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Abstract—Direct lightning strikes mainly determine the light-
ning performance of medium-voltage distribution lines with surge
arresters installed at close intervals. Recent studies have shown that
in such lines, the effect of a lightning electromagnetic pulse (LEMP)
on insulator voltages has a large impact on lightning performance
assessment. In this article, we propose an analysis method that can
consider the effect of LEMPs radiated from the lightning channel
and the struck pole in electromagnetic transient (EMT) analysis.
In the proposed method, first, the LEMPs are calculated using
potential formulae that are extended to include the presence of the
struck pole. Second, the insulator voltages induced by the LEMPs
and generated by currents flowing into the struck pole, earth elec-
trode, and shield wire are calculated using a field-to-line coupling
formula interfaced with the EMT analysis. The proposed method
is validated by comparison with three-dimensional finite-difference
time-domain analysis. The proposed method is potentially a pow-
erful tool for statistically assessing the lightning performance of
distribution lines while considering LEMP effects.

Index Terms—Electromagnetic transient (EMT) analysis, field-
to-line coupling formula, lightning electromagnetic pulse (LEMP),
lightning, medium-voltage distribution line.

I. INTRODUCTION

D IRECT and indirect lightning cause outages in medium-
voltage (MV) distribution lines. The number of indirect

lightning strikes is much larger than that of direct lightning
strikes, and the main concern in the flashover analysis of MV
distribution lines is usually indirect lightning strikes [1], [2].
However, in well-protected distribution lines with surge arresters
installed at close intervals and periodically grounded shield
wires, indirect lightning rarely causes outages [3]. Thus, direct
lightning strikes are the main concern in lightning surge analysis
and in discussing countermeasures, especially for well-protected
distribution lines [4], [5], [6], [7], [8].

Direct lightning strikes to distribution lines have long been
analyzed by electromagnetic transient (EMT) simulators. In
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the analysis, the lightning has been simply represented by a
current source in parallel with an equivalent lightning channel
impedance (constant resistance); the effect of a lightning elec-
tromagnetic pulse (LEMP) on overhead conductors has been
neglected [5], [6], [7], [8], [9], [10], [11]. This is because the
voltage rise due to the effect of LEMPs is assumed to be much
lower than that due to the current flowing into the struck pole
and shield wires.

However, recent studies [12], [13], [14], [15], [16] have shown
the LEMP effect on insulator voltages. In particular, Ishimoto
et al. [15] demonstrated the significant effect of LEMPs on
insulator voltages by comparing EMT analysis using electro-
magnetic transients program (EMTP) [17], which neglects the
LEMP effect, and full-wave three-dimensional finite-difference
time-domain (3-D FDTD) [18] analysis using virtual surge test
lab restructured and extended version (VSTL REV) [19], which
inherently and accurately considers the LEMP effect. Owing to
the LEMP effect, insulator voltages are about two times higher
in the first stroke and 1.3 times higher in the subsequent stroke
than those without the LEMP effect.

Moreover, a method that approximately considers the LEMP
effect in EMT analysis using the lightning-induced overvoltage
(LIOV)-EMTP code [20], [21] has been confirmed to provide
voltages similar to those obtained by the FDTD method [15].
The use of the LIOV-EMTP code enables the LEMP effect to
be considered in EMT analysis. Therefore, the method provides
a practical tool for statistically evaluating the lightning perfor-
mance of distribution lines owing to its computation time being
shorter than that of full-wave analysis while providing computed
voltages as accurate as those computed by full-wave analysis.

Although the LIOV-EMTP-based method provides similar
voltages to the 3-D FDTD method and hence is quite practical, as
shown in Fig. 1, the method computes LEMPs assuming a light-
ning strike to flat ground 10 m from the pole and superimposes
the voltage induced by the LEMPs on the voltages derived by
conventional EMT analysis (with the lightning current injected
at the top of the pole model). Lightning-induced voltage analysis
programs cannot model a direct lightning strike to distribution
poles since they assume a lightning strike to flat ground away
from distribution lines.

Another method for considering the LEMPs in a direct light-
ning strike in EMT analysis was presented in [22] and [23].
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Fig. 1. Concept of lightning surge analysis method used by Ishimoto et al.
[15]. A lightning strike to flat ground 10 m from the struck pole is assumed in
LEMP calculation.

