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ABSTRACT The series of physical processes contained in the corona layer is the source of space ions
formed by the corona discharge of the high-voltage AC line. However, since these physical processes are
difficult to calculate accurately and the corona layer thickness is usually small, the corona layer is ignored
in the published literature on the corona discharge of the AC line, and the ions are considered to be emitted
directly from the conductor surface. In this paper, the distribution area of the charged particles is divided into
the corona plasma region and the unipolar drift region. A mathematical physical model of the photoionization
and photoemission, which sustain self-sustaining discharge in the positive and negative half-cycle of corona
plasma region of the AC conductor in dry air, are established. The influence of the ions generated in the
previous cycle is also considered in the numerical simulation process. Finally, a complete microscopic
physical model describing the corona discharge of the AC conductor under dry air is established. The
validity of the physical model proposed in this paper is demonstrated by comparison with experimental
results reported in the literature. Through the numerical simulation of the ion flow field of positive and
negative half-cycle and the corona current, the physical process of the corona discharge around the AC
line is better understood and analysed. Further positive and negative half-cycle charged particle motion and
corona plasma regions were compared and analyzed. This work provides a brand new mathematical physics
method for understanding and applying AC corona discharge.

INDEX TERMS Corona discharge, high-voltage AC line, microscopic physical process, photoionization,

photoemission.

I. INTRODUCTION

High-voltage AC transmission lines have been widely used
to meet the growing electricity demand of society. When
the electric field near the high-voltage conductor exceeds the
onset field strength, the corona discharge occurs around the
conductor [1]. Corona is a partial breakdown of the gas in
the electric field and involves many complex phenomena,
including the generation of the excited molecule state of the
space charge and its components [2]. The dry air is mainly
composed of nitrogen and oxygen, both of which have a wide
range of excited states [3]. Oxygen itself is additionally an
electronegative gas and has the ability to attach electrons [4].
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These phenomena are combined to influence the genera-
tion of electric field and secondary electrons, thereby giving
corona its unique pattern. This work provides an invalu-
able guideline for a better understanding of the micro-
physical process and industrial applications of AC corona
discharge [5]-[8].

A series of physical processes such as impact ioniza-
tion, electron attachment, and secondary electron emission
included in the corona plasma layer is the source of the forma-
tion of space ions in the corona discharge of the high-voltage
AC line [9]. However, it is difficult to establish mathematical
models to accurately describe these physical processes. These
physical processes are usually overlooked when studying AC
corona discharge. When the AC voltage is applied to the
conductor, the ion moves a very short distance away from
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the conductor, and then returns to the latter, and afterward
moves back and forth alternately. The total decrease in the
potential of the ions in this displacement depends on the
displacement law. The potential drop has the same order of
magnitude as the line voltage, which means that the ionization
energy is completely insignificant compared to the energy
consumed by the charge during the charge displacement pro-
cess. The experiments in the literature are basically based on
the test research of corona parameters such as the onset field
and the current in the external circuit. However, since the
duration of microscopic physical process of corona discharge
in the corona plasma layer is extremely short (nanosecond)
[10], [11], as well as unpredictable propagation paths and
low radiation from the streamer, it is difficult to obtain micro-
scopic discharge parameters (ion current density, charge dis-
tribution, electric field in the corona layer) by experimental
testing. With the continuous development and optimization
of spatial discrete methods, the theoretical research based on
numerical simulation of discharge development has been car-
ried out [12]-[17]. To facilitate numerical simulation, most
of these studies are based on the hydrodynamic convection-
diffusion model to describe the distribution and development
of plasma. Corona is a self-sustaining discharge in the posi-
tive and negative periods of the AC voltage, which is main-
tained self-sustaining discharge through secondary processes.
The secondary processes include photoemission from the
discharge electrode, bombardment of the discharge surface
by the positive ions, or photoionization in the gas [2], [8]. The
secondary process is a challenge for many numerical studies
[18], [19], and the effect of precision on the numerical algo-
rithm is imposed by applying constraints. For a secondary
process, the balance between computational efficiency and
precision are a high computationally demanding problem, but
appropriate modeling of the discharge and breakdown phe-
nomena is still critical. Therefore, there is a need to develop
programs that accurately and effectively capture the nature
of these physical processes. A simple approximation for the
secondary process of the model, such as constant background
ionization [12], one-dimensional photoionization model [20],
equivalent ion-impact, is incorporated into a two-dimensional
solution. With the continuous development of finite element
method, the numerical simulation efficiency has been greatly
improved. Therefore, the full modeling of the secondary
phenomena can be carried out by numerical study of various
parameters, thus giving an insight into the deeper physical
processes.

