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ABSTRACT The study investigates behaviors of charge accumulation on an insulated surface from micro
perspective via the numerical method. A coupling bridge between the micro-ion reaction system and the
macroscopic multi-physical field was constructed by means of the electronic energy distribution function,
which revealed the coupling mechanism in the process of corona charge. Moreover, it revealed the transport
and accumulation mechanism of charge on the surface of insulating materials. 2D axisymmetric finite
element model was built based on the multi-physical field coupling theory. 10 kV negative voltage was
applied using a pin-plate electrode structure and polyimide film was taken as insulated surface to simulate
the dynamic charge accumulation behaviors in the corona discharge process. The generation, migration
and distribution laws of charged ions and electrons in different stages of corona discharge process were
given. Charge distribution laws in different stages of charge process of polyimide were given and discussed.
When corona discharge reached quasi-stationary state, the total charge number accumulated on the surface
was at 10−10 Coulomb order of magnitude, and the drift current was at 10−7 ampere order of magnitude.
An experimental platform was set up to test drift current and charge distribution under quasi-stable discharge
state. The results show that the simulation results and the experimental data under quasi-stable state are
consistent, thus indirectly verifying the correctness of the proposed numerical simulation algorithm and its
simulation results.

INDEX TERMS Air gaps, charge transfer, finite element methods, surface charging.

I. INTRODUCTION
Surface charge plays a significant role in dielectric strength
of solid-gas interface, especially for electrical equipment
with complex 3D structures [1]. Surface charge accumulation
can lead to drop of surface flashover voltage of insulator
and degradation of breakdown characteristics of supporting
insulator [2]. The hydrophobicity of silicon rubber insulation
material will decline somehow under surface charge accu-
mulation [3]. The aging and insulation failure of polymer
insulation material is closely associated with surface charge
accumulation and migration [4], [5]. Charge accumulation
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on solid insulated surface under continuous high-voltage
DC stress has become a serious problem [6].

Many scholars have done a lot of research work regard-
ing the effect of surface charge on dielectric strength at
solid-gas interface and charge accumulation mechanism [1],
[2], [7]–[15]. Due to the difference in factors like experimen-
tal conditions and research methods adopted by researchers,
experimental results are usually inconsistent and they may
even obtain totally opposite conclusions [11], leading to
the lack of comprehensive understanding of dynamic charge
accumulation behaviors and characteristics. The generation
and accumulation process of surface charge of insulating
medium is comprehensively influenced by various multi-
physics factors. The scarce theoretical equations are all one-
dimensional discharge equations on theoretical foundation of

VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 113151

https://orcid.org/0000-0003-0872-4428
https://orcid.org/0000-0002-7500-1134


T. Feng et al.: FEM Simulation of Charge Accumulation Behaviours on Polyimide Surface

corona discharge [17]. It’s hard for the existing theoretical
equations to realize simulation computation of surface charge
accumulation effect of insulating medium under the multi-
structure multi-field coupling effect.

In this study, a coupling bridge between themicro-ion reac-
tion system and themacroscopic multi-physical field (electric
field, magnetic field, flow field, energy field, and heavy
ion concentration field) was constructed by means of the
electronic energy distribution function, which revealed the
coupling mechanism in the process of corona charge. More-
over, it reveals the transport and accumulation mechanism of
charge on the surface of insulating materials. 2D axisymmet-
ric finite element model was established based on multi-scale
and multi-physics coupling theory to simulate the air corona
discharge polarization process. Finite element software was
employed for modeling and simulation so as to analyze and
explain the gas corona discharge phenomenon in atmospheric
environment, give migration, transport and distribution of all
kinds of charged particles at different time in the discharge
process, probe into dynamic charge accumulation process on
polyimide film surface and analyze the physical mechanism
of charge accumulation. In the end, the correctness of sim-
ulation and theoretical analysis was verified indirectly by
combining an experimental study under quasi-stable state.
This study is expected to provide theoretical support for the
leading mechanism to prevent discharge or flashover along
the surface.

II. MATHEMATICAL MODEL
At micro level, Nano scale collision, ionization and adsorp-
tion problems between ion-ion, ion-electron, electron-neutral
particle and ion-neutral particle can be explained using the-
ories of molecular dynamics and electrodynamics. From
macro-level, based on the reaction coefficients obtained
through the above mentioned calculation, macro concentra-
tion distributions of all kinds of aforementioned ions, elec-
trons and neutral particles nearby the discharge region can be
calculated according to geometric fluid theory, electric field
migration theory, etc.