In this method, the LEMP effect was considered on the basis
of the Rusck model, and it was applied to analyze a direct
lightning strike to a transmission line. Although this method can
consider the LEMP caused by a return stroke current as well as
the lightning strike point correctly unlike the aforementioned
LIOV-EMTP-based method, it did not include the effect of
LEMPs from the struck object (a transmission tower in these
studies).

In this article, we propose an EMT-based analysis method
for a direct lightning strike to distribution lines that considers
the LEMPs radiated from the lightning channel and the pole
struck by lightning, and we discuss the effect of an LEMP on
the insulator voltages of a distribution line struck by lightning. In
the proposed method, the scalar and vector potential formulae
presented in [24] are extended to include the presence of the
struck pole in the LEMP calculation. The Agrawal et al. field-
to-line coupling formula [25] is used to compute the voltages
induced on overhead conductors.

The rest of the article is organized as follows. Section II
presents the methodology of the computation: the potential
method for computing the LEMPs from the lightning channel
and the struck pole, the FDTD method for solving the Agrawal
et al. formula, and the interface of the coupling formula with
the EMT analysis. Section III gives a comparison of insulator
voltages computed by the proposed method, the 3-D FDTD
method using VSTL REV, and EMT analysis without consider-
ing LEMPs. Section IV concludes this article. Appendix A pro-
vides a validation of the proposed method, taking as an example
the calculation of the induced voltage by the lightning strike to
a tall object located near an overhead conductor. Appendix B
discusses the method assuming a lightning strike to flat ground
10 m from the struck pole.

II. METHODOLOGY

A. Concept and Overview of Proposed Method

The proposed method explicitly represents the direct light-
ning strike to the distribution pole and considers the LEMP
effect from the channel as well as the struck pole, as shown
in Fig. 2. Note that the LEMP effect from the current flowing
into the shield wire is considered by the mutual coupling in the

Fig. 2. Concept of proposed lightning surge analysis method: LEMPs from the
lightning channel and the struck pole are computed from the current distribution,
and their effect on overhead conductors is computed using the Agrawal et al.
field-to-line coupling formula.

Agrawal et al. formula. The analysis program is based on EMT
analysis with the following three additional calculation parts:

1) calculating the current along the lightning channel and the
struck pole;

2) calculating the LEMP;
3) solving the Agrawal et al. formula interfaced with EMT

analysis.
The proposed method is based on EMT analysis since it

enables us to perform lightning surge analysis with various
models, such as distribution poles, grounding resistance, insula-
tor flashovers, surge arresters, pole-mounted transformers, and
others with a small computational load. In the EMT analysis
part, the sparse tableau method is used to compose a conduc-
tance matrix [26], and a transient response is derived using the
trapezoidal rule for numerical integration [27].

The rest of this section describes the three additional calcula-
tion parts. Section II-B covers the part for calculating the current
along the lightning channel and the struck object, Section II-C
covers the LEMP calculation part, and Section II-D covers the
part for solving the Agrawal et al. formula and the interface of
this formula with EMT analysis.

B. Calculation of Currents Along Lightning Channel and
Struck Pole

The LEMPs are calculated by considering a current traveling
upward along the lightning channel, ich, and currents traveling
downward and upward along the struck pole, id, and iu, respec-
tively. These currents are derived from the branch currents in
the EMT analysis shown in Fig. 3. The current traveling upward
along the lightning channel, ich, can be calculated from the
lightning short-circuit current isc and the current flowing into
the equivalent lightning channel impedance, iRch, as follows:

ich (t) = isc (t) + iRch (t) . (1)

The current traveling downward along the pole struck by
lightning, id, can be calculated from the total current at the pole
top, it, and the current source holding history at the pole base of
Dommel’s distribution line model [27], Jt, as follows:

id (t) = it (t)− Jt (t)/2. (2)
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Fig. 3. Models of lightning channel and distribution pole in the EMT analysis
and definition of branch currents to used derive ich, id, and iu (see Fig. 5).

Fig. 4. Lightning channel and its image for computing scalar and vector
potentials at observation point (x, y, z).

In the same manner, the current traveling upward along the
pole struck by lightning, iu, can be calculated as follows:

iu (t) = − [ib (t)− Jb (t)/2] (3)

where ib is the total current at the base of the struck pole and Jb
is the current source holding history at the pole top.