In this paper, the microscopic physics processes of the
corona discharge near the AC conductor in dry air, where the
distribution region of charged particles is divided into corona
plasma layer and unipolar region, is analyzed numerically
through a two-dimensional numerical model. Depending on
the onset field strength of the positive and negative half-
cycle, an AC voltage cycle is divided into six stages to study
the microscopic movement of the charged particles of the
corona discharge. In the positive and negative half-cycles
of the voltage, the secondary processes of self-sustaining
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discharge are mainly photoionization and photoemission. The
two-dimensional numerical models are used to establish and
study the physical model and the mechanism of the secondary
process. The corona current of AC conductor is predicted,
which is in accordance with the experimental test reported in
the literature. The ion distribution of the positive and negative
half-cycles is numerically analyzed. The aim is to further
investigate the microscopic physical processes of the plasma
motion near the surface of the AC conductor.

Il. MODEL FORMULATION
A. PHYSICAL DESCRIPTION
On AC transmission lines, the conductor voltage is periodi-
cally variable and there are a lot of positive and negative ions
around the conductor. Consequently, AC corona discharge is
no longer a simple alternation of positive and negative corona
discharge and is different from what would be expected if the
positive and negative DC lines were operating independently.
In addition, the onset field of the positive and negative half-
cycle is influenced by the ions generated by the last half-
cycle, as shown in Figure 1, so that discharge onset is not
satisfied by Peek’s onset field but needs to be amended.
Before point A, corona discharge does not occur on the
conductor because the corona voltage is not reached; when
the conductor potential reaches at point A, the conductor
starts corona discharge. From this point on, the electron
avalanche will develop to conductor surface with the increas-
ing of electric field. Thus, the ionization activity of the highest
enhanced electric field occurs on the conductor surface (see
Figure 2(a)).

—— Phase voltage
—-—- Positive onset voltage
[----- Negative onset voltage|

FIGURE 1. Transformation of the onset filed in the corona discharge
sequence.

Photoionization which sustains self-sustained discharge is
the main source of the secondary electron for a positive
corona discharge. Due to the presence of a large number of
positive ions around the conductor, the conductor potential
(point B) that stops the positive corona is higher than the
corona onset. The termination of corona discharge will stop
the generation of positive ions, whereas the positive ions
generated by discharge continue to move outward. When
the conductor potential reaches point C, the electric field
around the conductor begins to reverse. The negative corona
discharge begins at point D due to the presence of a large
number of positive ions around the conductor; subsequently,
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FIGURE 2. The physical process AC corona discharge.

the regular interval of the discharge pulse is generated, that
is, Trichel pulse, while the pulse frequency will increases
with the applied voltage increases. Eventually, a stable glow
discharge is formed at a higher voltage level (see Figure 2(b)).

The main secondary process for the negative corona dis-
charge is the photoemission at the negative conductor surface.
Electrons from the ionization layer rapidly enter the sur-
rounding air, and negative ions are formed through adsorption
of neutral air molecules and particles in the plasma layer.
After that, the recombination between these negative ions
and positive ions generated by positive corona discharge
and impact ionization occurs in negative corona discharge.
After the conductor potential develops to point E, the corona
discharge will terminate and negative ions will not be formed,
but negative ions and electrons will continue to move towards
the outside. After the conductor potential reaches point F,
the electric field around the conductor begins to change
from negative to positive. The conductor potential increases
quickly to point K, at which point a positive discharge corona
is started even through the applied voltage is below the onset
level because the presence of a large number of negative
ions around the conductor enhances the conductor field. The
process is now repeated from cycle to cycle.

Each AC cycle is divided into n time segments Af. At the
ith time step, the instantaneous applied voltage on the con-
ductor is expressed as:

Uapp = Unax sin [o(i—1)A1] (1)
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where Upnax is the maximum AC voltage; w is angular fre-
quency.

The onset field can be derived from Peek’ formula
(equation (3)) and equation (4) [16]. The presence of large
amounts of ions (which include the opposite ions produced
by the last half-cycle, identical ions and electrons produced
in this cycle) around the conductor modify the local field.
The identical ions are dominated in the corona by the later
analysis. Therefore, the electric field E; generated by these
opposite without corona discharge and identical ions in the
corona on the surface of the conductor is taken into account
in this paper. These changes the onset field E,;, and hence the
corrected onset field becomes as follows:

cFE @

E.=Enm| 1 K kv 3
.= mm( +E>(a> 3

here Ey, is the empirical constant, E, = 30.3kV/cm; § is the
relative air density; m is the roughness factor of conductor
surface, between 0.3 and 0.8; r is the conductor radius; K is
the empirical constant, K = 0.298.

7 0
E; = / pr s ds =/ peos 5 ds )
qQ 4megr o 4megr

here p is the ions density; 6 is the angle between electric field
direction generated by ions on the conductor surface and the
normal vector, and g is the permittivity of free space; r is the
distance between conductor surface and ions; €2 is a bounded
convex polygonal domain in R2.