A. IONIC REACTION IN AIR CORONA DISCHARGE
During the air corona discharge process, reaction types where
electrons participate mainly include ionization, attachment,
collision and excitation. There are many kinds of micro par-
ticles involved in the reaction, and the number of reaction
equations involved is more than 100. Table 1 is a simplified
equation list, which shows the reaction equations involved
in atmospheric air corona discharge and their corresponding
energy losses and reaction types. Table 1 is based on the fol-
lowing assumptions and analysisčžThe main gas components
in air are oxygen and nitrogen, which account for 21% and
78%, respectively, and the rest accounts for 1% [18]. The
reaction involved in the air corona discharge process can be
approximately regarded as reaction of oxygen and nitrogen

TABLE 1. Ionic reaction equations of air corona discharge.
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TABLE 2. Reduced ionic reaction equations of air corona discharge.

with their derivative ions. As can be seen from Table 1, even
so simplified, the number of equations involving the micro
reaction of oxygen and nitrogen with their derivative ions is
still as high as 39 [19]–[21]. The more the number of reaction
equations, the more unfavorable it is to the convergence of
the solution of mathematical model. At present, the data of
collision cross section under high voltage and high electric
field energy in the database are not complete. To obtain these
data, we have to expand the existing data linearly, which is not
conducive to the convergence of the equation solution. In con-
sideration of complexity of numerous reaction equations and
their effect on convergence of numerical equations, drawing
on the model proposed by Professor Kulikovsky [22], the air
can be regarded as a mixed plasma system consisting of
neutral particle A, positive ion p, negative ion n and electron e.
Then we can get the reduced ionization reaction equations
shown in Table 2 to describe the air corona discharge process
under normal pressure.

Electron source items of reaction equations in Table 2 can
be respectively characterized as follows [20], [21]:

Re,1 = xA1αA1NA1ne1 (1)

where Re,1, xA1, αA1, NA1 and ne1 are the electron source
term, molar percentage of neutral particle A, Townsend
discharge coefficient, neutral particle number concentra-
tion and electron molar concentration of ionizing reaction
equation (1), respectively. The relation between Townsend
discharge coefficient αA1 and average electron energy is
acquired through the experiment [20] as shown in Figure 1.

Re,2 = xA2αA2NA2ne2 (2)

where Re,2, xA2, αA2, NA2 and ne2 are the electron source
term, molar percentage of neutral particle A, Townsend
discharge coefficient, neutral particle number concentration
and electron molar concentration of reaction equation (2),
respectively. The relation between Townsend discharge
coefficient αA2 and average electron energy is acquired
through the experiment [20] as shown in Figure 2.

Re,3 = xA3k3NA3ne3 (3)

where Re,3, xA3, k3, NA3 and ne3 are the electron source term,
molar percentage of neutral particle A, three-body reaction
rate with electron temperature dependence, neutral particle
number concentration and electron molar concentration of
reaction equation 3, respectively. Based on the Arrhenius
equation, the reaction rate k3 considering the influence of

FIGURE 1. Relation between Townsend discharge coefficient and average
electron energy in ionization reaction equation 1.

FIGURE 2. Relation between Townsend discharge coefficient and average
electron energy in complex reaction equation 2.

temperature is introduced. The fitted expression according to
the experiment is:

k3 = 1.4× 10−42
0.026
Te

e
( 100
Tgas
−

0.061
Te

)
N 2
A (4)

where Te, Tgas and NA are the electron temperature, gas
temperature and Avogadro constant, respectively.

k4 = rei ∗ NA (5)

k4 is irreversible chemical reaction coefficient of bibody
reaction 4, and rei is reaction coefficient of electron-positive
ion attachment.

k5 = rnp ∗ NA (6)

k5 is irreversible chemical reaction coefficient of bibody
reaction 5, and rnp is reaction coefficient of positive and
negative ions.
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B. IONIC REACTION ON ELECTRODE SURFACE
The positive ion p nearby anode surface will experience
neutralization reaction p => A with electron in air corona
under normal pressure, and the surface reaction rate is rp,
unit: mol/(s·m2), and it can be expressed as formula (7) [20].
Ion nearby cathode surface will experience reactions n =>
A and p=> A in air discharge under normal pressure, where
positive ion reaction equation on cathode surface is consistent
with formula (7). The negative ionic reaction rate on cathode
surface is rn which can be expressed as formula (8) [20].

rp = ks,pcp (7)

rn = ks,ncn (8)

where ks,p, cp, ks,n, and cn, are the anodic reaction equation
coefficient, positive ion molar concentrations, cathodic
reaction equation coefficient and negative ion molar concen-
tration, respectively.