C. LEMP Calculation by Potential Method

1) Basic Formula: The electric fields required in the Agrawal
et al. formula are calculated from the scalar and vector potentials.
The following is assumed in the calculation [24].

1) The charge distribution along the leader is uniform.
2) The current waveform is given by a step function.
3) The return stroke speed is constant.
4) The current along the lightning channel does not suffer

attenuation or distortion.
The potential formula is also used to compute LEMPs radiated
from the distribution pole struck by lightning.

A unit step charge traveling from point (0, 0, h) at a constant
speed v generates a scalar potential at point (x, y, z), as shown
in Fig. 4, as follows:

φ =
1

4πε0v
ln

vt− ξ1 +
√

(vt− ξ1)
2 + (1− β2) (r21 − ξ21)

(1 + β) (r1 − ξ1)
(4)

where ε0 is the permittivity in free space and β is the ratio of the
speed v to the speed of light in free space, c0. Variables r1 and
ξ1 are given as follows:

r1 =

√
x2 + y2 + (z − h)2, (5)

ξ1 = l0x+m0y + n0 (z − h) (6)

Fig. 5. Conceptual figure for computing LEMPs from lightning channel and
pole struck by lightning.

where l0, m0, and n0 are the direction cosines of the channel.
The image charge generates the following scalar potential:

φ′ =
−1

4πε0v
ln

vt− ξ2 +
√

(vt− ξ2)
2 + (1− β2) (r22 − ξ22)

(1 + β) (r2 − ξ2)
(7)

where

r2 =

√
x2 + y2 + (z + h)2, (8)

ξ2 = l0x+m0y − n0 (z + h) . (9)

The total scalar potential φs is given by the sum of the real
and image potentials with an appropriate time delay

φs = φu (t− r1/c0) + φ′u (t− r2/c0) (10)

where u(t) is Heaviside’s step function.
The real vector potential A generated by a unit step current can be
derived using a unit vector of the current, i, in the same manner
as the scalar potential

A = i
μ0

4π
ln

vt− ξ1 +
√

(vt− ξ1)
2 + (1− β2) (r21 − ξ21)

(1 + β) (r1 − ξ1)
.

(11)
The image vector potential can also be derived similarly to

the scalar potential.
Using the total scalar and vector potentials, the electric field

at an arbitrary point can be derived as follows:

E = −∇φs − ∂Av

∂t
(12)

where Av is the total vector potential.
2) Inclusion of Pole Struck by Lightning: The pole struck by

lightning is incorporated by the superimposition of the electric
field calculation in the previous section. Fig. 5 shows the concept
of the proposed method. The electric field generated by the
current along the lightning channel is calculated from (12). In
representing the electric fields from the struck pole, the field
generated by the downward current and its offset, and the field
generated by the upward current and its offset are used. As shown
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in Fig. 5, the offsets cancel redundant fields: the potential method
assumes a unit step charge (current) traveling a semi-infinite
length from the initial point, as described in Section II-C1. Con-
sequently, the total electric field is calculated by superimposing
the following five components:

1) Ech: field generated by the current along the lightning
channel, ich.

2) Ed: field generated by the current traveling downward
along the struck object, id.

3) Edoff: field that cancels the redundant term of Ed (offset
of Ed).

4) Eu: field generated by the current traveling upward along
the struck object, iu.

5) Euoff: field that cancels the redundant term of Eu (offset
of Eu).

The calculation of each field is further described in Sec-
tion II-C2 (a)–(e). Note that although this article focuses on
the electric field radiation from the lightning channel and the
struck pole, the proposed method for the struck pole can also
be used for the calculation of the electric field from the nearby
poles.

a) Ech: Field generated by current along lightning chan-
nel: Hereafter, the formulae of the horizontal electric field de-
rived from scalar and vector potentials by (12) for the aforemen-
tioned five components are shown.

