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Abstract The insulation failure is common in high voltage transmission. Based on experimental

structure, this paper adopts the finite element method to establish the mathematical model of the

short-circuit insulator discharge. Simplify the insulator discharge into a short circuit process

between the upper and lower plates, and explore the process of generation, adsorption and neutral-

ization of electrons, positive ions and negative ions, studied how the space charge variation affects

the electric field intensity, and analyzed the distribution of each type of ionization products from the

wires during the discharge. The results show that: when the insulator is short-circuited and dis-

charged, the area with larger electric field strength is mainly concentrated near the upper plate;

the electric field intensity in the discharge space tended to stabilize at the completion of the dis-

charge; when the short-circuit wires were fused, the electron concentration remained stable for a

short while at certain positions of the discharge space; as the discharge continued, the electron con-

centration at these positions declined rapidly; the electrons moved to the plates, causing fluctuations

in electric field intensity; the variation of electron concentration during the discharge obeyed the

Gaussian distribution. The research results provide the experimental evidence and theoretical refer-

ence for avoiding transient discharge in equipment operation.
� 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Recent years has witnessed rapid development of new energy

technology in China. Wind power occupies a large share of
new energy. However, wind farms are usually located in
remote areas with harsh environments [1,2]. It is very difficult
to transmit the generated power from the wind farms to con-
sumers. Transmission failures often occur in windy weather.

Insulator failure is one of the most frequent transmission

failures [3]. This failure mostly manifests as partial discharge,
such as surface discharge, coating discharge, internal dis-
charge, and corona discharge. Partial discharge may occur in

any insulating medium or hybrid insulation of multiple media.
The main sources of partial discharge include voids, cavities,
and air bubbles in liquid or solid–liquid insulation, as well as
sharp particles or edges in the insulation. If it occurs in
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liquid-impregnated paper, partial discharge [4] will produce
bubbles that induce even more partial discharges.

Unlike other partial discharges, corona discharge is visible

and gives off a hissing sound. When the electric field is suffi-
ciently strong, the gas could be ionized to cause electrical
breakdown. Then, bubbles will form in gas-filled voids,

because the gas has a smaller dielectric constant than the mate-
rials surrounding the void. Once the tangential electric field is
strong enough to electrically break down the surface [5], sur-

face discharge will occur. In addition, corona discharge could
take place in the parallel gaps between insulators, if electrical
equipment is switched incorrectly, or if the environment condi-
tions change abruptly. Then, the electrical equipment will fail,

and result in safety hazards. To prevent operating risks of
equipment, it is very important to avoid the surface discharge
of the insulator from polluting the surface. Therefore, the dis-

charge law when the insulator is short-circuited is analyzed
through experiments or numerical methods.

High-voltage discharge [6] is a complex physical process.

Although capable of disclosing the physical nature of the pro-
cess, physical experiments face a high instrument cost, and
have difficulty in revealing the internal characteristics of

high-voltage discharge. With the continuous development of
mathematical modeling and computer technology, many
scholars have resorted to numerical methods to study the cor-
ona discharge [7–11]. For example, Zhang et al. [12] con-

structed a calculation model for two-dimensional (2D) direct
current (DC) calculation model, and compared the calculated
results with the data obtained from experiments. Simaet al.

[13] combined the continuity equation of charged particles
with the electron energy balance equation into the creeping dis-
charge model for nitrogen/oxygen plasma creeping discharge,

and verified the rationality of the model by analyzing the sur-
face charge density distribution observed in experiments. Oth-
man et al. [14] used the finite element method to study the

space charge distribution in the vicinity of the contaminated
insulator in the transmission line and the characteristics of
the current pulse during discharge. The numerical calculation
results are basically consistent with the experimental results.

