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Abstract The insulator of DC gas-insulated transmission line (DC-GIL) will accu-
mulate surface charge under the action of thermal-electric coupling field, which will
cause local electric field distortion and make insulator flashover along the surface. In
this paper, the actual GIL model is used for simulation. Based on the 3D horizontally
mounted GIL model, the surface charge accumulation characteristics of transient
DC GIL tri-post insulators under the action of thermal-electric coupling field are
studied by COMSOL finite element simulation software. The results show that the
surface charge density and the electric field intensity increase by 168 and 19.37%
when the temperature gradient is considered at the same position on the belly of
the tri-post insulator. Therefore, the distribution of surface charge and electric field
under the action of temperature gradient field should be considered when designing
and optimizing GIL tri-post insulators.

Keywords DC gas insulated transmission line + Tri-post insulator -
Themal-electrical coupling

1 Introduction

With the construction of hydropower stations, trans-river transmission lines and urban
integrated pipeline corridors, gas-insulated transmission lines have been widely used
in power systems for their advantages of low loss, low environmental impact and high
reliability [1-3]. Currently, GIL equipment has been widely used in AC power grid,
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while its application in DC power grid is rarely reported [4]. The main reason is that
under the action of DC voltage, GIL will produce surface charge accumulation on
the surface of the insulator, and the accumulation of charge will cause local electric
field distortion, resulting in the decrease of insulator flashover voltage [5].

Therefore, many scholars have conducted in-depth research on the characteristics
of insulator surface charge accumulation under the action of temperature gradient.
Winter et al. [6] considered the influence of temperature on the conductivity of
insulating materials. The research shows that when the temperature of the insulating
material is greater than 278 K, the dominant way of charge accumulation is through
the body conduction of the insulating material, but the influence of convection and
radiation on the interior of GIL is not considered in this study. Zhou et al. [7] studied
the surface charge distribution under different temperature gradients and considered
the influence of convection and radiation within GIL. The research shows that the
surface charge accumulation of insulators is aggravated when temperature gradient
exists.

The emphasis of the above work is to analyze the surface charge accumulation
and electric field distribution of basin insulators under temperature gradient. In the
actual operation of GIL, not only basin insulators but also tri-post insulators are
used. Because of the geometry of the tri-post insulators, the electric field distribution
of the tri-post insulator is more uneven than that of the basin insulator. The uneven
distribution of electric field will lead to uneven distribution of charge on the surface of
the three post insulators. Therefore, the existing research on basin insulators cannot
be directly applied to the evaluation of the insulation of tri-post insulators.

In order to solve the above problems, a £ 500 kV three-dimensional tri-post
insulators insulator simulation model is established in this paper. The surface charge
and electric field distribution of a tri-post insulator in the presence of temperature
gradient are studied. The research results can provide reference for the insulation
evaluation of DC-GIL in long-term operation.

2 The Construction of Simulation Model

2.1 Geometric Model

In order to study the surface charge distribution of a tri-post insulator with temperature
gradient, a three-dimensional geometric model is established. As shown in Fig. 1.

2.2 Principle of Heat Transfer

In this paper, the effects of convection, radiation and heat conduction on the interior
of GIL are considered. The heat conduction is:
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Fig. 1 GIL geometric model
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where: p is density; C, is the specific heat capacity at constant pressure; g is the
conduction heat flux; ¢, is radiant heat flow; k is thermal conductivity; 7 is the
absolute temperature; Q is the extra heat source, which is zero for insulators and
gases.

The effects of radiation between the high voltage guide rod and the insulator,
between the insulator and the metal shell, and between the metal shell and the
atmosphere are considered. As follows:

ep(T) = nospT* 3)

qr = &5e[G — ep(T)] “)

where, e,(T) is the radiated power of all wavelengths; nr is the refractive index; o gp
is Stefan-Boltzmann constant; g, is net inward radiant heat flux; &, is the surface
emissivity; G is the incoming radiation heat flow.

Convection is a very important heat transfer mode in GIL, and Navier—Stokes
equation is used to deal with convection in this model. The specific content of heat
transfer can be referred to our previous research [8].

2.3 Charge Accumulation Principle

The current density in the insulating gas is shown below

Jo = % +eE(n*b* +n"b") —egrad(D*nt — D"n") &)
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where, dD/0dt is displacement current density; e is the primary charge; E is electric
field intensity; n* and n™ are positive and negative ion concentrations respectively;
b* and b~ are positive and negative ion mobility; D* and D~ are the diffusion rate
of positive and negative ions.

The transport equation of ions is shown in Egs. (6) and (7)

3I’L+ 8n1p

— = ntkn” — btV . (n"E) + DTV?n*t (6)
ot ot
on~  onp oy - - -2,

where, dnjp/dt is the production rate, and its value can be obtained from [9]. k, is the
composite coefficient, whose value can be obtained from [10].

The relation between electric field and potential is shown in Eq. (8), the relation-
ship between electric potential and positive and negative ions is expressed by Poisson
equation

E=-Vgp 3
+ _ —
v2¢ — _g — _e(ngin) 9)

where, ¢ is the dielectric constant.
The current density in an insulator can be expressed as:

oD
Jr= o +o1(NE (10)

where, o;(T) is the bulk conductivity of the solid insulating material, whose value
can be obtained from [11].