E;=

where

B. GOVERNING EQUATIONS

According to the above description of the corona discharge
model of AC conductor, the corona discharge of AC conduc-
tor includes two kinds of discharge processes: the positive and
negative corona discharge as its voltage cycle changes. Based
on the hydrodynamics convective-diffusion model, two kinds
of corona discharge models include the electron, positive
and negative ion convection-diffusion equations coupled with
Poisson’s equation:

_(Np — Ne — Nyp)e

V=L ¢ 5)
€0
IN,
Pl -V . (N,k,E — D,VN,) + aN, |k.E|
— NN, |keE| — ,BepNeNp + Sph (6)
N,
W =-V. (Npka) + aN, |k.E|
- ,BepNeNp - lgnpNan + Sph (7)
oN,
at" = =V - (NukyE) + 1N, |k E| — BypNaN, — (8)

where u is the electric potential; N, Ny, N, are the electron,
negative and positive ion densities; k., k,, k, are the elec-
tron, negative and positive ion mobility; e is the electronic
charge. The symbols «, n, 8 and D denote the ionization,
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attachment, recombination and electron diffusion coefficient,
respectively. The air transport parameters here can be repre-
sented by the equations, as described by Morrow and Lowke
[16], [17], [21], [22]. The term Sy, is the rate of ion-electron
pair generated by the photoionization.

Continuity Equations (6), (7) and (8) effectively represent
the corona plasma discharge based on a first moment of
the Bolzmann kinetic equation. Electron mobility, electron
diffusion, collision ionization, attachment and recombination
coefficients of the model are assumed to be a function of the
locally reduced electric field E/N, where N is the neutral
gas density and E is the local electric field. This indicates
that relaxation times of the mean momentum and energy of
the electron distribution is smaller than the timescales of
the electric field variation. It is shown that the relaxation
timescale of the electric field energy in the corona plasma
layer is maintained on the magnitude of ps, while the typ-
ical timescale of the local field approximation in the corona
plasma layer is usually measured in nanoseconds. This proves
that the reduced electric field E/N is completely reasonable.

ill. SOLUTION DOMAIN

The simplified AC line model may contain a number of infi-
nite cylindrical conductors which parallel to each other above
the ground level. A three-dimensional (3D) transmission line
can follow a simplified transmission line model represented
by a 2D model: equivalent to a line perpendicular to the plane.
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FIGURE 3. Model of an AC conductor corona discharge.

As shown in Figure 3, the domain of AC conductor corona
discharge consists of a unipolar drift region and a corona
plasma region. In a positive corona, the corona plasma region
boundary is the ionization boundary. However, unlike the pos-
itive corona case, the negative corona plasma region boundary
is extended from ionization boundary to the plasma region
boundary, where the average kinetic energy of electrons is
about 1.85 eV. The region between the ionization boundary
and plasma region boundary is defined as corona-enhanced
chemical reactions, where the electrons have enough energy
to participate in the collision-reaction [9].

IV. NUMERICAL IMPLEMENTATION
With the variation of applied voltage, AC conductor
has undergone non-corona, positive corona discharge and
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negative corona discharge, which have significantly different
with the distribution of electrons and ions due to difference in
generation and movement mechanisms. The following will be
described separately.

A. POSITIVE HALF-CYCLE CORONA DISCHARGE

After the applied voltage becomes positive polarity, the elec-
trons and negative ions formed in the last half-cycle will
accelerate towards the conductor surface under the action of
the electric field. At the initial stage of corona, the avalanche
develops towards the conductor surface with the increasing
electric field. The mobility of electrons is much greater than
that of ions, so the electrons move rapidly towards the surface
of the conductor, while the positive ions are left and move
outward. When the avalanche reaches a certain number, the
concentration of charged particles makes an obvious distor-
tion to the external applied electric field. The streamer starts
to form at this point which has a large amount of positive
ions at the streamer plasma head and a weakly electric field
in the plasma through which electrons are transferred to the
conductor surface. Excited atoms (or molecules) produce
a large number of photons during the de-excited process.
In the air, these photons are mainly produced by the excited
nitrogen molecules, N> (C 3Hu) [22]. The radiated photons
will cause photoionization, and the secondary electrons that
sustain the discharge are generated in the gas phase by
photoionization which occurs in the ionization layer. In the
unipolar region, ionization and attachment are not considered
(e =0, n = 0), while ion recombination before and after
corona discharge includes respectively positive-ion-negative-
ion recombination and electron-positive-ion.

Zheleznyak et al [23]-[25] proposed a photoionization
model in the dry air, which is widely used. This model is
based on the following two assumptions: First, the source
of photoionization energy is the radiation of excited nitro-
gen molecules, Nj (C 31'[,,); and second, the UV photons in
the wavelength range 980-1025 A are mostly absorbed by
oxygen molecules and lead to photoionization. Under this
premise, the nonlocal photoionization reaction depends on
the gas composition and pressure. The photoionization rate at
position (71, 1) due to the absorption of the emitted photons
from (72, t) is:

Son(T 1, 1) = / / / 173, 0f 12 0 iy d )

4mr?

where r = | rn—r | is a distance from (72, t) to (71, ¢); I is
the number of photons released per unit time of the source
volume and is assumed to proportional to the ionization pro-
duction rate; the function f(r) in the nitrogen-oxygen mixed
gas is the portion of the radiation that is actually absorbed
along the path r.