Wu [15] proposed a corona discharge model based on fluid
mechanics, and added multiple ionization equations to realize
the microscopic analysis of DC corona discharge. Based on the

drift–diffusion equation and Poisson’s equation, Gao et al. [16]
constructed a numerical model for point-plate discharge
model, and compared the features of pulse current under the

voltage of 24–27 kV, providing a reference for sensitivity anal-
ysis on pulse parameters to these features.

Air discharge is an extremely complex problem. The
research on equipment failure caused by partial discharge is

mainly limited by calculation efficiency, considering the com-
plexity of corona discharge and the huge computing load
[17], this paper builds a discharge model through the COM-

SOL, aims to study the macroscopic discharge process when
the insulator is short-circuited. To improve calculation effi-
ciency, the types of substances generated by the discharge were

simplified into three types: electrons, positive ions, and nega-
tive ions, regardless of the arc exothermic process during the
discharge process. Meanwhile, our model considers the electric

field changes caused by variation in space charges. Admittedly,
the simplified model cannot fully describe the air ionization
induced by the arc from the short-circuited insulator. But the
model provides an important tool to study insulator failure,
and reveals the distribution law of the three kinds of sub-
stances during the discharge.

2. Mathematical model

By Poisson’s equation, the electric field intensity [18] can be
described as:

E ¼ �rV ð1Þ

r � E ¼ q
e0

ð2Þ

where, E is the spatial vector of the electric field, (V/m); V is

the potential at the spatial position (x, y, z), (V); q is the
space charge density, (C/m3); e0 is the vacuum dielectric con-
stant, (F/m).

This paper mainly considers the high-voltage discharge pro-

cess of insulators. Therefore, the effect of fluid on electron
migration was neglected.

The solution of electron migration and diffusion, electron

density and average electron energy directly affects the space
charge density and electron distribution law.The above key
parameters are described by equations as follows:

@

@t
neð Þ þ r � �ne le � Eð Þ �De � rne½ � ¼ Re ð3Þ

@

@t
neð Þ þ r � �ne le � Eð Þ �De � rne½ � þ E � Ce ¼ Re ð4Þ

The electron diffusivity and mobility involved in the above
equations, as well as the electron energy diffusivity, can be
expressed by equations as follows:

De ¼ leTe

le ¼ 5
3
le

De ¼ leTe

8><
>: ð5Þ

Let M and P be the number of reactions that cause changes
to electron density, and that cause neutral collisions between
inelastic electrons, respectively.

Then, the source term of electron density can be expressed

as:

Re ¼
XM
j¼1

xjkjNnne ð6Þ

Among them, xj is the mole fraction of reactant j; kj is the

velocity coefficient of reactant j ,(m3/s); Nn is the total neutral
number density, (1/m3).

There is energy consumption in the process of electron

migration and diffusion. This energy consumption can be con-
sidered as the sum of the collision energy consumption of all
reactions:

Re ¼
XP
j¼1

xjkjNnneDej ð7Þ

Among, Dej is the energy consumption of reaction j, (eV).
The velocity coefficients can be obtained by integrating the
cross-sectional data:

kk ¼ c
Z 1

0

erkðeÞfðeÞde ð8Þ
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Among, c=(2q / me)
1/2 ((C/kg)1/2); me is the electron mass,

(kg); e is energy, (eV); rk is the collision cross section, (m2); f is
the distribution function of electron energy.

The mass fraction of non-electronic substances can be
described as:

q
@

@t
wkð Þ þ q u � rð Þwk ¼ r � jk þ Rk ð9Þ

As the charged substance moves, the space charge density

will change with the charge migration. Therefore, the relation-
ship between the space charge density and the discharge pro-
duct before can be expressed by formula (10):

�r � e0errV ¼ q ð10Þ
3. Simulation model

3.1. Model definition

Fig. 1(a) illustrates the discharge process of the test insulator.