The field Ech is generated by the lightning channel. For
simplicity, the direction cosine l0 and m0 are set to 0, and n0
is set to 1; a vertical channel is assumed. The field generated by
an arbitrary channel current can be derived as follows:

Ech (t) = [EchRe (t)− EchIm (t)] ∗ ich(t) (13)

where ∗ denotes the convolution integral, and each electric field
component is given by the following formulae:

EchRe (t) = Ex (t, rchRe, ξchRe, v, β) , (14)

EchIm (t) = Ex (t, rchIm, ξchIm, v, β) , (15)

Ex (t, r, ξ, v, β)

=
1

4πε0vβ
u

(
t− r

c0

)[(
1− β2

)
(x− x0)

χ (vt− ξ + χ)
− x− x0

r (r − ξ)

]
,

χ =

√
(vt− ξ)2 + (1− β2) (r2 − ξ2) (16)

rchRe = r1, rchIm = r2, (17)

ξchRe = z − h, ξchIm = − (z + h) . (18)

Although the vertical channel is assumed here, the poten-
tial formulae can represent an inclined channel by setting l0,
n0, and m0 to specific values and even a tortuous channel by
superimposition [24]. Since the Agrawal et al. formula that con-
siders the contribution of the vector potential to the horizontal
electric field [25], [28] is used to compute induced voltages,
inclined and tortuous channels can be analyzed by the proposed
method.

b) Ed: Field generated by current traveling downward
along struck object: The field Ed is derived from the formulae

shown below. Here, the current traveling speed is assumed to
be the light speed in free space, c0 (this is a general assumption
for distribution poles). With this assumption, the step response
of the electric field can be expressed by a step function: the
convolution integral for deriving an arbitrary current response
becomes a product

Ed (t) = [EdRe (t)− EdIm (t)] ∗ id(t)
= EdRe (t) id (t− rdRe/c0)

− EdIm (t) id (t− rdIm/c0) (19)

EdRe (t) = Exst (t, rdRe, ξdRe) (20)

EdIm (t) = Exst (t, rdIm, ξdIm) (21)

Exst (t, r, ξ) =
1

4πε0c0

x− x0

r (r − ξ)
u

(
t− r

c0

)
(22)

rdRe = rchRe, rdIm = rchIm (23)

ξdRe = ξchIm, ξdIm = ξchRe. (24)

This field produces the redundant components located below
and above the pole in the image and real regions, respectively, as
shown in Fig. 5(II). Hence, the field Edoff, which cancels these
redundant components, is required.

c) Edoff: Offset of Ed: The field Edoff cancels the redun-
dant components generated by Ed, as shown in Fig. 5(III).
The starting point of Edoff is the base of the pole, and Edoff

is calculated by considering the traveling time delay tp (=
h/c0, where h is the height of the struck pole) along the
pole

Edoff (t) = [EdoffRe (t−tp)−EdoffIm (t−tp)] ∗ id(t−tp)

= [EdoffRe (t− tp)− EdoffIm (t− tp)]

id (t− tp − rdoff/c0) (25)

EdoffRe (t) = Exst (t, rdoffRe, ξdoffRe) (26)

EdoffIm (t) = Exst (t, rdoffIm, ξdoffIm) (27)

rdoffRe = rdoffIm = rdoff =
√

x2 + y2 + z2 (28)

ξdoffRe = z, ξdoffIm = −z. (29)

d) Eu: Field generated by current traveling upward along
struck object: The starting point of the field Eu is at the base
of the pole, as shown in Fig. 5(III). The field is calculated by
considering the traveling time delay tp as follows:

Eu (t) = [EuRe (t− tp)− EuIm (t− tp)] ∗ iu(t)
= [EuRe (t− tp)− EuIm (t− tp)] iu (t− ru/c0) ,

(30)

EuRe (t) = Exst (t, ruRe, ξuRe) , (31)

EuIm (t) = Exst (t, ruIm, ξuIm) , (32)

ruRe = ruIm = ru = rdoff, (33)

ξuRe = z, ξuIm = −z. (34)
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This field produces the redundant components located above
the pole in the real region and below the pole in the image region,
as shown in Fig. 5(IV). Hence, the field Euoff, which cancels
these redundant components, is required.

e) Euoff: Offset of Eu: The field Euoff cancels the redun-
dant components generated by Eu, as shown in Fig. 5(V). The
starting point of Euoff is the top of the pole, and Euoff is calculated
by considering the round-trip traveling time delay of 2tp

Euoff (t) = − [EuoffRe (t− 2tp)− EuoffIm (t− 2tp)] ∗
iu(t− tp)

