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The Influence of Corona on the Lightning Surge
Propagation Along Transmission Lines

Milan Ignjatovi¢, Jovan Cveti¢, and Dragan Pavlovi¢

Abstract — Corona is the partial discharge that occurs around
the wires and edges in inhomogeneous electric field. Minimum
intensity of the electric field for the impact ionization of the gas is
around 2.6 MV/m in dry air. In power systems, the corona is the
unwanted effect caused by overvoltages. In this study the
propagation of the overvoltage wave due to negative lightning
along the transmission line is numerically simulated. The effect
of the corona is modelled by the drift-diffusion-reaction
equations for the electrons, the positive and the negative ions.

Keywords — Corona, Lightning overvoltage, Transmission
lines, QV curve, Streamers.

I. INTRODUCTION

The lightning strike is one of the most common causes of
power interruption on transmission lines and substations.
Since it is a natural phenomenon, lightning occurrence can not
be foreseen, but its performance on power systems can be
estimated. The insulation strength is selected to minimize the
risk of the failure, taking into account the statistical data of the
lightning occurrence in the wider area and the cost of the
insulation construction [1]. There are methods to estimate the
magnitude and steepness of the average incoming surge that
arrives at substations [2].

When the lightning strikes the transmission lines, two
initiating events can happen - the shielding failure and the
backflash. The shielding failure occurs when the lightning hits
the phase conductor directly avoiding the shield wire. If the
lightning hits the shield wire, the injected overvoltage can be
greater than the critical flashover voltage of the insulation and
the backflash occurs.

For the direct lightning strikes the main effect that
influence the shape of the overvoltage waveform is the
corona. It is a partial discharge that occurs around the
conducting wire when the voltage is above the corona
inception threshold described by the Peek’s formula [3]. The
corona effects the delay of the part of the impulse that is
above the corona threshold and the attenuation of the
overvoltage amplitude due to losses in the ionized gas in the
area around the wire.
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The main goal of the paper is to numerically simulate the
propagation of the overvoltage wave along the transmission
line including the corona. The effect of corona is taken into
consideration by the drift-diffusion-reaction model which
represents the set of the continuity equations for each type of
particles (electrons, positive and negative ions, neutrals, etc.)
that participate in the discharge. The model enables the
inclusion and the analysis of detailed physical and chemical
reactions that are taking place in the area around the wire of
the transmission line.

II. THEORY
A. Transmission Line Equations

The equations describing voltage and current along the
overhead wire taking into account the effect of corona [4] are
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These equations represent telegrapher’s equations for lossless

transmission line where Q(¢,x) is the total line charge

density. In vacuum, the charge-voltage dependence is linear

O(t,x)=CV(t,x). The inductance and the capacitance per

line length, L and C respectively, can be calculated by
formula

2z a a

where a is the wire radius and % is the height of the wire
above the ground.

When the voltage intensity is greater than the critical value
for the corona inception, the charge voltage dependence
becomes nonlinear with the hysteresis. This function is
represented by charge-voltage (QV) curve. In order to study
the pulse propagation, it is necessary to know the accumulated
charge on the transmission line for the given voltage when
corona is formed and to determine the QV curve for every
position along the transmission line. For the given time
evolution of voltage at some position along the line V' (¢,x),

one can obtain the total line charge density Q by solving the

continuity equations for charged species in air in cylindrical
geometry [5].
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B. Drifi-Diffusion Model for Corona

In this study, we take into consideration the concentration
of electrons n,, positive ions 7, , negative O~ and O, ions,

n, and n__, respectively.
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On the right hand side of the equations (4)-(7) the terms
representing the gain and the loss of the particles due to
electron impact ionization, two-body attachment, three-body
attachment, recombination and detachment described by the
coefficients o, 7,, 77;,f and k,, respectively are given.