During the experiment, the short-circuit fault was simulated by
connecting the upper and lower plates with an ultrathin wire,
since the insulator discharge process is mainly caused by air

breakdown, the calculation model constructed in this paper
ignores the influence of wire size on the discharge. As shown
in Fig. 1(b), the test structure has two dimensions. Since the
discharge takes place instantaneously, the areas near the plates

and wires were meshed into denser grids, making the computa-
tion more accurate. In actual scenarios, the short-circuited
Fig. 1 Insulator sho

Table 1 Collisions and reactions.

Reaction Formula Ty

1 e + A=>p + 2e Ion

2 e + A=>n At

3 e + 2A=>n + A At

4 e + p=>A Re

n + p=>2A Re
wires will fuse immediately under high voltage. Therefore, a
function was designed to control the action time of the wires
in the computing process. Fig. 1(c) is the calculation grid. This

article focuses on the discharge characteristics of the short-
circuit area. Therefore, the grid in this area is refined.

3.2. Boundary conditions and correlation coefficients

The upper plate was loaded with a voltage of 580 kV, while the
lower plate was grounded. The discharge process was regarded

as a continuous ion reaction. The background gas, air A, can
be ionized into positive ions, negative ions, and electrons. The
specific reactions are shown in Table 1.

Due to the influence of electric field force, the positive ions
move and neutralize near the lower plate. Thus, the concentra-
tion of positive ions was set to zero at the lower plate. For sim-
ilar reasons, the concentration of negative ions and electrons

was set to zero on the surface of the upper plate. The other
boundaries were regarded as zero flux boundaries.

This research mainly targets the discharge breakdown pro-

cess of the upper and lower plates of the insulator. Therefore,
the computational object was simplified as the upper and lower
plates connected by wires, and the discharge was assumed to

complete once the wires are discharged and fused. Therefore,
Gaussian pulse function was added to the wire boundary to
mimic the fusion effect of instantaneous discharge, the charac-
teristics of ion migration and diffusion were studied by com-

paring and analyzing the concentration distribution of
reaction products in discharge space.
rt-circuit model.

pe De (eV) kf (m
3/s)

ization 15 –

tachment – –

tachment – –

action – 5*10-14

action – 5*10-12



Fig. 3 Electric field intensity at the edge of the upper and lower

plates.

5178 S. Qi et al.
4. Results analysis

4.1. Distribution of electric field

The distribution of the spatial electric field intensity at 10 ns is
presented in Fig. 2, where the arrows indicate the direction of

electric field vectors. It can be seen that the area with larger
electric field intensity is mainly concentrated at the right edge
of the upper plate. This is because tip discharge is easy to occur

at this geometric tip with a small radius of curvature. Thus, the
corona arc is first excited at the edge of the upper plate, imme-
diately after the wires are connected.

Fig. 3 shows the curves of the electric field intensity corre-

sponding to the positions of the edge vertices of upper and
lower plates. It can be seen that the electric field intensities
at the edge vertices of the two plates changed with the develop-

ment of the discharge; the electric field at an edge vertex of the
upper plate was much more intense than that at the corre-
sponding edge vertex of the lower plate. The reason is that

the upper plate is loaded with high voltage. At the moment
of electrification, the electric field intensity at this plate
increased rapidly, sparking corona discharge. Then, the
charged substances (electrons, positive ions, and negative ions)

were rapidly ionized, and went through anisotropic electrode
migration. According to formulas (1) (2) and (10), the move-
ment of these substances will change the electric field intensity.

When the wires are fused, the charged substances will be neu-
tralized at the two poles, causing the field intensity to stabilize.
As shown in Fig. 3, the electric field intensity dropped rapidly

after reaching the peak.

4.2. Distribution of electron concentration

Fig. 4 shows the distribution of electron concentration at each
moment. It can be seen that, when the wires conducted electric-
Fig. 2 Distribution of electric field intensity at 10 ns.
ity, the electron concentration of the upper plate immediately

dropped to the lowest point. As time progressed, the electron
concentration in the computational domain started to fall
below the initial concentration, for the electrons continuously

migrate and neutralize to the electrode plates. When the wires
were fused, the circuit no longer released electrons, and the
released electrons were basically neutralized in motion, under

the action of the electric field. Since the electrons in the com-
putational domain were mainly released around the wires,
the low concentration area of electrons near the upper plate
continued to expand.