C. ELECTRON TRANSPORT EQUATION
The electron transport equation in air corona discharge
process under normal pressure is described based on elec-
trodynamics collision theory of micro-level Maxwell, prob-
ability distribution in consideration of electron migration and
diffusion in electric field from macro-level. Its constitutive
equation is expressed as formula (9) [19].

∂

∂t
ne +∇ · [−ne (µe · E)− De · ∇ne] = Re (9)

where ne, µe, E , and De, are the spatial electronic number
density, electron mobility, electric-field vector and electron
diffusion coefficient, respectively. Electron diffusion coeffi-
cient De is comprehensively influenced by electron tempera-
ture and mobility. The relation among the three is [20], [21]:

De = µ0|kµE|nTe (10)

where µ0, kµ and n are the base electron mobility, electric
field linear correction coefficient and nonlinear correction
coefficient of electric field, respectively.

In Equation (9), Re is algebraic sum of rates of electrons
generated or consumed by all ionic reactions contained in
reaction 1 to reaction 4 in Table 2. The first term at left side
of the equation represents time-dependent change degree of
electron number density within any analytical unit. The sec-
ond term is electron number density inside any non-boundary
unit, and it is comprehensively influenced by electric field
migration of electrons within its nearby unit and diffusion
effect caused by concentration gradient ∇ne. During the cal-
culation process, in order to couple with traditional Townsend
discharge theory and experimental test data, reduced unit is
usually used to couple electric field intensity |E | with the
electrodynamics collision theory of micro-level Maxwell
probability distribution. In the air under normal pressure,
the relation between average electron energy in air corona
discharge and reduced electric field intensity is experimen-
tally verified as shown in Figure 3 [20]–[23]. This transfor-
mation relation can transform electric field intensity solved

FIGURE 3. Relation curve between average electron energy and reduced
electric field intensity in air corona discharge process under normal
pressure [22-25].

from macro-level into average electron energy equation,
which is then further substituted into transformation relations
in Figure 1 and Figure 2 to calculate coefficients of ionic
reaction equations (1) to (4) in air corona discharge process.
In consideration that the ionization effect triggered by strong
electric field in the discharge process will prevent electron
migration and movement in the plasma region. Therefore, the
electron mobility in formula (9) is corrected into the form
with dependence on electric field intensity, and its expression
is [20], [21]:

µe = µ0|kµE|n (11)

where n is nonlinear correction coefficient of electric field.

D. TRANSPORT EQUATION OF ELECTRON ENERGY
Electron energy is the macroscopic characterization of the
kinetic energy of electron motion. The greater the electron
energy, the greater the speed of motion, the easier it is to
collide, excite, ionize and react with heavy ions. The elec-
tron energy field is similar to the electron concentration and
follows the principles of diffusion, convection and electric
field migration. The transport equation can be expressed as
formula (12) [19].

∂nε
∂t
+∇·[−(µε ·E)nε−∇(Dεnε)]+E ·[−(µε ·E)nε−∇(Dεnε)]

= Sen − (u · ∇)nε +
Q+ Qgen

q
(12)

where nε, µε, Dε, Sen, u, Q and Qgen are the electron energy
density, electron energy mobility, electron energy diffusivity,
energy loss/gain, neutral fluid velocity, external heat source
and generalized heat source, respectively.

