS 

The transient property of spacers refers to the feature of 
surface charge variation, including the charge quantity and 
amplitude changing with time, Tw (the time when surface 
charge accumulation reaches stable), and the distribution 
changes of the electric field lines in SF6 with time. 

The change of charge density on the spacer surface         
with time during the transient process is shown in Figure 2. 
When the conductivity of the spacer is 2×10-18 S/m as shown in  

 
(a) 

 
(b) 

  
(c) 

Figure 2. The change of charge density increment on the spacer surface with time 
during the transient process; (a) volume conductivity of 2×10-18 S/m, (b) volume 
conductivity of 9×10-18 S/m, and (c) volume conductivity of 6×10-17 S/m.  
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Figure 2a, only negative charges accumulate on the spacer 
surface. The stable time for charge accumulation at different 
locations on the spacer surface is different, due to the 
competition between normal field strength distribution on the 
volume side and on the gas side. We define a time value to 
which the accumulated charge density reach 90% of the stable 
value of the charge density. Then the steady state time of 
sample with a conductivity of 2×10-18 S/m is 2.8 years. When 
the conductivity is increased to 9×10-18 S/m  as shown in 
Figure 2b, charges with positive and negative polarity both 
exist on the surface. A positive charge is easily accumulated at 
a position close to the electrode, and a negative charge is 
easily accumulated at a position away from the electrode. The 
steady-state time of this sample is decreased to 1.1 years. The 
same polarity charge dominates when the volume conductivity 
increase to 6×10-17 S/m shown in Figure 2c. The accumulation 
of charge at the electrodes is more pronounced. 

Figure 3 shows the variation of the electric field line 
distribution using different experimental samples. For the 
sample with a volume conductivity of 2×10-18 S/m, the electric 
field line distribution inside the spacer gradually changes from 
a dense distribution to a sparse distribution, during the process 
when charge accumulation process was transited from the 
transient state to the steady state. However, the distribution 
property of electric field lines on the gas side is different, 
which shows a change trend from a sparse distribution to a 
dense distribution with the increasing of time. The model 
spacer with a bulk conductivity of 9 × 10 -18 S/m shows less 
variation in electric power line distribution during transient 
process compared with that of the model spacer with a bulk 
conductivity of 2 × 10-18 S/m. The electric field line 
distribution in the volume becomes slightly sparse with the 
increase of time, while it remains almost unchanged in the gas 
side. For samples with a bulk conductivity of 6×10-17 S/m, the 

 

 
(a)  Volume conductivity of the spacer is 2×10-18 S/m. 

 
(b) Volume  conductivity of the spacer is 9×10-18 S/m. 

 
(c) Volume conductivity of  the spacer is  6×10-17 S/m. 

Figure 3. Variation of electric field line distribution on insulator surface 
during transient to steady state. 

initial electric field line distribution in the volume is denser 
than that compared with the gas side. As the time increases, 
the electric power line distribution in the volume gradually 
becomes denser, while the electric field line distribution 
remains almost unchanged in the gas side. 

The surface charge density is determined directly due to the 
distribution of normal composite of the electric field lines. 
Figure 4 shows the normal electric field component along the 
surface at different times for different samples. It can be found 
that the normal electric field component is relatively high near 
both electrodes, especially at the high voltage electrode, which  

 
(a) 

 
(b) 

 
(c) 

Figure 4. Normal composite of electric field lines for different samples; (a) 
volume conductivity of the spacer is 2×10-18 S/m, (b) volume  conductivity of 
the spacer is 9×10-18 S/m, (c) volume conductivity of the spacer is 6×10-17 S/m. 
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is a common rule of the three model spacers. In addition, the 
amplitude of the normal component of the electric field line in 
the gas side is larger than that compared with the amplitude of 
the normal component in the volume side. However, this rule 
does not include the sample with a conductivity of 2×10-18 
S/m, especially for electric field lines at the volume during the 
steady state. For samples with conductivity values of 2×10 -18 
S/m and 6×10-18 S/m, the normal electric field component of 
the gas side decreases with time, and the normal electric field 
component of the volume side increases with time. While an 
opposite trend is found for the model spacer with a 
conductivity of 6 × 10-17 S/m. Considering the distribution 
characteristics, the change of the normal electric field 
component with time and with higher conductivity tends to be 
inconspicuous. This feature is more obvious in the sample 
with a conductivity value of 6×10-17 S/m. 

4.2  STEADY STATE ANALYSIS  

The steady state characteristic of spacers refers to the state 
when a stability is reached for charge accumulation. Due to the 
physical structure and material properties of the spacer-
electrode system, when the surface charge accumulation 
reaches steady state, charges with different polarities and 
amplitudes are accumulated at different positions on the 
spacer surface. The steady-state charge distribution along the 
surface of the spacer with 3 typical conductivities can be 
found in Figure 5. When the spacer conductivity is 2×10-18 
S/m, the surface of the spacer mainly accumulates negative 
charges. The closer to the center conductor, the greater the 
negative surface charge density is found, and the maximum 
negative charge density is -8.61×10-5 C/ m2. When the volume 
conductivity is 9×10-18 S/m, there are positive and negative 
charges on the surface of the spacer. It is easier for the surface 
to accumulate positive charges near the surface near the high 
voltage conductor, and negative charges near the ground 
electrode. When the volume conductivity is 6×10-17 S/m, the 
surface charge distribution of the spacer is a uniformly 
distributed with positive charges with a lower amplitude of 
charge density. 