The term S, denotes the generation of electrons and positive
ions through photoionization. Further, W,, W, and W, are

the velocities of electrons, positive and negative ion drifts,
respectively. The fluxes of charged particles are given by

on,

v

T =Wn -D

JL,=Wn, T =Wn T

B 0,

=Wn_,(8)

n 0;’

where I, is the flux of electrons, I', is a flux of positive ions,
I') and T are the fluxes of O” and O, ions, respectively,

D is the diffusion coefficient for electrons. We neglected the
diffusion of heavy ions, so the ionic current contains only a
drift component.

The concentration of positive ions consists mainly from N
and O, ions generated by electron impact ionization and
photoionization. The negative O~ and O, ions are treated
separately in order to take into account the process of
detachment of electrons from O, ions due to collisions with
O, molecules [6]. Moreover, these two negative ions are

generated by two different attachment processes in air [7]. For
higher values of the electric field intensity, the most
significant attachment process is two-body dissociative
attachment

e+0, >0 +0, 9

so the negative O~ ions are produced. The O, ions are
produced in the three-body attachment process

et0,+M—>0,+M, (10)
which is the dominant process at low values of the electric
field.

The photoionization term S, is calculated by using the

model of Zheleznyak [8] and the details about the calculation
in cylindrical geometry are given in [9]. The values of the
transport and the reaction coefficients are adopted from [10]
and they depend on the ratio of the value of the electric field
intensity and the concentration of air molecules, so the
continuity equations (4)-(7) are coupled with the Poisson
equation using the potential @
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calculated assuming the electrostatic
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C. Boundary Conditions and the Processes at the Cathode

The radii of the central wire and the outer cylinder are R,
and R, , respectively. One needs to define boundary conditions
for the system of partial differential equations (4)-(7) and
(11). Since the voltage impulse is applied to the central
electrode, while the outer cylinder is grounded, the boundary
conditions for the Poisson equation (11) are

O(r=R)=V(t), D(r=R,)=0, (13)

where V' (¢) is the value of the applied voltage at time ¢. As for

the continuity equations (4)-(7) the boundary conditions at the
central electrode are important, because all the significant
processes during the discharge take place in the vicinity of the
wire. For the configuration examined in this study, the outer
cylinder is far enough from the wire, so the electric field in
this region does not reach the critical value for the ionization.
Since the concentrations of the charged particles at the outer
boundary are negligible during the discharge, the simulation
does not depend on the boundary conditions at the outer
cylinder. We adopted the condition that the concentrations of
the charged particles at » = R, have zero value

ne(r:Rz):np(r=R2):n0,(r=R2)=n0£(r=Rz)=O.
(14)
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Another effect that must be taken into account for the
negative corona discharge is the emission of the electrons
from the cathode due to photoemission and positive ion
impact. Both effects can be included in the simulation through
the boundary conditions for electrons at the cathode

ne(r=R1)=n6i+neph’ (15)

where n, and n,, denote the terms due to positive ion

impact and photoemission, respectively. The ratio of the
fluxes of emitted electrons and incident positive ions is equal
to the ion-secondary emission coefficient y,, so one obtains

AT

JUAGED
The term n,, is calculated by the extended model of
Aleksandrov [11,12]:

n,(r=R). (16)
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Where y,, is photoemission coefficient, u=6cm™ is

absorption coefficient for photons in air and g(r) is

geometrical factor given by
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The values of secondary emission coefficients are adopted to
be 7, =0.01 [13]and y, =0.0015 [14].

As for the boundary conditions for the ions concern, we
adopted the assumption that both the positive and the negative
ions can leave the system through the central wire defining
Neumann boundary conditions. This is necessary because the
simulation shows that the central electrode changes its
polarity during the discharge, although the applied voltage
keeps the negative value during the whole discharge process.
Finally, the boundary conditions at the central wire are

on

0,

or

=0. 1)

r=R, r=R,

For the mathematical completion of the equations, one still
needs to define the initial conditions for the concentrations of
the charged particles. Under the standard conditions for
temperature and pressure air is excellent insulator. However,
there are always some seed electrons generated due to cosmic

radiation, natural radioactivity and other phenomena, so about
10 electron-ion pairs are produced in 1cm’® per 1s. In the

absence of strong electric field free electrons exist only for a
very short time due to the attachment to oxygen molecules
and the steady-state number of positive and negative ion pairs

is about 1000 per 1cm’. Therefore, we adopted that there are
initially 1000 positive and negative O, ion pairs per cubic
centimeter [15] and the initial concentrations of the electrons
and O~ ions have zero value

n,(t=0)=n, (t=0)=10"m>,

n(t=0)=n_ (t=0)=0. (22)