We assume that photoionization occurs only in the corona
plasma layer, so the boundary of the photoionization model
is selected as the ionization boundary. The photoionization
at the boundary is calculated according to the Zheleznyak
integral model (equation (9)).
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TABLE 1. Boundary conditions for the positive corona discharge model.

Boundary conditions  Conductor surface Ionization boundary Artificial boundary Ground
Electron —n-D,VN,=0 S) {; :DOEVNEZO /j;e((xx)).'nn((xx))z< 00 DN
o -DVYN,=0 B, (x)-n(x)20
Positive ion N,=0 N, () {N,,—(; ! ﬁlp (x)-n(x) <0 -n-D,VN,=0
Negative ion -n-D,VN,=0 N, (1) {n PV =0 () n(x) 20 N,=
N,=0 B, (x)-n(x)<0

The plasma kinetic model of positive half-cycle corona
discharge is simulated by the equations (5)-(8), which include
four variables to be solved: space potential, electron density,
and positive and negative ion density. To solve these vari-
ables, the boundary conditions of the solution region must be
set according to physical characteristics of the electron and
ion in the corona plasma layer. In the light of the division
of the solution boundary, the boundary conditions are as
follows:

(1) For Poisson’ equation, the conductor voltage and
the ground potential are known. On the ionization bound-
ary, where the reduced electric field E/N is 120Td
(1Td =10_21Vm2) and the ionization coefficient equate to
the attachment coefficient.

E(ro) = 3 x 10°V/m (10)

(2) After the electrons reach the surface of the conductor,
they are absorbed, so the flux appears as an outflow. When
negative ions move toward the conductor surface, they are
neutralized and disappear, so the flux is reflected as the
outflow. Under the action of electric field, positive charge
is far away from the conductor surface of the same polarity,
so the positive ion density is set to zero at the conductor
surface.

(3) The absorbing boundary condition [26] is applied to the
outflow (upwind) part, that the outflow flux contribution in
the edge integral along the absorbing boundary is eliminated.

(4) The negative ions at the ionization boundary consist of
two parts: one is generated by the electron attachment and the
other is the negative ions generated in the previous negative
half-cycle drifting towards the ionization boundary under the
influence of the electric field. Since the electron density and
the attachment coefficient near the ionization boundary are
very small, the first part can be neglected. The positive ions
cross this boundary into the unipolar ion region; meanwhile,
photoionization occurs at this boundary, where the electrons
are produced.

The boundary conditions are summarized in Table 1, where
B(x) is the space-charge drift velocity, 8 (x) = kE.

B. NEGATIVE HALF-CYCLE CORONA DISCHARGE

In the negative half-cycle corona, the high-energy electrons
and positive ions near the negative conductor surface rapidly
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move to the lower field region. During their motion, they
produce avalanches and leave low mobility positive ions
in the space between them and the surface of the negative
conductor. Therefore, plasma is formed in the vicinity of
the surface of the negative conductor. The average kinetic
energy of the ions in the corona plasma is about 0.01-0.1 eV,
which is not sufficient to strike electrons from electrode. The
short wavelength photons emitted in corona discharge have
sufficient energy to ionize from the gas or to extract electrons
from conductor surface. The ionization energy of oxygen and
nitrogen is about 12.06 eV and 15.6 eV, respectively, while the
electron removal from the conductor surface requires about
4 to 5 eV [2], which is significantly smaller than the former.
Therefore, the most important mechanism for the generation
of secondary electrons for negative corona discharge is the
photoemission from conductor surface. With the continuous
development of the secondary process, the field generated by
the space charge causes a significant distortion of the external
electric field. The field in the plasma is suppressed and the
field at both ends is enhanced. Due to field suppression in the
high field region and field enhancement only in the low field
region, it is often found that the negative corona discharge
is diffusive. Furthermore, the amount and energy of electrons
become smaller and smaller with increasing distance from the
conductor surface. Thus, the contribution of electrons to the
reaction rate over a certain distance (corona plasma region)
is negligible. Evans and Inculet (1978) found that the size
of the negative corona visible region was thicker than that
of the positive corona. Corona discharges of both polarities
have the same size of the ionization region. However, for
the negative corona discharge, the electrons have a sufficient
amount and energy to cause the electron-impact reaction
outside the ionization boundary. Therefore, the corona plasma
region of the negative conductor is extended to the plasma
boundary where the reduced electric field E/N is 80Td, unlike
the positive corona where the corona plasma only extends
to the ionization boundary. Outside the ionization bound-
ary, attachment is dominant compared to ionization and the
number of electrons decreases as the electric field decreases,
hence only attachment is considered between the ionization
boundary and plasma boundary. Consequently, the contri-
bution of electrons to the reaction rate beyond a particular
radial position is negligible. As electrons are far from the
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TABLE 2. Boundary conditions for the negative corona discharge model.

