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In this  paper,  a simplified  model  of  corona  discharge  for the  finite-difference  time-domain  (FDTD)  com-
putations  has  been  applied  to  analysis  of transient  voltages  at the  tower  of a transmission  line  caused  by
direct  lightning  strikes  to an  upper  phase  conductor.  In  the  simulations,  three  40-m  towers,  separated  by
300 m, with  one  overhead  ground  wire  and  three  phase  conductors  are  employed.  Corona  is  assumed  to
occur only  on  the upper  phase  conductor  struck  by  lightning.  The  progression  of  corona  streamers  from
the  conductor  is  represented  as  the radial  expansion  of cylindrical  conducting  region  around  the  conduc-
tor.  The  reduction  of  transient-voltage  peak  due  to corona  is  not  very  significant,  so  that  the  voltage  at  the
nearest  tower  exceeds  the  insulation  level  of 66/77  kV  power  line  considered  in  this  paper.  For  a  10-kA
inite-difference time-domain method
ransient voltage
hielding failure

peak  current,  the  upper-phase-conductor  voltage  peaks  are  reduced  by  26%  and  21%  for  a  positive  stroke
with 1-�s- and  3-�s-risetime  currents,  respectively,  and those  for negative-stroke  case  are  reduced  by
18%  and 13%,  respectively.  For  a 20-kA  peak  current,  the  corresponding  upper-phase-voltage  peaks  are
reduced  by  32%  and  25% for the  positive-stroke  case,  and those  for the  negative-stroke  case  are  reduced
by  22%  and  15%.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

In our previous study, a simplified (engineering) model of corona
ischarge developed in Thang et al. [1,2] for the finite-difference
ime-domain (FDTD) computations (Yee [3]) has been applied to
nalysis of transient voltages at the tower of a 60-m-high trans-
ission line, the ground wire of which is struck by lightning,

nd transient voltages computed with and without corona on the
round wire are compared. It is clear from the results of Thang
t al. [4] that the transient voltages are reduced by corona discharge
n the ground wire, but the reduction of transient-voltage peak is
ot very significant: the upper-, middle-, and lower-phase-voltage

eaks are reduced by 15, 14, and 13% for a positive stroke with 50-
A-peak and 3-�s-risetime current, and those for a negative stroke
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E-mail addresses: thangth@tsuruoka-nct.ac.jp (T.H. Thang),
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ttp://dx.doi.org/10.1016/j.epsr.2015.02.006
378-7796/© 2015 Elsevier B.V. All rights reserved.
with the same current waveform parameters are reduced by 10, 9,
and 8%, respectively.

In this paper, we apply the same simplified model of corona
discharge to the analysis of transient voltages of a 40-m tower for
the case of direct lightning strikes to an upper phase conductor, at
the midpoint of the span (shielding failure). Corona is assumed to
occur only around the conductor struck by lightning. On the basis
of the computed results, the effect of corona on transient voltages
at the tower is examined. Note that the transient voltage is defined
in this paper as the voltage between the phase conductor and the
middle tower (no insulator is considered in the FDTD simulations).
The objective here is to see if corona can reduce direct-strike over-
voltages below the insulation level of the line.

The validity of the corona model of Thang et al. [1,2] has been
tested against experimental data found in Noda [5], Noda et al. [6],
Inoue [7], and Wagner et al. [8]. Specifically, it has been shown
in [1] that the waveform of radial corona current, and the rela-

tion between the total charge (charge deposited on the wire and
emanated corona charge) and applied voltage (q–V curve), com-
puted using the FDTD method including the corona model for 22 m
and 44 m long horizontal wires, agree reasonably well with the
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Each tower is represented by a 40-m high rectangular prism of
cross-sectional area 2 m × 2 m,  which includes a 5-m thick resis-
tive (10-�)  element of cross-section 2 m × 2 m and conductivity
0.125 S/m connected to the surface of a flat, perfectly conducting
ig. 1. Configuration of a two-span, 40-m high transmission line, analyzed using
he  FDTD method.

orresponding measured ones. Also, it has been shown in [1] that
he computed increase of coupling between the energized wire
nd another wire nearby due to corona discharge agrees well with
he corresponding measured one. Further, it has been shown in
2] that computed waveforms (including wavefront distortion and
ttenuation at later times) of fast-front surge voltages at different
istances from the energized end of 1.4-km and 2.2-km long over-
ead wires agree reasonably well with the corresponding measured
aveforms.