= − EuoffRe (t− 2tp) iu (t− tp − ruoffRe/c0)

+ EuoffIm (t− 2tp) iu (t− tp − ruoffIm/c0)
(35)

EuoffRe (t) = Exst (t, ruoffRe, ξuoffRe) (36)

EuoffIm (t) = Exst (t, ruoffIm, ξuoffIm) (37)

ruoffRe = rchRe, ruoffIm = rchIm (38)

ξuoffRe = ξchIm, ξuoffIm = ξchRe. (39)

D. Agrawal et al. Field-to-Line Coupling Formula and its
Interface With EMT Analysis

1) Basic Formula: The Agrawal et al. field-to-line coupling
formula [25] is used to compute the voltages induced on over-
head conductors by the LEMPs from the lightning channel and
the struck pole. The formula for a lossless single-conductor
system is

∂vs (x, t)

∂x
+ L′ ∂i (x, t)

∂t
+

∫ t

0

ξg (t− τ)
∂i (x, t)

∂t
dτ

= Ei
x (x, h, t) , (40)

∂i (x, t)

∂x
+ C ′ ∂v

s (x, t)

∂t
= 0 (41)

where vs and i are the scattered voltage and total current; x, h,
and t are the line position, line height, and time;L′ andC ′ are the
line inductance and capacitance; and Ei

x and ξg are the incident
horizontal electric field and ground impedance, respectively. The
total voltage vt is calculated by considering the incident voltage
vi which is derived from the incident vertical electric field Ei

z as
follows:

vt (x, t) = vs (x, t) + vi (x, t) = vs (x, t)

−
∫ h

0

Ei
z (x, z, t) dz. (42)

The integral of (42) is calculated by using the trapezoidal rule:
the approximation vi(x, t) = hEi

z(x, 0, t) is not valid in the
vicinity of the lightning channel and the struck pole.

The approximation formulae [29], [30] are used to consider
the ground impedance. The frequency-partitioning fitting tech-
nique is applied to the ground impedance, and the effect of
impedance is implemented in the EMT analysis by using the
trapezoidal rule [31], [32]. Hence, (40) can be rewritten as

Fig. 6. Voltage and current allocations in the FDTD method for solving
Agrawal et al. formula. Zg indicates the transient ground impedance.

follows:

∂vs (x, t)

∂x
+ L′ ∂i (x, t)

∂t
+H0i (x, t) + x′ (x, t)

= Ei
x (x, h, t) , (43)

where

H0 =

Mr∑
m=1

Am + 2

Mc∑
m=1

Re {Bm}, (44)

x′ (x, t) =
Mr∑
m=1

x1m (x, t) + 2

Mc∑
m=1

Re {z1m (x, t)}, (45)

x1m (x, t) = Ami (x, t−Δt) + amx2n (x, t−Δt) , (46)

z1m (x, t) = Bmi (x, t−Δt) + bmz2m (x, t−Δt) , (47)

x2m (x, t) = Ami (x, t) + x1m (x, t) , (48)

z2m (x, t) = Bmi (x, t) + z1m (x, t) . (49)

Here, Δt is the computation time step and Am, am, Bm, and
bm are the coefficients determined by the real/image poles
and their residues of the rational function H(jω), which is an
approximation of the ground impedance in the frequency domain

H (jω) ∼=
Mr∑
m=1

Rm

jω − pm
+

Mc∑
m=1

R̂m

jω − p̂m
+

R̂∗
m

jω − p̂∗m
(50)

Am =
Rm

2/Δt− pm
, am =

2/Δt+ pm
2/Δt− pm

(51)

Bm =
R̂m

2/Δt− p̂m
, bm =

2/Δt+ p̂m
2/Δt− p̂m

. (52)

In (50), the symbol ∗ denotes the complex conjugate.
2) FDTD Method for Solving Agrawal et al. Formula: The

Agrawal et al. formula given by (41) and (43) is solved using
the point-centered FDTD method. The scattered voltage and
the total current are allocated alternatively along the line. The
voltage at the kth node of the Pi-equivalent is denoted as vk,
and the current at the center of the Pi-equivalent is denoted as
ik+1/2. Furthermore, they are allocated alternatively in the time
domain; the voltage vnk is allocated at t = nΔt (n = 0, 1, 2, …)

and the current in+1/2
k+1/2 is allocated at t = (n+ 1/2)Δt. The above

allocations can be expressed as the equivalent circuit shown in
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Fig. 7. Connecting point of Agrawal et al. formula and EMT analysis (leftmost
node).