Bour}qary Conductor surface Plasma Artificial boundary Ground
conditions boundary
N,(D* N,(r,) ™ DN P2 nlx)20 D,VN,=0
Electron (DY) o N.=0 B.(x)n(x)<o T
W-DYN,=0 B, (x)n(x)20
o D YN <0 N (r1=0 VN, » N,=0
Positive ion n 2V, o) {NP—O B,(x)-n(x)<0 !
. . N =0 N ( ) _n'DnVNn:O ﬂn (x)-n(x)ZO D VN =0
= 7 -n: =
Negative ion " 7o N, =0 B, (x)-n(x)<0 T

plasma boundary, their energy is significantly reduced, so that
ionization and attachment are not considered in the unipolar
region, whereas the recombination between ions remains.

Photoemission can occur in dielectric materials [2]. The
photon energy threshold of photoemission depends on the
bandgap, electron affinity and bulk polarization of the dielec-
tric material. So far, the photoemission of metal electrode
model has been established in [7]. On that basis, the pho-
toemission physical model of the conductor surface in this
paper is established by combining Beer-Lambert law and
photoionization model. The electron density generated in the
conductor surface unit D* due to radiation from the element
D¥ can be approximated as:

_ yI(DM)g(R)

Ne(D*) = Timdl (1)

here, y is the photoemission coefficient, which depends on
the cathode material, and is also very sensitive to the cathode
surface conditions [7]; it generally varies from 0.001 to 0.01
(this paper takes 0.08). d is the distance between D¥ and D*.
1(D¥) is the number of photons released per unit time in D¥,
in this model, to simplify the calculation, it is assumed that the
production of photons is equal to the ionization production
rate.

1(D") = a - W (D*)N.(DF)DF dt (12)

In the photoemission model, the photo radiation arising from
gas discharge which produces photoemission is absorbed
by ambient gas, which plays an important role. Assum-
ing that the photoemission is carried out by the same high
energy photons responsible for photoionization, the relation-
ship between the absorption capacity of photos through the air
and the depth of the absorbing medium follows Beer-Lambert
Law [27].

g(R) = / e M cosodf (13)

where 6 is the angle between the radiation direction and the
normal vector, and pu is the absorption coefficient. Oxygen
and nitrogen predominate in the dry air, and N is a radia-
tion source. However, the absorption of radiation by the N»
molecule at the relevant wavelengths is forbidden by quantum
rules [25] and so it can be taken as negligible in the calcula-
tion. Therefore, in this paper the absorption coefficient of air

VOLUME 8, 2020

is taken to be equivalent to that of oxygen. In the wavelength
range of 98-102.5nm, the absorption coefficient of O, can be
approximated as [28]:

M:Ml(“2/ul)(f_fl)/(f2_fl) (14)

where w1 = &minpo, and w2 = &maxpo, are, respectively,
the previously introduced oxygen minimum and maximum
absorption coefficient. The frequency f range here corre-
sponds to 98-102.5nm, which is considered a single state
frequency unit range, and f; and f> are the minimum and
maximum frequency value, respectively. Equation (14) is
taken into equation (13) and integrated over the frequency
range 98-102.5nm to give:

(1 — pa)(e Hd — g=r2dycog0
din(ua /pr)

Since photoemission occurs only on the surface of the con-
ductor, the electrons generated by the photoemission serve
as boundary conditions for the model. Because of the non-
locality of the radiation, all the plasma in the computation
domain must be included in the calculation of the radiation on
the conductor surface. Furthermore, the computation domain
is equivalent to two-dimensional. Therefore, photoemission
is calculated using the same mesh as equations (5)-(8) in the
photoemission calculation process.

The plasma kinetic model of negative half-cycle corona
discharge is also simulated by the same equations (5)-(8) as
the positive corona. However the physical process is com-
pletely different and hence the boundary conditions are now
as follows according to the solution domain and the physical
process and are summarized as shown in Table 2.

(1) On the artificial boundaries, the charged particles that
arrive at this boundary are considered to leave the com-
putational domain and disappear, and the flux will only
appear as an outflow without inflow, and there is no charge
source at the boundary. The reality of the artificial boundaries
is approximated by a symmetry condition, and then zero
gradient boundary condition is applied along the artificial
boundaries [29]:

gR) = (15)

n-(eoVu) =0 (16)
where # is the unit normal vector with respect to I".
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(2) On the plasma boundary, the positive ions move
towards the surface of the conductor under the action of
a high electric field, so the positive ion is also negligible;
however, negative ions, which are iteratively solved accord-
ing to the known boundary electric field, enter the unipolar
region through this boundary. At the ionization boundary,
the attachment and ionization intensity are equal. When the
electrons move beyond this boundary, the attachment begins
to be greater than ionization, but the difference between the
two is small. The number of electrons also slowly decreases
as the electric field decreases. Therefore, based on the ioniza-
tion and attachment processes in the ionization region, it is
now assumed that the density of electrons at the ionization
boundary is:

Ne(ro) = ENo(D*)elo” @) =ntr)dr (17)

The variable £ in equation (17) is assumed to be a fixed value
according to the later numerical simulation of negative corona
discharge. We have found that the position of the ionization
boundary is slightly changed by appropriately adjusting vari-
able &, but it does not change the discharge characteristics.
It is found that the appropriate adjustment of this value has
a slight effect on the location of the ionization boundary, but
does not change the entire ion distribution.