. Methodology

The FDTD method involves the space and time discretiza-
ion of the working space and the finite-difference approximation
o Maxwell’s equations. For the analysis of the electromagnetic
esponse of a structure in an unbounded space using the FDTD
ethod, an absorbing boundary condition, which suppresses

nwanted reflections, is applied. The method requires the whole
orking space to be divided into cubic or rectangular cells. More
etails about the FDTD method and its application to lightning
lectromagnetic field and surge simulations are found in Baba and

akov [9].

Fig. 1 shows the configuration considered in this paper. It is
omposed of three two-circuit 40-m towers, one overhead ground
ire and three phase conductors (only one of the two  circuits is
Fig. 2. Cross-sectional (zx-plane) view of the discretized space around horizontal
conductors used in the FDTD computations.

considered). The separation distance between neighboring tow-
ers (span) is set to 300 m.  This configuration is characteristic of
real 66/77 kV transmission lines in Japan. Lightning is assumed to
terminate at the midpoint of the upper phase conductor.
Fig. 3. FDTD representations of (a) inception of corona discharge at the wire surface
and (b) radial expansion of corona discharge.
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ig. 4. Waveforms of injected negative lightning current (positive charge moving u

round. Each tower is connected to a single horizontal ground wire
f radius 5 mm at its top. Upper-, middle-, and lower phase conduc-
ors have a radius of 10 mm and are suspended at heights of 35, 30,
nd 25 m,  respectively, from the ground surface, and horizontally

 m away from the axis of the tower (2 m from the tower surface). At
ach external tower (see Fig. 1a), the end of each phase conductors
s connected to the ground via a vertical conductor and a matching
esistor (530, 520, and 510 � for upper, middle, and lower phase
onductors, respectively). The total length of the ground wire and
ach of the phase conductors is about 600 m.  The lightning chan-
el is represented by a 700-m long, vertical phased ideal current
ource array (Baba and Rakov [10]). The array simulates a current
ulse that propagates upward at speed 130 m/�s, and its equivalent

mpedance is equal to infinity.
For FDTD computations, this conductor system is accommo-

ated in a working volume of 60 m × 700 m × 900 m,  which is

ivided nonuniformly into rectangular cells and is surrounded by
ve planes (the top plane and four side planes) of Liao’s second-
rder absorbing boundary condition (Liao et al. [11]) to minimize
nwanted reflections there. The bottom plane is set to a perfect
 peak of the injected current, Ip , is 10 kA, and its risetime, RT,  is (a) 1 �s and (b) 3 �s.

conductor. The side length in y-direction of all the cells is 1 m (con-
stant). Cell sides along x and z axes are not constant: 2.2 cm in
the vicinity (2 cells × 2 cells = 4.4 cm × 4.4 cm)  of the ground wire,
4.4 cm in the vicinity (20 cells × 20 cells = 88 cm × 88 cm) of each of
the horizontal phase conductors, and increasing gradually to 50 and
500 cm beyond that region, as shown in Fig. 2. It has been shown
by Noda and Yokoyama [12] that a zero-radius wire simulated by
forcing the tangential components of electric field along the axis
of the wire to zero has an equivalent radius of 0.23�x  or 0.23�z
(�x and �z  are the side lengths of the square face, perpendicular
to the wire, of rectangular cells used in the FDTD computations).
Therefore, the equivalent radii of the horizontal wires used in this
paper are r0 ≈ 5 mm (= 0.23�x  = 0.23�z = 0.23 × 2.2 cm) for ground
wire and 10 mm (= 0.23�x  = 0.23�z = 0.23 × 4.4 cm)  for phase
conductors, respectively. The time increment is set to 0.047 ns,
which is determined from the Courant stability condition for the