Fig. 6, and update equations of the voltage and current are

vnk = vn−1
k − Δt

Δx
C ′−1

(
i
n−1/2
k−1/2 − i

n−1/2
k−1/2

)
, (53)

i
n+1/2
k+1/2 = −

(
H0

2
+

L′

Δt

)−1 (
H0

2
− L′

Δt

)
i
n−1/2
k+1/2

−
(
H0

2
+

L′

Δt

)−1 (
x′n+1/2

k+1/2 + x′n−1/2
k+1/2

)

− 1

Δx

(
H0

2
+

L′

Δt

)−1 (
vnk − vnk−1

)

+

(
H0

2
+

L′

Δt

)−1

En
k+1/2 (54)

where En
k+1/2 is the incident horizontal electric field at t = nΔt

and x′n+1/2
k+1/2 is obtained as follows:

x′n+1/2
k+1/2 =

Mr∑
m=1

x
n+1/2
1m k+1/2 + 2

Mc∑
m=1

Re
{
z
n+1/2
1m k+1/2

}
, (55)

x
n−1/2
1m k+1/2 = Ami

n−1/2
k+1/2 + amx

n−1/2
2n k+1/2, (56)

z
n+1/2
1m k+1/2 = Bmi

n−1/2
k+1/2 + bmz

n−1/2
2m k+1/2, (57)

x
n+1/2
2m k+1/2 = Ami

n+1/2
k+1/2 + x

n+1/2
1m k+1/2, (58)

z
n+1/2
2m k+1/2 = Bmi

n+1/2
k+1/2 + z

n+1/2
1m k+1/2. (59)

3) Interface of Agrawal et al. Formula and EMT Analysis:
The Agrawal et al. formula and the EMT analysis are interfaced
by considering the presence of a distributed capacitance at both
ends of the Pi-equivalent. Fig. 7 shows the connecting point of
the Agrawal et al. formula and the EMT analysis. At the leftmost
node, the following relation is satisfied:

i
n−1/2
1/2 − i

n−1/2
c0 = −C ′

2

Δx

2

(
vnc0 − vn−1

c0

)
Δt

(60)

where vnc0 is the total voltage of the leftmost node (and at the
same time, the node voltage in the EMT analysis) and i

n−1/2
c0 is

the current in the EMT analysis. By approximating i
n−1/2
c0 =

(inc0 + in−1
c0 )/2, the equation for calculating inc0 can be derived

as follows:

inc0 = Gcv
n
c0 + Jn

c0 (61)

Fig. 8. FDTD calculation model of distribution line (not in scale). (a) Side
view of FDTD analysis space. (b) Arrangement of pole and conductors.

where

Gc =
C ′Δx

2Δt
, Jn

c0 = −Gcv
n−1
c0 + 2

(
i
n−1/2
1/2 − in−1

c0

2

)
. (62)

A similar expression for the current at the rightmost node can
be derived. The Agrawal et al. formula and the EMT analysis
are interfaced by the equivalent conductance Gc and the current
sources containing the histories Jc0 at the leftmost node and JcK
at the rightmost node.

III. APPLICATION OF THE PROPOSED METHOD FOR ANALYZING

DIRECT LIGHTNING STRIKE TO DISTRIBUTION LINES

A. Analysis by the 3-D FDTD Method

The 3-D FDTD model of a lightning strike to a distribution
pole was composed. Fig. 8 shows the FDTD analysis space and
the configuration of the distribution pole. The FDTD analysis
space of 1000 m × 400 m × 1000 m was divided into cubic cells
with a minimum side length of 0.125 m and a maximum side
length of 5 m, with a total of 798 × 161 × 355 cells. The bottom
30 m was set as ground with a resistivity of 100Ωm and a relative
permittivity of 10. Boundaries were treated by the second-order
Liao’s absorbing boundary [33].