E. TRANSPORT EQUATION OF HEAVY IONS
Heavy ions refer to other charged particles and neutral
particles except for electrons. In the discharge region, their
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transport equation can be expressed as formula (13) [16]:

ρ
∂

∂t
wk + ρ (u · ∇)wk = ∇ · jk + Rk (13)

jk = ρDk∇wk + ρDkwk
∇Mn

Mn

+ ρwkDTk
∇T
T
− zkµkE (14)

where wk , ρ, u, jk , Rk , Dk , DT
k , Mn, zk and µk are the

molar-volume fraction of k-th heavy ion, mixed gas density,
flow field velocity, transport vector fluxes of k-th heavy
ion in the reaction process, mass consumption and forma-
tion rate of k-th heavy ion in ion reaction, diffusion coef-
ficient of k-th heavy ion, thermal diffusion coefficient of
k-th heavy ion, molar mass of k-th heavy ion, the number
of charge elements of k-th heavy ion and electric mobility
of k-th heavy ions, respectively. For a reaction system with
multiple heavy ions, this flux is driven by various mecha-
nisms, mainly including diffusion, molecular motion, thermal
motion and field-induced migration. The four mechanisms
can be expressed as the four right terms in Eq. (14),
successively.

F. POISSON’S EQUATION
In air discharge process under normal pressure, electric
field E in discharge region is under comprehensive action
of potential difference between electrodes and concentration
distribution of space charged particles. The spatial electric
field distribution follows Gauss theorem of electrostatic field,
and its mathematical expression can be expressed by Pois-
son’s equation (15), where the relation between electric field
vector E and space potential V is shown in formula (16).
The relation between space charge density in formula (15)
and number density of space charged particles is shown in
formula (17) [16].

∇ · (ε0εrE) = ρq (15)

E = −∇V (16)

ρq = e0
(
np − nn − ne

)
(17)

where ε0, εr , ρq, V , np, nn, ne and e0 are the permittivity of
free space, relative dielectric constant, space charge density,
electric potential, positive ion number density, negative ion
number density, the number density of space electrons and
unit charge quantity, respectively.

III. NUMERICAL SIMULATION
A. GEOMETRIC MODEL USED FOR FEM
Figure 4(a) is the physical picture of discharge device. Finite
element model used to describe air corona discharge is
constructed according to parameters of actual experimental
equipment. Multiphysics finite element simulation software
is used to establish a 2D axisymmetric geometric structure for
simulating air corona discharge. Figure 4(b) is the geometric
model used for FEM.

FIGURE 4. (a) Physical picture of discharge device (b) Geometric Model
Used for FEM.

B. BOUNDARY CONDITIONS
Boundary condition for metallic contact is constraint of
boundary potential V, and its mathematical expression is:

V = −V 0f(t) (18)

where V0 = 10kV, f(t) is time ramp function used to sim-
ulate the dynamic process of negative high-voltage power
supply climbing to rated negative high-voltage potential since
being started. In this simulation, f(t) is ramp function with
slope factor being 105(1/s), where the potential constraining
grounding electrode is usually zero, namely

V = 0 (19)

Zero-charge boundary condition is set at external boundary
of ion region to improve the model convergence, and its
expression is:

D · n = 0 (20)

where D is displacement density (C/m2), n is normal vector
of dimensionless boundary. The axisymmetric boundary con-
dition is taken as default condition of the 2D axisymmetric
finite element model at the position of connecting line of pin
electrode and plate electrode center. In consideration that pos-
itive ion, negative ion and electron will go through collision,
adsorption and neutralization reactions on electrode surface,
surface reaction boundary condition should be applied to
electrode surface as seen in formulas (7) and (8).

C. PARAMETERS USED IN FINITE ELEMENT SIMULATION
The computational domain of simulation model is shown
in Fig. 4(b). The model is a two-dimensional axisymmetric
geometric model, and its rotation axis is z axis. The structural
parameters of the simulation model set as Table 3. Since the
size is too small, polyimide film thickness (ThPI), needle
electrode tip radius (RPin−tip) and needle electrode end radius
(RPin−end) cannot be marked in Fig. 4(b), which value is
0.25 mm, 0.5mm and 2mm respectively. The reaction param-
eters and environmental parameters of the simulation model
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TABLE 3. Structural parameters of the simulation model.

TABLE 4. Reaction parameters and environmental parameters.

TABLE 5. Material property parameter.

set as Table 4. This simulation model involves four materials,
namely copper, polyimide, air and ceramics. The material
property parameter set as Table 5. Due to space constraints,
the above table lists only a small number of simulation
parameters.