smallest cell employed (2.2 cm × 1 m × 2.2 cm). Note that the use
of smaller time increment, 0.0235 ns, does not cause any signifi-
cant difference in computed results. Corona discharge is assumed
to occur only on the upper-phase conductor.
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ig. 5. FDTD-computed (for �cor = 40 �S/m, E0 = 2.5 MV/m,  and Ecn = 1.5 MV/m)  wave
t  the middle tower for a 10-kA negative lightning (positive charge moving up) wit

We  assume that the critical electric field E0 on the surface of
ylindrical conductor of radius r0 for initiation of corona discharge
s given by equation of Hartmann [13], which is reproduced below:

0 = m × 2.594 × 106

(
1 + 0.1269

r0.4346
0

)
[V/m] (1)

here m is a coefficient depending on the conductor surface con-
itions. We  assume that m = 0.5. When r0 = 10 mm,  E0 is 2.5 MV/m
or m = 0.5.

We  set the critical background electric field necessary for
treamer propagation (e.g., Cooray [14]) to Ecp = 0.5 MV/m for posi-
ive and Ecn = 1.5 MV/m for negative polarity (Waters et al. [15]). The
orona ionization process is simulated by expanding the conduct-

ng region of constant conductivity (�cor = 40 �S/m) to the corona
adius rc. The statistical inception delay and streamer development
rocess are simply ignored. The corona radius rc is obtained, using
nalytical expression (2) based on Ec (0.5 or 1.5 MV/m) and the
 of upper-, middle-, and lower phase transient voltages (V1, V2,  and V3, respectively)
rrent risetime of (a) 1 �s and (b) 3 �s.

FDTD-computed charge per unit length (q). Then, the conductivity
of the cells located within rc is set to �cor = 40 �S/m.

Ec = q

2�ε0rc
+ q

2�ε0(2h  − rc)
[V/m]  (2)

Equation (2), which is an approximation valid for rc � h, gives
the electric field at distance rc below an infinitely long, horizontal
uniform line charge +q [C/m], located at height h above flat perfectly
conducting ground.

Simulation of corona discharge implemented in the FDTD pro-
cedure is summarized below.

If the FDTD-computed electric-field, Ezb
n, at time step n and at a

point located below and closest to the wire (at 0.5�z  from the wire
axis shown in Fig. 3(a)), exceeds 0.46E0, where E0 is given by Eq. (1),
the conductivity of �cor = 40 �S/m is assigned to x- and z-directed

sides of the four cells closest to the wire. Note that Ezb

n is almost
the same as Exl

n and Exr
n at points located to the left and to the right

of the wire, respectively, and closest to the wire (at 0.5�x from the
wire axis) (the difference is less than 1%). Therefore, we  monitor
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ig. 6. FDTD-computed (for �cor = 40 �S/m, E0 = 2.5 MV/m,  and Ecp = 0.5 MV/m) wave
t  the middle tower for a 10-kA positive lightning (negative charge moving up) wit

zb
n only for determining the initiation of corona discharge. Also

ote that neither computed radial corona current nor q–V curves
hange even if the same conductivity is assigned to y-directed (axial
irection) sides of the four cells.

The radial current In per unit length of the wire at y = j�y from
he excitation point at time step n is evaluated by numerically inte-
rating radial conduction and displacement current densities as
ollows.