Fig. 5 shows the variation of electron concentration at six
points on the wires, from the discharge of the insulator to the
fusion of the wires. It can be seen that, the electrons were

excited instantly as the insulator was short-circuited and dis-
charged, resulting in a sharp rise in electron concentration.
The electron concentration was particularly high near the

middle of the short circuit. During the discharge, electrons
moved to the upper plate under the influence of the electric
field effect. Due to the adsorption and neutralization at the
upper plate, the electron concentration on that plate

approached the initial concentration. In the meantime, the
electron concentration at other positions increased, and
started to descend at the completion of the discharge. It is

easy to infer that the electron concentration during the dis-
charge maximized at about 0.5 ns.

To better understand the distribution of discharge prod-

ucts between upper and lower plates, the lower plate was
taken as the start point and the lower plate as the end point
along the short-circuit wires. Then, the product concentration

at the critical moment in the discharge process is presented in
Fig. 6. It can be seen that, a stable concentration area
appeared on the wires from the discharge of the insulator
to the fuse of the wires. After the discharge was completed,

this stable concentration area began to shrink. This is because
a large amount of plasma is generated near the wires as they
are fused. The plasma continuously ionizes gas molecules,



Fig. 4 Distribution of electron concentration.

Fig. 5 Variation of electron concentration with time.

Fig. 6 Variation of electron concentration along short-circuited

conductor.
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and stabilizes the concentration of ionized products. In engi-
neering, it is necessary to avoid such a continuous discharge

process.

4.3. Distribution of space charge density

Fig. 7 shows the distribution of the space charge density at
each time. This paper mainly investigates the short-circuit dis-
charge caused by positive high voltage. Thus, the space charge

density near the wires was initially negative. At the moment of
electrification, the space charge density in the vicinity of the
wires started to increase. When the wires were fused at

0.5 ns, the discharge induced by short circuit came to a stop,
and the space charge gradually moved to the two plates and
got neutralized.
Fig. 8 shows the change of the space charge density at var-
ious points along the wires with the elapse of time. The results

show that the space charge density of the upper plate exhibited
positive charge fluctuations at the moment of discharge. A
possible reason is that the upper plate is at a positive high volt-

age, and the electrons are instantly neutralized at the moment
of discharge. Meanwhile, the remaining positive ions begin to
migrate to the lower plate, making their space charge positive.

When the other positions are discharged, lots of electrons and
negative ions do not migrate to the positive electrode. That is
why the space charge is negative at these positions during the

discharge. With the termination of the discharge, the electrons
and negative ions at these positions move to the upper plate
and get neutralized. Hence, the space charge density eventually
tends to stabilize.



Fig. 7 Variation of space charge density at each time.

Fig. 8 Variation of space charge density at each time.
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5. Conclusions

This paper designs an experimental structure to study the

short-circuit discharge characteristics of insulators, and
numerically simulates the process from short-circuit discharge
of insulators to wire fusion, providing a theoretical reference

for the research into insulator discharge. The main conclusions
are as follows:

(1) The electric field intensity near the upper plate was rela-

tively large during the discharge process, and the electric
field intensity in the discharge space tended to stabilize
at the completion of the discharge. These observations

verify the effect of space charge on electric field
intensity.
(2) When the short-circuit wires were fused, the electron
concentration remained stable for a short while at cer-

tain positions of the discharge space. As the discharge
continued, the electron concentration at these positions
declined rapidly. The electrons moved to the plates,

causing fluctuations in electric field intensity.
(3) The short-circuit fault of insulators was simplified as the

short circuit of the wires between the two plates. The

fusion process of the wires was regarded as the release
of Gaussian pulse. The results show that the variation
of electron concentration during the discharge obeyed
the Gaussian distribution.
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