For the sake of the simplicity we adopted the assumption that
at the time onset the concentrations of the charged particles
are uniform all over the interelectrode space. The seed
electrons needed for the avalanche multiplication will be
generated through emission from the cathode or by
detachment from negative O, ions. In reality, there will be a

certain time delay of the corona inception. This ignition time
lag corresponds to the production of the seed electron, which
is a stochastic event. In this study, time lag is neglected since
it decreases considerably with the increase of humidity in air,
which is the case for the atmospheric conditions during the
lightning.

For solving the continuity equations (4)-(7) numerically, we
used the flux-corrected transport (FCT) algorithm. We
followed the approach described by Book, Boris and Zalesak
[16]. The Poisson equation is solved by finite-difference
method. Since the electric field changes abruptly in the
vicinity of the wire, one needs to introduce very fine
computational mesh in this region. In the region towards the
outer cylinder mesh can be more coarse and one would have
less steps for computation and time of the computation will be
shorter. Time step should be chosen considering the motion of
electrons, since they are the fastest particles. The total time of
the simulation is 50 ps and it is equally divided into 10" time
steps.

III. RESULTS AND DISCUSSION

When the concentrations of the charge particles and the
electric field intensity are calculated, the total line charge
density is

o(t) = j 1(t"dt', (23)

where 7, is the current per cylinder length, obtained from

Sato-Morrow [17] formula for cylindrical geometry

R,
; 2
R jrdr+ﬂa—V. (24)
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Final goal is to investigate whether the drift-diffusion
model in the cylindrical geometry can be used for the
simulation of QV curves for the overvoltage calculations in
different geometry for transmission lines. Noda [18] measured
the QV curves for the overhead wire 1.83 m above the ground.
In order to try to estimate the QV curve measured by Noda in
wire to plane geometry we ran the simulation in our wire to
cylinder program. The radius of the wire is same as in the
experiment, R, =5 mm, and the radius of the outer cylinder is
adopted to be the height of the wire above the ground, which
is R, =1.83m. Calculated values for the total line charge
density were higher than the measured values, which is
expected since the capacitance of the cylindrical capacitor is
greater than the capacitance of the wire above the perfectly
conducting plane. Therefore, the result for the line charge
density should be multiplied by the coefficient k, which is the
ratio of the capacitance of the wire above the plane C, and

the capacitance of the cylindrical capacitor C;

-2 ;.G (25)
cosh™ (R,/R,) C,

In this way, we obtained a very good agreement with the

experimental results. The QV curve obtained by the correction

of the calculated results and the data measured by Noda for

570 kV impulse are depicted in Fig. 1.
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Fig. 1. Calculated QV curve and the measured data by Noda [18]

The final result of the simulation shows excellent
agreement with the experimental measurement of the QV
curve. It represents affirmation that the drift diffusion model
can be used for the calculation of QV curves, which are
necessary to complete the equations (1) and (2) in order to
study the pulse propagation along the transmission line.

In order to solve the equations (4)-(7) and (11)
numerically, great number of time steps is necessary. For the
simulation of the 5 us corona discharge, a million time steps is

needed. Therefore, it would be very time consuming to
simulate the corona at every position along the transmission
line. So, the corona discharge is simulated only on some
nodes along the line and the values between those nodes are
obtained by linear interpolation.

The calculations of the surge propagation have been
performed for the single overhead wire of the radius
a=21mm placed at the height #=15m above the ground.