In (j�y) = �
[(

En
xl + En

xr

)
�z  +

(
En

za + En
zb

)
�x

]
�y

+ε0

⎡
⎢⎢⎢⎣

(
En

xl − En−1
xl

�t
+ En

xr − En−1
xr

�t

)
�z

+
(

En
za − En−1

za + En
zb − En−1

zb

)
�x

⎤
⎥⎥⎥⎦�y

(3)
�t �t

here Exl, Exr, Eza, and Ezb are radial electric fields closest to the wire
hown in Fig. 3(b). The total charge (charge deposited on the wire
 of upper-, middle-, and lower phase transient voltages (V1, V2, and V3, respectively)
rrent risetime of (a) 1 �s and (b) 3 �s.

and emanated corona charge) per unit length of the wire at y = j�y
from the excitation point at time step n is calculated as follows.

qn (j�y) = qn−1 (j�y) + In−1 (j�y) + In (j�y)
2

�t  (4)

Based on qn given by Eq. (4) and Ec, the corona radius rc
n+1

at time step n + 1 is calculated using Eq. (2). The conductivity of
�cor = 40 �S/m is assigned to x- and z-directed sides of all cells
located within rc

n+1. In our model, the corona radius for each meter
along the overhead wire is calculated at each time step. As a result,
the corona radius has a nonuniform distribution along the conduc-
tor. More details on our corona model can be found in [1,2,4].

3. Analysis and results
Fig. 4(a) and (b) shows the waveforms of injected negative light-
ning return-stroke current (positive charge moving up) current. The
peak of the injected lightning current is 10 kA with (a) a risetime of
1 �s and time to half-peak value of about 35 �s and (b) a risetime
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Fig. 7. FDTD-computed (for �cor = 40 �S/m, E0 = 2.5 MV/m,  Ecn = 1.5 MV/m,  and Ecp = 0.5 MV/m)  waveforms of upper-, middle-, and lower phase transient voltages (V1, V2, and
V3, respectively) at the middle tower for a 20-kA-peak current with a risetime of 1 �s (a) negative lightning (positive charge moving up) and (b) positive lightning (negative
charge  moving up).

Fig. 8. Variation of corona radius with distance from the lightning strike point
(d  = 0 m)  at time 1 �s. The computations were performed for a 20-kA-peak positive
current with a risetime of 1 �s. See text for details.

Table 1
Maximum radii (in meters) of corona emanated from the upper-phase conductor at
the  lightning strike point.

Stroke polarity Positive Negative

Current peak 10 kA 20 kA 10 kA 20 kA

Current risetime 1 �s 3 �s 1 �s 3 �s 1 �s 3 �s 1 �s 3 �s
Corona radius 0.84 0.70 1.88 1.38 0.26 0.18 0.53 0.44

Table 2
Peaks of transient voltages at the tower in percent of those in the absence of upper-
phase-conductor corona.

Stroke polarity Positive Negative

Current peak 10 kA 20 kA 10 kA 20 kA

Current risetime 1 �s 3 �s 1 �s 3 �s 1 �s 3 �s 1 �s 3 �s
Upper phase 74 79 68 75 82 87 78 85
Middle phase 97 97 94 96 99 99 99 99
Lower phase 98 97 95 96 99 99 99 99
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Fig. 9. FDTD-computed waveforms of upper-phase transient voltage at the middle tower with and without corona for a 20-kA positive lightning (negative charge moving
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p)  with a current risetime of 1 �s. The computations were performed for direct lig
oint  close to the middle tower, respectively.

f 3 �s and time to half-peak value of about 40 �s. Additionally,
njected current waveforms with a peak of 20 kA and the same

aveshape parameters were used in the simulations, although the
orresponding current waveforms are not shown here. Note that
orona is considered only on the upper-phase conductor, on which
he lightning channel terminates, as shown in Fig. 1(a).

Figs. 5 and 6 show, for negative and positive lightning strokes,
espectively, waveforms of transient voltage at the middle tower of
he 40-m high transmission line, computed using the FDTD method
or a 10-kA current peak with risetimes of (a) 1 �s and (b) 3 �s.