The concrete pole was modeled by a rectangular conductor
of 14 m length and 0.25 m width, and the bottom 2.5 m was
buried inside the ground. A 0.75-m-long metal frame for the
shield wire was also modeled. The radii of the shield wire and
phase conductors were 3 and 5.8 mm, respectively. They were
modeled by the thin-wire representation method by modifying
the permeability and permittivity around the conductor [34].
The phase conductors L1, L2, and L3 were arranged as shown in
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Fig. 8(b). The cross-arm was modeled by a rectangular conductor
of 2 m length and 0.05 m width. The insulator voltage was
defined by the electric field between the phase conductor and
the cross-arm. The span length was set to 40 m. Both ends
of the shield wire and phase conductors were attached to the
absorbing boundary to suppress reflections of the traveling volt-
age and current. The lightning channel was represented by the
transmission line model with a lightning current traveling speed
of 100 m/μs. The base of the channel was connected to the top
of the distribution pole. The current representing the first and
subsequent strokes expressed by Heidler’s function [35] used in
[15] was considered.

B. Analysis by Proposed Method

The analysis model for a direct lightning strike was synthe-
sized by the proposed method. The concrete pole was repre-
sented by a lossless distributed-parameter line model with a
height of 15 m, a surge impedance of 300Ω, and a travel-
ing wave speed of c0; the grounding was modeled by a re-
sistance of 20Ω [15]. Neither the frequency nor the current-
dependent characteristic of the grounding was considered. Both
ends of the overhead conductors were terminated by multi-
phase matching circuits. The spatial step Δx for solving the
Agrawal et al. formula was set to 1 m. Note that in considering
the effect of imperfectly conducting ground on the horizontal
electric fields, the Cooray–Rubinstein formula [36], [37] was
used. The magnetic field required in the Cooray–Rubinstein
formula can be derived in the same manner as the electric
field.

In the proposed method, the incident voltage of the shield
wire, visw, at the struck point cannot be calculated since the
denominator of (1) becomes zero. Hence, this incident voltage
was calculated using voltages vi1–vi3 in the vicinity. We defined
the position of visw as (xsw, ysw, z) and those of vi1–vi3 as (xsw, y1,
z), (xsw, y2, z), and (xsw, y3, z), respectively. By interpolation,
the incident voltage visw can be calculated as follows:

visw =
(ysw − y2) (ysw − y3)

(y1 − y2) (y1 − y3)
vi1 +

(ysw − y1) (ysw − y3)

(y2 − y1) (y2 − y3)
vi2

+
(ysw − y1) (ysw − y2)

(y3 − y1) (y3 − y2)
vi3. (63)

The analysis was also performed by the method only con-
sidering the LEMPs from the lightning channel, as well as
by EMT analysis without considering the LEMPs. The same
models as those in the proposed method were used to represent
the distribution poles and the grounding.

C. Results and Discussion

The insulator voltages computed by each method are shown
in Fig. 9. The proposed method as well as the method only
considering the LEMPs from the lightning channel can roughly
reproduce the insulator voltages computed by the 3-D FDTD
method, while the EMT analysis not considering the LEMP
effect provides much lower insulator voltages. This is because
the methods considering the LEMPs can take into account the

voltages on the shield wire and phase conductors induced by
the LEMPs, which have the opposite polarity from the voltages
generated by the current flowing into the shield wires and the
distribution pole struck by lightning [15].

The difference between the proposed method and the 3-D
FDTD method can be attributed to the modeling of the distri-
bution pole. In this article, as mentioned in Section III-B, the
distribution pole is modeled by a lossless distributed-parameter
line with a surge impedance of 300Ω and the wave traveling
speed of c0 following [15]. The surge impedance of 300Ω was
determined on the basis of the peak value of the pole-top voltage
divided by the pole-top current measured in an experiment, in
which the step-like current was injected into the distribution
pole top [38]. The lossless line is a simple expression for repre-
senting distribution poles. However, it is known that the surge
impedance of vertical objects, such as distribution poles and
transmission towers, increases with time owing to electromag-
netic field formation and that the traveling wave along the object
suffers a significant attenuation [39]. Thus, the modeling of the
distribution pole adopted in this study provides higher insulator
voltages generated by the subsequent stroke current and lower
insulator voltages generated by the first stroke current (besides,
overoscillation characteristics for the subsequent stroke).