D. DISTRIBUTION OF SPACE POTENTIAL AND ELECTRIC
FIELD
The space potential distributions in initial stage (10µs),
intermediate stage (0.1ms) and final stage (3.7ms) of corona
discharge are shown in Fig. 5(a), 5(b) and 5(c), respec-
tively. Fig. 5(a) shows space potential distribution when
negative high-voltage electrode just reaches -10 kV, when
charged ion transport in discharge space has not reached
quasi-equilibrium state, and time-dependent potential change
degree nearby electrode point is the highest; At 0.1 ms as
shown in Fig. 5(b), space potential distribution is changed due
tomigration and diffusion of charged ions; At 3.7ms as shown
in Fig. 5 (c), corona discharge reaches quasi-equilibrium
state, as distribution of charged ions tends to be quasi-stable,
space potential distribution is more uniform and reaches
quasi-stable state.

FIGURE 5. Spatial potential distribution in different stages of corona
discharge process. (a) t=10µs. (b) t=0.1ms. (c) t=3.7ms.

FIGURE 6. Electric field distribution near needle electrode in different
stages of corona discharge process. (a) t=10µs. (b) t=0.1ms. (c) t=3.7ms.

Fig 6 (a), 6 (b) and 6 (c) give electric field intensity
distributions near negative high-voltage electrode surface
at 10µs, 0.1ms and 3.7ms, respectively. As high curvature
exists at negative high-voltage electrode tip, local electric
field enhancement at tip. During the process from voltage
application to formation of steady corona discharge, electric
field intensity nearby high-voltage electrode surface changes
with time due to space ion transport mechanism, and it
gradually reaches a quasi-equilibrium state. Fig 7 shows
time-dependent change curve of surface field intensity |E |
on negative high-voltage electrode tip. Electric field strength
up to 107V/m near needle electrode tip. In the curve, the
initial abrupt rising trend is contributed by ramp voltage
function. When reaching the highest electric field intensity,
the charge gathered near the negative electrode surface has
not yet migrated and diffused into the whole space. As time
passes by, charges on electrode surface are migrated and
diffused step by step, and the electric field intensity gradually
decreases, but the electric field near the tip of the needle
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FIGURE 7. The curve of electric field intensity |E| on the tip of negative
high voltage electrode varies with time.

electrode is always above 107V/m. The distribution of electric
field is slightly different from other literatures, which may
be due to many factors, such as insulation film materials and
thickness, electrode structure and so on.

E. EVOLUTION LAWS OF SPACE CHARGE DISTRIBUTION
Figures 8(a), 8(b), and 8(c) give space charge density distri-
bution cloud pictures at 10µs, 0.1ms and 3.7ms, respectively.
In these figures, deep red colour represents positive charge,
dark blue colour is negative charge. In initial and interme-
diate stages of corona discharge, high-concentration charge
accumulation is generated nearby both negative high-voltage
electrode and grounding electrode, and accumulation con-
centration is higher where the curvature is greater. Posi-
tive and negative charges present alternate distribution in

nearby space of electrode. As time passes by, positive charge
is migrated towards negative high-voltage electrode while
negative charge moves towards grounding electrode, finally
reaching quasi-equilibrium state. After electron avalanche
takes place, electrons are migrated towards ground electrode
under the action of electric field force and accumulated in
head region of corona development, so they present dark blue
lamellar distribution state. The rest positive ions almost don’t
change in spatial position due to their large mass so as to
fill the region where ionization takes place between pin-plate
electrodes and draw close to high-voltage cathode space.
Positive and negative charges present alternate distribution in
initial corona discharge stage and during the discharge pro-
cess, which is rightly the result of continuous advancement
of electron avalanches towards ground electrode. After the
quasi-stable state is reached in the end, a large number of
positive ions are left nearby high-voltage cathode, only a large
number of negative charges are accumulated nearby ground
electrode, so quasi-equilibrium charge distribution is decided
mainly by electric field.

Figures 9(a) and 9(b) give logarithmic distribution cloud
pictures of molar fractions of positive ions and negative
ions between point-plate electrodes when corona discharge
reaches a quasi-stable state at 3.7ms. Figure 9(c) give
logarithmic distribution cloud pictures of electron number
density between point-plate electrodes when corona dis-
charge reaches a quasi-stable state at 3.7ms. The arrows
in Figures 9 indicates the fluxes of Positive ion, Negative ion,
Electrons, respectively.