Similarly, but for a 20-kA-peak injected lightning current with a
urrent risetime of 1 �s, Fig. 7(a) and (b) shows waveforms of tran-
ient voltage at the middle tower for negative and positive lightning
trokes, respectively.
It follows from Figs. 5–7 that the computed transient voltages
n the upper phase conductor exceed the typical insulation level
or 66/77 kV lines (about 600 kV) and, hence, a flashover will occur
n each case.
 strikes to the upper phase conductor (a) at the midpoint of the span and (b) at the

Fig. 8 shows the variation of corona radius along the upper phase
conductor at time 1 �s, computed using the FDTD method for a
20-kA-peak positive current with a risetime of 1 �s at different
distances d = 0, 50, 100, 150, 200, 250 and 300 m along the upper-
phase conductor from the lightning strike point. As shown in Fig. 8,
the radius of corona on the upper phase conductor decreases with
distance from the lightning strike point, from 1.88 m at d = 0 m to
0.88 m at d = 150 m.  Therefore, the clearance between the tower
and conductor with corona is 1.12 m.  For typical insulation (about
600 kV), a mid-span strike will cause an insulator flashover at 150 m
(at the nearest tower). Thus, the corona radius versus distance
dependence is meaningful only up to 150 m from the strike point,
and the results for d > 150 m (broken line in Fig. 8) correspond to
the case of ideal (considerably-higher-level) insulation. Note that

corona radius variation is step-like due to the size of square or
rectangular cells employed in the FDTD computations.

Table 1 summarizes maximum corona radii for different stroke
polarities, current magnitudes, and current risetimes. Maximum
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ig. 10. FDTD-computed waveforms of upper-phase transient voltage at the middl
p)  with a current risetime of 1 �s. The computations were performed for direct lig
iddle tower, respectively.

orona radii for negative-stroke cases with 10-kA current peak
nd current risetimes of 1 �s and 3 �s are 0.26 m and 0.18 m,  and
hose for positive-stroke cases are 0.84 m and 0.7 m,  respectively.
or a 20-kA peak current, maximum corona radii are 0.53 m and

.44 m for negative-stroke cases, and those for positive-stroke cases
re 1.88 m and 1.38 m,  for risetimes of 1 �s and 3 �s. Note that
n a negative stroke positive charge moves up along the channel

able 3
eaks of transient voltages at the tower in percent of those in the absence of corona for
ocations.

Stroke locations Upper phase conductor 

Midpoint of the span Close to the middl

Upper phase 68 76 

Middle  phase 94 95 

Lower  phase 95 96 
r with and without corona for a 20-kA positive lightning (negative charge moving
 strikes to the ground wire (a) at the midpoint of the span and (b) at the top of the

(negative charge is injected into the system) and in a positive stroke
the situation is reversed.

Table 2 summarizes peaks of transient voltages at the tower
in percent of those in the absence of upper-phase-conductor

corona for all three phases and different injected currents. It
follows from Table 2 that, as expected, the reduction of transient-
voltage peak due to corona is more significant for the upper phase

 positive strokes with 20-kA-peak and 1-�s-risetime current and different stroke

Ground wire

e tower Midpoint of the span Top of the middle tower

72 94
76 95
80 96
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onductor struck by lightning. For a 10-kA peak current, the upper-
hase-conductor voltage peaks are reduced by 26% and 21% for

 positive-stroke with 1-�s-risetime and 3-�s-risetime currents,
espectively, and those for negative-stroke are reduced by 18%
nd 13%, respectively. For a 20-kA peak current, the correspond-
ng upper-phase-voltage peaks are reduced by 32% and 25% for
ositive-stroke case, and those for negative-stroke case are reduced
y 22% and 15%.