 
Figure 5. Steady-state charge distribution of spacer surface; (a) volume 
conductivity 2×10-18 S/m, (b) volume conductivity 9×10-18S/m, (c) volume 
conductivity 6×10-17S/m.  

5 DISCUSSION 
The magnitude and direction of current density on the 

spacer surface determines the polarity and magnitude of 
surface charge. It is defined in this paper that the directions of 
the current density in volume-state and gas-side are consistent 
with the direction form the spacer side pointing to the gas side. 
Therefore, the polarity of surface charge depends on the 
direction of the volume side and gas side current density 
vectors. If the gas side normal current density modulus is 
larger than the volume side normal current density modulus, 
the current density vector direction would be negative, and the 
surface mainly accumulates a negative charge. At this time, 
the gas side dominates the surface charge accumulation of the 
spacer. If the volume side normal current density modulus is 
greater than the gas side normal current density modulus, then 
the direction of the current density vector sum is positive. The 
surface mainly accumulates a positive charge, and the positive 
charge on the volume side would be a dominant contribution 
in the surface charge accumulation process of the spacer. 
From the simulation calculation results (Figure 2), when the 
volume conductivity is 2 × 10 -18 S/m, the charging from the 
gas side serves as the dominant factor of charge accumulation. 
When the volume conductivity is 9 × 10 -18 S/m, the sum of 
the gas side and the volume side vector is minimized, and the 
contribution of both on the surface charge accumulation is 
nearly equivalent. When the volume conductivity is as large as 
6×10-17 S/m, the charging from the volume side would be the 
dominant factor for charge accumulation. 

After the charge accumulation reaches a steady state, if the 
applied DC voltage and ion generation rate are constant, in 
case the volume side charge source is dominant, to continue to 
increase the volume conductivity will not change the positive 
charge accumulated. This is equivalent to increasing the 
temperature of the spacer environment after the surface charge 
accumulation reaches a steady state. The temperature gradient 
promotes the cohesion of the homo-polarity charges on the 
surface area, expanding the area of the “analogous ineffective 
region” [20]. It could be explained either in case, i.e. to 
increase the gas mobility does not change the charge polarity 
during steady state when the gas side dominates surface 
charge polarity. 

Figure 6 shows the electric field strength along the spacer 
surface with different electrical conductivities (without 
considering the uneven distribution of trap density of volume 
materials, and the surface treatment of materials) [21-23]. It 
can be seen that the surface electric field strength gradually 
increases with the decrease of the distance from the high 
voltage electrode, and this phenomenon is more obvious in the 
sample with low conductivity. As the conductivity of the 
insulator increases, the electric field strength gradually 
decreases, and the electric field gradually becomes uniform 
along the surface distribution. The surface field strength is 
substantially stable when the conductivity is greater than 6× 
10-17 S/m. This indicates that when the conductivity is greater 
than a certain degree, the effect of the increase in conductivity 
on the steady-state electric field strength will be very small. 
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Figure 6. Electric field distribution along the spacer surface with different 
conductivity after steady state. 

However, it is worth noting that the temperature gradient in 
the spacer is existed, and the temperature is an important 
factor affecting the conductivity of the spacer [17, 18]. The 
discussion of surface charge accumulation referring to volume 
conductivity should not be done without considering 
temperature gradients. The most straightforward way to 
reduce the effects of temperature gradients is to decrease the 
temperature dependence of the conductivity of the material. 
Our previous research proposed a method for suppressing 
temperature gradient expansion by doping a heat-resistant 
material [18]. In addition, a charge adaptive spacer can also be 
used in this case [3]. The spacer with continuous change of 
conductivity can also be obtained by 3D printing and FGM 
technology, thereby reducing the influence of the surface 
charge change of the spacer on the electric field distortion 
under the temperature gradient [17]. However, all of the above 
are performance studies using small samples in the laboratory. 
Before industrialization, large-scale insulators are required for 
thorough verification, especially aging tests. Before that, there 
is still a lot of basic work to be done.  

6 CONCLUSION 
This paper develops a theoretical model considering the 

dynamic change of surface charge accumulation in transient 
and steady states. The conclusions are as follows: 

(1) The polarity and density of the accumulated surface 
charge are related to the competition of the charge transport in 
volume side and in gas side. When the volume conductivity is 
2×10-18 S/m, the gas side is dominant. When the conductivity 
of volume is 9×10-18 S/m, both gas and volume play a key role 
into determining of surface charge property. When the 
conductivity of volume is 6×10-17 S/m, the volume side is the 
dominant factor of surface charge accumulation.  

(2) The charge density is non-uniform distribution on the 
spacer surface, and the transient time of charge density is different 
at different positions on the spacer surface. The hetero polarity 
charge is more likely to accumulate on the spacer surface near the 
center conductor. The homo polarity charge tends to accumulate 
on the spacer surface near the ground enclosure. 

(3) The surface electric field strength decreases and 
gradually stabilizes with the increase of volume conductivity, 
after the steady state is reached. When the conductivity is 
higher than 6×10-17 S/m, the electric field distribution becomes 
uniform. However, the key consideration in this case would be 
the disadvantage of leakage current. 
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