As concentration order of space charged particles in
discharge space is large, 10-based logarithm is used for
data processing and plot drawing. It can be found through
Figure 9(a) that the concentration of positive ions nearby
ground electrode is the lowest when corona discharge reaches
a quasi-stable state, and the transport direction is turned
from ground electrode to negative high-voltage pin electrode;

FIGURE 8. Distribution of space charge density in different stages of corona discharge process. (a) t=10µs (b) t=0.1ms
(c) t=3.7ms.
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FIGURE 9. Cloud image of density distribution of positive ions, negative ions and space electrons in quasi-stable state
of corona discharge (a) Log(Positive ion mole fraction, 1) (b) Log(Negative ion mole fraction,1) (c) Log(Electronic number
density, 1/m3). The arrows indicates the fluxes direction of Positive ion, Negative ion and Electrons, respectively.

FIGURE 10. Distribution of the charge density (C/m2) of the polyimide surface at different time in the corona charge
process.(a) t=10µs (b) t=0.1ms (c) t=3.7m.

On the contrary, the concentration of negative ions
nearby negative high-voltage pin electrode is the lowest
in Figure 9(b), and the transport direction is turned from
negative high-voltage pin electrode to ground electrode. It can
be seen from Figure 9(c) that electrons fill the space between
pin-plate electrodes, the concentration at electrode tip with
the largest curvature is the highest, and the electron transport
direction is from negative high-voltage pin electrode and
reaches ground electrode under the action of electric field
migration.

Figures 10(a), 10(b), and 10(c) give charge density distri-
bution cloud pictures of polyimide surface obtained by the
revolution of the 2-D symmetric numeric model at 10µs,
0.1ms and 3.7ms, respectively. Figure 10(a) is corresponding
to initial corona discharge stage, charge density in film central
region is obviously higher than that in marginal region, and
this result can be explained like this: electrons released at
negative high-voltage cathode in the initial stage take the lead

to arrive at the center of ground electrode surface covered
by polyimide film, so the charge concentration on the sur-
face of central region is the highest. Through electric field
migration for a certain time, charge distribution is as shown
in Figure 10(b) in intermediate stage of corona discharge.
Electrons produced by corona discharge reach the insulated
film surface in succession and present relatively uniform
surface charge density on the surface.When corona discharge
reaches a quasi-stable state, the surface charge density in
central region of the film is gradually lowered due to mutual
repulsion of surface charges and migrating effect of surface
electric fields on surface charges as shown in Figure 10c.

F. CHARGE ACCUMULATION CHARACTERISTICS AND
EVOLUTION LAWS
Figure 11 gives the charge density distribution curves on the
line segment (radius) from the center of polyimide film circle
to margin at 10µs, 0.1ms and 3.7ms, respectively. 10µs curve
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FIGURE 11. Surface charge density distribution curves on the line
segment from center of polyimide film circle to margin
(t=10µs, 0.1ms, 3.7ms).

in Figure 11 clearly displays no uniformity degree of surface
charge density distribution in initial corona discharge stage,
where the charge density is the highest in central region of
polyimide film. As the distance from the center of circle
increases, the surface charge density gradually declines. The
0.1ms curve in Figure 11 is corresponding to intermediate
corona discharge stage, and it can be seen that as the distance
from the center of circle increases, the surface charge density
changes little and the charge density distribution is quite
uniform. The 3.7ms curve in Figure 11 is corresponding to
quasi-stable stage of corona discharge, and it can be seen that
the surface charge density is the minimum at the center of
circle. As the distance from the center of circle increases,
the surface charge density gradually increases (region I).
After the distance reaches about 5 mm, the surface charge
density distribution becomes uniform (region II). Through an
observation by combining Figure 11 and Figures 10, compre-
hensive and clear surface charge density distribution laws in
different corona discharge stages can be acquired.

It can be seen from Figure 11 that the surface charge
density reaches 10−6C/m2 order of magnitudes in initial
and intermediate corona discharge stages, and it reaches
10−8C/m2 under quasi-stable state. This is because in initial
and intermediate corona discharge stages, a large number of
these positive ions, negative ions and electrons generated by
ionization are accumulated on the polyimide surface, it’s too
late for charges of different polarity to be fully neutralized.
A large number of charged particles of different polarity
are already neutralized under quasi-stable state and reach
quasi-equilibrium of ionization and neutralization reactions,
all kinds of charged ions are reduced sharply, and the main
charge components are remaining electrons, so the surface
charge density is much smaller under quasi-stable state.