The charge on insulator surface is mainly conducted by the bulk conduction of
insulating material, the gas conduction of insulating gas and the surface conduction

of insulator surface. Therefore, the charge accumulation process at the gas—solid
interface is represented by Eq. (11)

dp,
% =Jin—Jon—V - (0,E) (11)

where, p; is surface charge density; J, is the normal current density of the insulating
material; J, is the normal current density of the insulating gas; o is the surface

conductivity of the insulating material, and its value can be obtained from [11]. E,
is the surface tangential electric field.
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2.4 Boundary Condition

The high voltage electrode and the ground electrode are arranged according to the
first type of boundary conditions.

ony =U (12)

oonp =0 (13)

where, gpy is the potential of the guide bar; pgyp is the potential of the grounding
shell; U is the DC voltage applied; In this paper, U = + 500 kV.

The boundary conditions of Eq. (6) and (7) of ion transport equation are defined
according to the direction of current:

On the boundary of current outflow, the first type of boundary condition is set for
the concentration of positive ions, and the second type of boundary condition is set
for the concentration gradient of negative ions.

On the boundary of current inflow, the first type of boundary condition is set for
the concentration of negative ions, and the second type of boundary condition is set
for the concentration gradient of positive ions.

2.5 Model Verification

To ensure the correctness of the model, the experimental data in the paper of Winter
et al. [6] were compared.

Figure 2 shows the comparison results between the simulated values and the
experimental measured values at different times. By comparing with the experimental
measured values, the simulated values have a good consistency with the experimental
measured values.

3 Simulation Results and Analysis

3.1 Temperature Distribution of Insulators and Pipes

In this paper, the load current is 5000 A, SFg pressure is 0.5 MPa, and the ambient
temperature is 20 °C. Steady-state temperature distribution of GIL pipeline and tri-
post insulators is shown in Fig. 3.
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Fig. 2 Comparison of
simulation calculated values
with experimental measured
values in [6]

Fig. 3 Temperature
distribution of GIL pipes and
tri-post insulators
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3.2 Accumulation Effect of Temperature Gradient
on Insulator Surface Charge Accumulation

In this section, the surface charge distribution of a tri-post insulator under the action of
a temperature gradient field is studied. The process of insulator charge accumulation
is obtained under the load current of 5000 A and SFg pressure of 0.5 MPa. Taking
no temperature gradient as the basis, the transient accumulation process of surface
charge accumulation under the action of no temperature gradient field is compared,
as shown in Fig. 4. The results were compared for 10, 50, 100, 1000, 8000 and
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Fig. 4 Transient surface charge accumulation in a tri-post insulator

10,000 h. The left half of the figure indicates that there is a temperature gradient, and
the right half indicates that there is no temperature gradient.

As shown in Fig. 4, when the influence of temperature gradient on surface charge is
considered, the speed of charge accumulation is faster than that without consideration
of temperature gradient, and the amount of charge accumulated under consideration
of temperature gradient is also more than that without consideration of temperature
gradient at the same time.

3.3 Surface Charge and Tangential Electric Field
Distribution of Tri-post Insulators Under Temperature
Gradient Field

The temperature distribution of the GIL pipe and insulator has been obtained in
the previous subsection. In this section, the distribution of charge and electric field
intensity on the surface of the tri-post insulator interface is compared when there is
no temperature gradient. The ambient temperature without temperature gradient is
set to 20 °C and SFg pressure to 0.5 MPa.

As shown in Fig. 5a, a large amount of positive charge accumulates on the surface
of the tri-post insulator, and a small amount of negative charge accumulates near
the ground housing. The charge density is higher in the presence of a temperature
gradient than in the absence of a temperature gradient. When the temperature gradient
is not considered, the surface charge density is 8.23 |WC/m? with distance of about
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Fig. 5 Surface charge density and electric field distribution of insulator with or without temperature
gradient in steady state

202 mm, and the peak surface charge density is 22.07 uC/m? at the same position
with temperature gradient considered, which increases by 168%.

The actual working condition of GIL shows that surface flashover is a very easy
fault for tri-post insulators, and the surface flashover voltage of insulators is closely
related to tangential electric field intensity. As shown in Fig. 5b, compared with the
condition without temperature gradient, tangential electric field intensity is higher
in the condition with temperature gradient than in the condition without temperature
gradient. When the temperature gradient is not taken into account, the tangential
electric field intensity of distance of 202 mm is 2.22 kV/mm; when the temperature
gradient is taken into account, the tangential electric field intensity of the same
position is 2.64 kV/mm, increasing by 19.37%.

In conclusion, when the temperature gradient is considered, the surface charge
density and tangential electric field intensity of the insulator are both higher than
that when the temperature gradient is not considered. In addition, a large amount of
charge accumulates at the position of the tri-post insulator near the guide bar, which
will cause the electric field distortion at the position of the insulator near the guide
bar. Therefore, it is necessary to consider the influence of surface charge and electric
field distribution on temperature gradient in the optimal design of tri-post insulator
structure.

4 Conclusion

In this paper, a DC GIL surface charge accumulation model was built. By comparing
with the experimental data in the Winter paper, the simulation values were in good
agreement with the experimental results, thus verifying the accuracy of the simu-
lation model. The surface charge distribution of DC-GIL tri-post insulators under
temperature gradient field was studied, and the amount of charge accumulated was
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more than that without considering the temperature gradient. A large amount of posi-
tive charge accumulates on the surface of the tri-post insulator, and a small amount
of negative charge accumulates near the ground housing.

When the temperature gradient is not considered, the surface charge density is
8.23 wC/m? with distance of 202 mm and 22.07 wC/m? with temperature gradient at
the same position, which increases by 168%. The electric field intensity of 202 mm
distance is 2.22 kV/mm, and the tangential electric field intensity of 2.64 kV/
mm at the same position is increased by 19.37% when the temperature gradient
is considered.
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