(3) The secondary electrons emitted from the surface of
the negative conductor do not have sufficient time to form
negative ions in the vicinity of the surface of the conductor,
so the density of negative ions is zero. Positive ions moving
to the conductor surface are neutralized and disappear, so the
positive ion flux appears to flow out on the conductor sur-
face. The most important mechanism for the generation of
secondary electrons of negative conductors is photoemission
from the surface of the discharge electrode so that the electron
density on the surface of the negative conductor is calculated
according to the photoemission.

(4) When the electrons and negative ions arrive at the
ground, they disappeared and the flux will only show the
outflow, no inflow.

C. WITHOUT CORONA DISCHARGE MODEL

As shown in Figure 1, the space charge before the corona is
neglected in the first cycle of power-up, but then when the
voltage is again below the onset voltage, the charge distri-
bution still follows the hydrodynamics convection-diffusion
model (the equations (5)-(8)) due to the presence of a large
amount of space charge around the conductor. The whole
calculation area includes only the unipolar region, and its
calculation is still in accord with the above described unipolar
mathematical model. However, since space charge accumu-
lates in the corona stage, ion recombination still exists. At this
time, the space charge distribution calculated from the corona
at the previous time is taken as its initial condition (including
the conductor surface). The boundary includes the conductor
surface, the ground and the artificial boundary. Furthermore,
the electric field on the conductor surface is calculated using
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the EPRI empirical formula [30] since there is no corona
discharge.

U
Esurface = T A~ (18)

rIn(2H /r)
where U, r and H is the applied voltage, conductor radius and
the height of the conductor above ground, respectively.

D. CORONA CURRENT

Under the influence of periodically reversing electric field,
the space charges generated by corona discharge on the AC
conductor surface are constrained to make a reciprocating
motion within the vicinity of the conductor. The current
to the conductor induced by charge motion is determined
by [31], [32].

I; = qiEwv (19)

where E, is the nominal electric field at the location of the
moving charge when the space charge is removed and the
conductor is applied to unit potential (v-direction electric
field component). v is the ion velocity, and g; is the charge
quantity.

The corona current is the induced current of space charges
generated by corona discharge on the conductor surface. The
current produced by the displacement charge contains addi-
tional corona capacitor current /.4, and corona current [30].
The induced current in the conductor by any given motion
of space charge is calculated by equation (19), and these
induced currents are summed to obtain the corona current of
the conductor.

[ =17 =1 I
dz‘]cond
M

N
= D (O SuEwvy — (0} + PSuEmnvy) — ——
n=1

(20)

here, S, is the area of the mesh where the node is located.
qcond 18 the amount of conductor simulation charge in the
absence of space charge, which is solved by the known poten-
tial coefficient and the Maxwell potential coefficient matrix
under the condition of absent space charges [15].

V. RESULT

The corona current and ion distribution of positive and neg-
ative half-cycles of corona discharge of AC conductor in dry
air are numerically simulated by using the physical model
proposed in this paper. The scheme that adopts Discontinuous
Galerkin Time-Domain (DGTD) Method numerical calcula-
tions to study each physical quantity is followed.

A. CORONA CURRENT

For the single-phase AC conductor (the radius is 0.9cm)
arrangement in a cylindrical experimental cage (the radius
is 26cm), the corona current simulation and measurement
results are shown in Figure 4, where simulation curve is
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FIGURE 4. Corona current waveform.

the result calculated from the AC corona discharge physics
model presented in this paper, and measurement curve is the
measurement result of [30].

The corona current determined by simulation shows a
phase lag compared to the measured current (see Figure 4).
The reason for this is that the roughness factor of the mea-
sured conductor is different from that set out in this paper
and the onset field of the latter is smaller than the former.
Furthermore, it should be noted that the simulation curve
starts from the zero, which is different from measurement
curve. This can be explained that the ambient seed electrons
around the conductor induce a certain electric field near
the conductor, thus forming an induced current before the
applied voltage on conductor. However, the corona current
waveform calculated by using the physical model proposed in
this paper is basically consistent with the development trend
of the measured current waveform. Thus, the effectiveness of
the method proposed in this paper is verified. By comparing
Figures 4 and 1, it is found that the corona current is ahead of
the voltage in phase. Before the conductor voltage reaches
corona onset field (before point A in Figure 1), the seed
electrons accelerate closer to the conductor and the induced
current slowly increases since there is no new generation
of charged particles with the increases of applied voltage.
After corona discharge, a large number of electrons, and
positive and negative ions are generated by corona discharge
to maintain the corona current. When the conductor voltage
is peaked and then falls below the corona onset field (point B
in Figure 1), the ions in the space rapidly reduce and move
away from the conductor. Thus, the corona capacitor current
becomes the dominant charge current under the action of
the electric field. The corona current has been reversed to
negative polarity when the corona is stopped but the voltage
is still positive (after point C in Figure 1). After the voltage
enters the negative half-cycle, the corona current generated by
the movement of space charges produced in the positive half-
cycle increases slowly since these space charges are relatively
distant from conductor surface and in a small electric field.
After the negative corona discharge (point D in Figure 1) is
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reached, the corona current starts to increase, and then the
subsequent process is similar to the positive half-cycle.