Figure 12 gives the time-dependent change curves of sur-
face charge densities when the distance D from the center of

FIGURE 12. Time-dependent curves of surface charge density at D
(D=1mm, 5mm, 10mm, 15mm, 20mm) from center of circle.

circle is 1mm, 5mm, 10mm, 15mm and 20mm, respectively.
Obviously, at different distances from the center of circle,
the time-dependent change curves of surface charge density
have the same development trend with quadratic curve uni-
modal form, the surface charge density reaches peak value
(10−6C/m2) within dozens of microseconds and then slowly
declines and finally is stabilized at 10−8 C/m2 in a few
milliseconds. As the distance from the center of circle
increases, the maximum surface charge density is reduced
and the time for it to reach peak value is postponed. This is
because in the corona discharge process, a large number of
charged ions take the lead to reach the polyimide film center
and its nearby position. In the position away from the center,
a significant part of the accumulated charge were migrated
from the central area under the action of the electric field
force, so the closer to the center, the earlier the peak value
will be reached, and the farther from the center, the smaller
the peak value.

G. TEMPORAL EVOLUTION LAWS OF TOTAL CHARGE
NUMBER ON POLYIMIDE SURFACE
Integral of charge densities on polyimide surface at different
time is taken, and the time-varying curves of total surface
charge number can be obtained as shown in Figure 13.
In order to clearly display the charge accumulation process in
initial stage, logarithmic form is taken for horizontal axis of
time in the figure. It can be seen that the charge accumulation
process within the first 30 µs is mainly because ionization
degree is continuously elevated in the rising zone of voltage
ramp function, and more charged particles are accumulated
on the surface of insulation material. As the simulation time
continues to increase, charged ions like electrons, positive
ions and negative ions ionized out in the initial stage are
migrated under the action of electric field, accompanied by
ionic reactions such as adsorption and neutralizationin the
meantime. After ‘‘a long enough time’’, consumption and

VOLUME 8, 2020 113159



T. Feng et al.: FEM Simulation of Charge Accumulation Behaviours on Polyimide Surface

FIGURE 13. Total surface charge number-time relation curve.

yield of ions in the reactions reach quasi-equilibrium state,
and total charge number on polyimide surface tends to be
balanced. Under this simulation condition, total number of
charges accumulated on the surface is at 10−10 Coulomb
order in quasi-equilibrium state.

IV. EXPERIMENTAL VERIFICATION
A. EXPERIMENTAL DEVICE
Figure 14 shows structural diagram of experimental device.
The left side is charged part of insulated film and the right
side is charge test part, and ground electrode is installed
on the track. The device of charged part consists of two
parts: high-voltage pin electrode, which can adjust horizontal
and vertical positions, installed on insulated beam; ground
electrode installed on the track. The device of charge test
part consists of three parts: capacity test probe, precision
guide rail and signal acquisition processer, where three pre-
cisely adjustable guide rails ensure that the charge test probe
can precisely adjust the test position in 3D space. The test
principle of charge refers to references [24], [25]. Polyimide
film can be slid to right side after the left side is charged
for surface charge test. The experiment is conducted under
ambient temperature of 20◦ and relative air humidity of 30%.
DC high voltage is set at negative 10 kV, and drift current
value can be read through a digital microammeter.

B. DISTRIBUTION LAWS OF CHARGE DENSITY ALONG
RADIUS UNDER QUASI-STABLE STAT
After negative 10 kV voltage corona discharge and polyimide
film charge for 1 min, the surface charge density is tested at
test points every other 4 mm from the center of circle along
the radius (as the last test point rightly falls at the edge of
circumference, it’s difficult to accurately measure the charge
at this position, and the last test point is selected at 2 mm
position at inner side of circumference). Figure15 gives the
contrast curves of simulation result and experimental result

FIGURE 14. Insulation film charge accumulation and charge density test
platform.

FIGURE 15. Distribution curve of charge density along radius under
quasi-stable state.

of surface charge density distribution along radius under
quasi-stable state corona discharge process. The two share
similar distribution laws, the charge density is small nearby
the center of circle, and as the distance from the center of
circle increases, surface charge density gradually increases.
After the distance from the center of circle is greater
than 4 mm, the charge distribution becomes uniform. The
measured value is smaller than simulation result, mainly
because charge leakage appears since the polyimide charge
is completed until the charge test is started and in middle of
the test. The surface charge density is slightly increased due
to fringe effect nearby the circumference.