The goal is to try to obtain the same results as in the
experiments preformed by Wagner et al [19]. The surge
generator was located at the one end of the line and the
voltage pulse is injected which defines the boundary
condition V' (x =0,¢) . Since the pulse can not propagate with

the speed greater then the speed of light, two more boundary
conditions can be defined /(x> ct)=0, V(x>ct)=0.

The surge generator voltage impulse and the shape of the
voltage impulse after the wave travelled the distance of 622 m
are given in the Fig. 2. Unfortunately, first result of the
simulation did not give the solution that has satisfactory
agreement with the measured impulse. On a positive note,
simulation confirmed all effects of the corona- the retardation
and the attenuation of the impulse and correct value of the
corona threshold.

= Surge generator voltage impulse

= = Simulated impulse at 622 m

6 ’ W\ [ Measured impulse at 622 m B

Voltage [MV]

Time [ l‘S]

Fig. 2. Simulation of the propagation of the surge pulse at 622 m

In order to obtain better results, we conducted the
investigation why results are different. By comparing results
of the QV curves with the engineering models it was
concluded that drift-diffusion model gives lower values of the
charge for wires with the radius greater than 10 mm. The
comparisons of the simulated QV curves with the result of
CIGRE parabolic model are presented in the Figs. 3 and 4.
There is significant difference between the results for the wire
radius of 21 mm (Fig 4.). On the other hand, for thinner wires
drift-diffusion model gives satisfactory solution, as shown in
Figs. 1 and 3. Therefore, in our example the generated charge
is less than it should be and corona effect is not strong enough
to obtain agreement with the measured values.
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Fig. 3. Comparison of the QV curves calculated by the drift-diffusion
model and by the CIGRE parabolic model for the wire radius
of 5 mm
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Fig. 4. Comparison of the QV curves calculated by the drift-diffusion
model and by the CIGRE parabolic model for the wire radius
of 21 mm

This difference in the results for the thin and wide wires
can be explained by the effect of streamer. The structure of
the space charge around the wire is not the radially
symmetrical fluid, as it is assumed by drift-diffusion model. In
reality, the space charge is composed of thin filaments of the
discharge — the streamers. These filaments have the head
where photoionization occurs and they propagate through
space leaving behind the weakly ionized tail [15]. Their
significant characteristic is that they can propagate even when
the electric field intensity is smaller than the critical electric
field for the impact ionization (around 2.6 MV/m for dry air).
This is possible because very high intensity electric field is
generated in the head of the streamer and photons that further
ionize molecules are emitted. The minimal value of the
electric field for the propagation of the positive streamers is
0.5 MV/m, and for the negative streamers it is around 1
MV/m.

Due to streamers additional charge is generated in the area
farther form the wire where the electric field has lower
intensity values, which can not be taken into account with the

original drift-diffusion model. In order to include this effect,
we modified the values of the Townsend coefficient & which
represents the number of positive ion-electron pairs generated
per unit length. For the atmospheric pressure, the Townsend
coefficient depends only on the electric field intensity. The
modification is done so that the Townsend coefficient has
values high enough for the ionization when the electric field
intensity is lowered to 1 MV/m. Adopted values for the
Townsend coefficient are given in Fig. 5. The calculations
showed that important parameter of modification is the
minimal electric field for the ionization to occur. On the other
hand, if the value of the Townsend coefficient in this range is
greater, it does not affect the results of the simulation. This
procedure gave the result that is in a good overall agreement
with the experimental results, as can be seen in Fig. 6.
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Fig. 6. Simulation of the propagation of the surge pulse at 622 m
with the modified Townsend coefficient value

IV. CONCLUSION

The drift-diffusion model has been used to simulate corona
discharge due to lightning surge on transmission lines. In
order to obtain a good agreement with the experimental
results, reaction coefficient for the impact ionization needs to

7
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be modified. It is necessary to include the effect of the
streamers, the thin filaments of the discharge that can
propagate in the area of lower electric field intensity. The
streamers increase the generated charge around the wire and
enhance the effects of the corona.
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