B. POSITIVE HALF-CYCLE CORONA DISCHARGE

In this paper, the positive and negative half-cycle corona
discharge process of a single-phase AC conductor with radius
and height of 0.1mm and 80cm is numerically simulated. The
applied single-phase AC voltage is 40kVrms, which is higher
than the corona onset voltage. The electric field distribution
at different moments is shown in Figure 5.
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FIGURE 5. Field distribution along the y-axis at different moments.

As shown in Figure 5, the electric field of the whole single-
phase AC conductor consists of two parts: the electric field
of the corona plasma layer and the unipolar electric field,
and which are 3.0 x 10°V/m as the demarcation point of
the electric field. Since the conductor voltage after the peak
begins to reduce, and while the external electric field gradu-
ally reduces, a large number of positive charges accumulated
in the streamer head diminish the electric field of the plasma
region. Consequently, the electric field of the curve 4.0262s
in the middle of the corona plasma layer where the streamer
begins to form is smaller than the curve 4.0235s. In the
unipolar region, the ionization process is not considered due
to the sharp decline in the electric field, and the recombination
between the ions is relatively weak, so that the electric field
decreases relatively slowly as the distance increases.

146505



IEEE Access

Y. Tian et al.: Propagation of the lon-Flow Near the AC Transmission Lines

EN

-0.25 25

0 0.
Distance (mm)

FIGURE 6. Electron distribution at time of 4.025s (contour plots in
log10 scale).

Figure 6 shows the 2D distribution of electron density at
time of 4.025s. In the corona plasma layer, the only source of
secondary electrons is photoionization, which means that the
next avalanche will occur immediately when the last time
the avalanche is absorbed at the positive conductor surface.
The sufficient supply of electrons in the corona plasma layer
will provide a stable electron for the streamer propagation,
so that the streamer branching does not exist. In the corona
plasma layer, with the passage of time, the distribution of
charged particles has undergone an obvious change, as shown
in Figure 7. This is mainly reflected in the changes with the
electric field and the boundary of the corona plasma region is
basically maintained at 0.29mm from the conductor surface.
As the electric field increases, the distribution of charged
particles, the ionization and attachment intensity, and the
positive, negative ions mobility are increasing. Consequently
the positive ion density increases rapidly from zero at the
conductor surface and then increases slowly. The area where
the streamer extends outward gradually becomes larger. Since
the close proximity to the ionization boundary, the intensity of
attachment and ionization is getting closer and closer, so that
adjacent time-steps are very close when the electron density
approaches the ionization boundary. At the same time, since
the reduction in magnitude of the electric field has signifi-
cantly slowed down nears the ionization boundary, as shown
in Figure 5, the negative ions near the ionization boundary
show very close at the adjacent time. In the unipolar region,
the ionization process is not considered, and the recombina-
tion between ions is relatively weak, so that the ion density
increases relatively slowly as the increase of the applied
voltage.

C. NEGATIVE HALF-CYCLE CORONA DISCHARGE

The reduced electric field of plasma layer boundary is 80Td
(about 2.0 x 106V/m). As shown in Figure 1, the time of the
point B to point C of the positive half-cycle of the applied
voltage is approximately 4ms, and the positive ions mobility
is on the order of 10~*. Thus, according to the ion drift
velocity kE, there is still a positive ion between the conductor
surface and the ground when the voltage reaches point C.
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FIGURE 7. The charged particle distribution of the positive half-cycle
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Therefore, the effect of the positive ions produced in the
positive half-cycle must be taken into account in calculating
the distribution of charged particles in the negative half cycle.
From point C to point D in Figure 1, since no corona occurs at
this stage, the ion distribution is calculated in terms of space
only positive charge of the unipolar mode. From point D to
point E in Figure 1, the effect of the positive ion generated in
the positive half cycle must be considered.

In the corona plasma region, the distribution of electron,
negative ions and positive ion density is completely different,
as shown in Figure 8. The electron density begins to increase
from the surface of the conductor and begins to decrease
as it approaches the plasma boundary. The electrons at the
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FIGURE 8. The charged particle distribution of the negative half-cycle
along the y-axis at critical times (the ordinate is in log10 scale).

conductor surface are electrons required to maintain their
self-sustaining discharge by photoemission on the surface
of the negative conductor. Subsequently, these electrons are
ionized with the gas molecules under the action of the electric
field and the electron density begins to increase. The elec-
tron density begins to decrease as the electric field intensity
decreases sharply near the corona layer boundary. The density
of the negative ions increases from zero at the surface of the
conductor to the maximum at the outer edge of the plasma,
where it is considerably higher than the electron density.
While the density of positive ions is the largest at the surface
of the conductor and then slowly decreases with increasing
distance from the conductor surface, but eventually becomes
zero when approaching the plasma boundary. The distribution
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of positive ions is completely different from that of electrons
and negative ions, which can be explained that the ionization
process is dominated over the attachment in the corona layer,
and meanwhile the positive ions move quickly toward the
surface of the negative conductor under the action of the
electric field.