C. DRIFT CURRENT TEST UNDER QUASI-STABLE STATE
It can be known from simulation computation that 3.7ms after
the corona discharge, the quasi-stable state is reached. Within
1 min after the corona discharge and since the voltage is
applied, drift current value is read from the microammeter
every other 10s. Figure 16 gives the contrast drift current
curves of simulation computation (red line) and experimental
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FIGURE 16. Drift current-time curve at quasi-stable state of corona
discharge.

test (blue line) under quasi-stable state. The experimental
test drift current curve is a slightly fluctuating curve, and
the current value is about 0.7µA. In order to compare with
experimental results, the simulation drift current data time
range from 3.7ms to 60 s in figure 16, which is a part of
simulation computation result when the quasi-stable state is
approached. In order to speed up the calculation progress and
reduce the calculation amount, the time step of simulation
calculation is increased in proportion. The drift current value
of simulation and experimental test are of the same order of
magnitude and have similar fluctuation characteristics in the
time range of 1s to 60s (both are basically straight lines).
It can be seen that simulation result of drift current under
quasi-stable state is basically identical with that obtained
through the experimental test.

Based on the test of charge density and drift current under
quasi-stable state and a comparison with simulation results,
the experimental conclusion is basically consistent with the
simulation result, thus verifying the correctness of the pro-
posed numerical simulation method and its simulation result
indirectly.

V. CONCLUSIONS
The charge accumulation mechanism on polyimide insulat-
ing medium in negative high-voltage corona discharge was
investigated through numerical simulation. According to the
parameters and operating conditions of the established exper-
imental system, a universal 2D axisymmetric model was
constructed based on micro-macro coupling plasma reaction
equation and transport equation to investigate the charge
process of corona polarization insulated surface. A coupling
bridge between the micro-ion reaction system and the macro-
scopic multi-physical field was constructed by means of
the electronic energy distribution function, which revealed
the coupling mechanism in the process of corona charge.
The generation, migration and distribution laws of charged
ions and electrons in different stages of corona discharge

process were given. Charge distribution laws in different
stages of charge process of polyimide were given and dis-
cussed. The following items were concluded:

(1) The spatial distribution of electric potential and elec-
tric field between electrodes of needle-plate is obtained by
simulation. Electric field strength up to 107V/m near needle
electrode tip.

(2) The distribution of space charge density in different
discharge stages is obtained by simulation. In initial and inter-
mediate corona discharge stages, high-concentration charge
accumulation is generated nearby both negative high-voltage
electrode and ground electrode, and the accumulation con-
centration is higher where the curvature is greater. Positive
and negative charges present alternate distribution nearby
the high-voltage electrode at initial time of corona discharge
and in the discharge process. After the quasi-stable state is
reached in the end, only a large number of positive ions are
left nearby the high-voltage cathode, while only a large num-
ber of negative charges are accumulated nearby the ground
electrode.

(3) The distribution characteristics of polyimide surface
charge density and its variation with time are obtained by
simulation. In the initial corona discharge stage, the charge
density in the central region of insulated film is remarkably
higher than that inmarginal region. In the intermediate corona
discharge stage, relatively uniform surface charge density is
presented. When the corona discharge reaches a quasi-stable
state, the surface charge density in the central region of the
film is lower than that in surrounding region.

(4) The surface charge density is at 10−6C/m2 order
of magnitudes in initial and intermediate corona discharge
stages, and it reaches 10−8 C/m2 order under quasi-stable
state.

(5) As the distance from the center of circle increases,
the maximum surface charge density is reduced and the time
for it to reach peak value is postponed.

(6) The curve of the total charge number of polyimide
surface with time is given. Under quasi-equilibrium state of
corona discharge, the total number of charges accumulated
on the surface reaches 10−10 Coulomb order of magnitudes.
(7) Based on the test of charge density and drift current in

quasi-stable state and compared with the simulation results,
the correctness of the proposed numerical simulation method
and its simulation results are indirectly verified.

This study is expected to provide theoretical support for
the leading mechanism to prevent discharge or flashover
along the surface. The effects of materials, humidity and tem-
perature on the discharge process and charge accumulation
behavior will be discussed in subsequent studies.
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