The reason why the transient voltage at the tower for the
pper-phase conductor is reduced is the reduction of its charac-
eristic impedance by corona. Transient voltages of the other two
hases are less influenced by corona on the upper-phase conduc-
or because the reduction of the (inducing) upper-phase voltage
s counteracted by the increase of coupling from the upper-phase
onductor.

. Discussion

We  now compare our results with those for other configura-
ions, including lightning strikes to the overhead ground wire and
o the phase conductor near the middle tower.

Fig. 9(a) and (b) shows FDTD-computed waveforms of transient
oltages at the middle tower with and without upper-phase-
onductor corona for direct lightning strikes to the upper phase
onductor at the mid-span point and at the point close to the middle
ower, respectively. A positive stroke with 20-kA current peak and
urrent risetime of 1 �s is employed. For both strike locations, the
pper-phase transient voltage is reduced by about 30%. This reduc-
ion is caused by the decrease of characteristic impedance of the
pper-phase conductor due to corona. Even when the strike point is
he midpoint of the span, the upper-phase insulator transient volt-
ge decreases. This is because the phase-conductor voltage near the
trike point decreases due to the corona and the resultant reduced
relative to the case without corona) voltage surge propagates to
he tower.

Table 3 (columns 2 and 3) shows peaks of transient voltages
t the tower in the presence of upper-phase-conductor corona in
ercent of those in the absence of corona. Fig. 10(a) and (b) shows
DTD-computed waveforms of transient voltages at the tower with
nd without ground-wire corona for direct lightning strikes to the
round wire at the midpoint of the span and at the top of the middle
ower, respectively. A positive stroke with 20-kA current peak and
urrent risetime of 1 �s is employed. Note that corona is considered
nly on the ground wire in these simulations.

Table 3 (columns 4 and 5) shows peaks of transient voltages
t the tower in the presence of ground-wire corona in percent of
hose in the absence of corona. For the direct lightning strike to the
op of the middle tower, the reduction of each transient voltage is
bout 5%. This is because the negative reflection from the tower
ase returns to the tower top in about 0.27 �s, and suppresses the

ncrease of tower-top and ground-wire voltage, which results in
 relatively small corona extent around the ground wire. On the
ther hand, for the direct lightning strike to the ground wire at
he midpoint of the span, the reduction of each transient voltage
s about 20 to 30%. This is because the negative reflections from

he tower bases return to the strike point in about 1.3 �s, allow-
ng a larger corona expansion on the ground wire near the strike
oint, which increases coupling to phase conductors and decreases
ransient voltages at the tower (e.g., Thang et al. [4]). In our

[

[

s Research 123 (2015) 128–136

simulations, a personal computer with an OS of 64-bit Windows 7
and a CPU of 3.46-GHz Intel Core I7 was  used. The time increment
was set to �t  = 0.047 ns, and the maximum observation time was
set to 6 �s. The computation time needed for one run was  about
80 h, and the memory required was 3.8 GB.

5. Conclusions

We  have applied the simplified model of corona discharge pro-
posed for FDTD computations to simulation of transient voltages
at the tower of 40-m-high transmission line for the case of direct
lightning strikes to an upper phase conductor. The FDTD-computed
transient voltages are reduced by corona discharge on the upper
phase conductor. However, the upper-phase-voltage peaks are
reduced by only 26% and 21% for a positive-stroke with 1-�s-
risetime and 3-�s-risetime currents, respectively, and those for
negative-stroke are reduced by 18% and 13%, respectively. For a
20-kA peak current, the corresponding upper-phase-voltage peaks
are reduced by 32% and 25% for the positive-stroke case, and
those for the negative-stroke case are reduced by 22% and 15%.
Whether with or without corona, the computed voltages on the
top (struck) phase conductor are in the megavolts range, con-
siderably higher than the typical insulation level (about 600 kV)
of 66/77 kV lines. Thus, although the corona effect does reduce
the conductor voltage, this reduction cannot prevent the line
flashover.
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