Figure 8 shows the distribution of charged particles at dif-
ferent moments of the negative half-cycle of the AC voltage.
As can be seen from Figure 8, the thickness of the corona
layer at different times of the negative half cycle of the
AC voltage after the corona is substantially the same. This
phenomenon can be explained that the surface electric field
of the conductor meets the Peek’s onset field after the corona
discharge; that is, the electric field strength of the conductor
surface after the conductor corona is assumed to be equal
to the value given by Peek’s empirical formula, which does
not change with the vary of the conductor voltage, but the
distribution of the charged particles changes with the change
of the applied voltage. As shown in Figure 8, the corre-
sponding applied voltage (the applied voltage in Figure 8 at
different moments is calculated according to the equation (2))
continues to increase over time, and more space charge will
accumulate in the corona layer and the unipolar region, so that
the density of space charge is increasing. Therefore, when
approaching the boundary of the plasma layer, the rapid
descent zone of the positive ion density is slowly advanced.
This means that a stronger charge flux generates a stronger
streamer, which resulting in a stronger electric field on the
conductor surface. In the unipolar layer, since the velocity
of electron transport is significantly larger (two orders) than
that of negative ions, the negative ion density curve decreases
rapidly over 30 cm from the conductor surface, which is lower
than the electron density.

D. COMPARISON OF POSITIVE AND NEGATIVE
HALF-CYCLE CORONA DISCHARGE PROCESS

According to the above analysis, the plasma generation and
motion mechanisms in the positive and negative half-cycle
corona discharges are completely different, and the compar-
ison between the two is shown in Figure 9. In the corona
plasma region, the total number of electrons generated by the
negative half-cycle corona is much larger than the total num-
ber of electrons generated by the positive half-cycle corona.
The reason is that the electrons generated by the positive
half-cycle corona will be continuously neutralized by the
conductor surface, and the number of electrons generated by
the photoemission is greater than that of the photoionization.
However, the number of high-energy electrons in the higher
electric field near the conductor surface is more in the positive
discharge, so that the effect of the discharge polarity on the
electron-collision reaction rate depends on the energy thresh-
old of the reaction. With the increase of the distance from the
conductor surface, the number of negative ions in the negative
half-cycle continues to increase and reaches the maximum at
the ionization boundary. In the positive half-cycle, the nega-
tive ions are continuously decreasing and become zero when
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approaching the ionization boundary. Because ionization is
better than attachment, the number of positive ions generated
by positive and negative half-cycle corona in the ionization
area is not much different, and it gradually increases as it
gradually moves away from the conductor surface.

The applied voltage has little effect on the thickness of
the corona plasma region [9]. In the corona plasma region,
since the number of electrons generated in the negative half-
cycle corona discharge is much larger than that in the positive
half-cycle corona discharge. In addition, the electrons of neg-
ative half-cycle have more energy at the ionization boundary.
Finally, the plasma region of the negative corona discharge as
shown in Figure 10 is larger than that of the positive corona
discharge.

VI. CONCLUSION

The complex micro-physical processes of corona discharge
of single-phase AC line at atmospheric pressure in dry air
are studied in this paper. These studies enable us to obtain
valuable insight into the effects of avalanche and streamer in
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the corona layer on the expansion and propagation of the large
space corona discharge and those microscopic parameters,
such as plasma and field distributions, which are very difficult
to study experimentally.

The photoionization and photoemission of the self-
sustaining discharge in the corona layer produces a sufficient
amount of electrons which supply streamer development so
that streamer branching does not occur. The thickness of the
corona layer does not change with the variation of applied
voltage after corona of the single-phase AC conductor, but
the distribution of the plasma in the corona layer changes
significantly as the applied voltage changes.

The plasma in the period of AC voltage is confined in a very
small space of about 0.29mm. The thickness of the corona
plasma region remains essentially constant over the entire
cycle, and the negative half cycle-of the corona plasma region
increases the region between the ionization boundary and the
ion boundary compared to the positive half-cycle.

In the positive half-cycle, the density of the positive ions in
the corona layer is significantly larger than the density of the
negative ions and electrons. The density peak of the electrons
is greater than that of negative ions. In the negative half-cycle,
the electron density starts to increase from the conductor
surface and begins to decrease near the plasma boundary.
The density of the negative ions increases from zero at the
conductor surface to the maximum at the plasma boundary,
where it is much higher than the electron density. The density
of the positive ions is the largest at the conductor surface,
and then slowly decreases. These changes have been demon-
strated as a consequence of the difference in the primary
and secondary processes of the positive and negative corona
discharge.

The simulation does not yet account for the corona dis-
charge process of the multiphase AC line. In the power
system, the distance between the multi-phase lines of the
AC transmission line is large, and the charge generated by
other phases has little effect. Therefore, the influence of
multi-phase voltage on corona discharge characteristics can
be ignored.
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