The method only considering the LEMPs from the lightning
channel provided more similar voltages to the 3-D FDTD
method than the proposed method. This result can be
attributed to the contribution of the simple concrete pole
model and the ignoring of LEMPs from the struck pole:
these effects were balanced to provide accurate voltages.
In addition, the LEMPs have less impact for a 10-m-high
distribution pole than for a 100-m-high object, as shown in
Appendix A. Note that for the method only considering the
LEMPs from the lightning channel, the use of an accurate
distribution pole model can result in inaccurate insulator
voltages.

The accuracy of the proposed method can be improved by
modeling the distribution pole more precisely, while that of
the method only considering the LEMPs from the lightning
channel deteriorates. The following is an example of an improve-
ment of the pole model. Fig. 10 shows the insulator voltages
computed by each method using an improved model of the
concrete pole struck by lightning. In the improved pole model,
the surge impedance was set as time-dependent; its step-current
response has an initial value of 150Ω and a convergence value
of 300Ωwith a time constant of 1μs. This time-dependent surge
impedance approximately represents the electromagnetic field
formation. The grounding of the distribution pole was modeled
by a series circuit with a grounding resistance of 20Ω and a
resistance Rt–inductance Lt parallel circuit. The Rt–Lt parallel
circuit approximately represents the significant wave attenuation
along the distribution pole. The resistance Rt was set to 60Ω
following [40]. The inductance Lt was set to 300 μH (a time
constant of 5 μs for the Rt–Lt parallel circuit) since the effect
of attenuation can be observed in the period around 5 μs or
later, as shown in Fig. 9(a-2) and (b-2). As shown in Fig. 10,
the proposed method with the improved distribution pole model
can provide insulator voltages similar to those of the 3-D FDTD
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Fig. 9. Insulator voltages generated by (1) subsequent and (2) first stroke currents computed by (a) 3-D FDTD method, (b) proposed method considering LEMPs
from lightning channel and struck pole, (c) method only considering LEMPs from lighting channel, and (d) EMT analysis not considering LEMPs.

Fig. 10. Insulator voltages calculated using improved model of distribution pole computed by (a) proposed method considering LEMPs from lightning channel
and struck pole, and (b) method only considering LEMPs from lightning channel. Note that the vertical axis of (b-2) is different from that of (a-2) of this figure
and (a-2) to (d-2) of Fig. 9.
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method, whereas the method only considering the LEMPs from
the lightning channel provides higher insulator voltages in both
current waveforms.

As shown above, if the concrete pole is modeled with its char-
acteristics considered precisely, the proposed method, which
considers the LEMPs from the lightning channel and the struck
pole, provides accurate insulator voltages. On the other hand, if
the simple concrete pole model is used, the method only consid-
ering the LEMP from the lightning channel provides accurate
insulator voltages. Note that the rather simpler representation
of the distribution poles, such as that by an inductor, can also
provide accurate insulator voltages for the first stroke current.

The proposed method is fast and can be used for evaluating
the lightning performance of distribution lines with multiple
calculations. For example, the proposed method takes 42 s
to derive the 10-μs long transient response while the FDTD
method takes 38 810 s, with 3.0 GHz Intel i7 4-cores CPU,
32 GB of RAM running Windows 10. The OpenMP [41] was
used to accelerate the computation for both methods. Note that
the FDTD method is suitable for parallel computation, and for
example, the calculation time can be shortened to 2489 s by
NEC’s Vector Engine Processor SX-Aurora TSUBASA [42].
The proposed method is still much faster than the FDTD method
and can be run in a standard desktop environment. Therefore,
the proposed method can become a useful tool for statistically
assessing the lightning performance of distribution lines.

IV. CONCLUSION

We proposed an analysis method for a direct lightning strike to
overhead distribution lines that considers the effect of LEMPs
from a lightning channel and a pole struck by lightning. The
LEMPs were computed using the scalar and vector potential
formulae, which were extended to include the presence of the
struck pole, using the current flowing into the lightning channel,
the pole top, and the pole base. The effect of the LEMPs on
the overhead conductors was considered by the Agrawal et al.
formula. This formula was solved by the point-centered FDTD
method, and it was interfaced with EMT analysis considering
the distributed capacitance at both ends of the line: the entire
transient analysis can be performed within the EMT analysis.
The proposed method with an accurate concrete pole model can
provide voltages similar to those of the 3D-FDTD method. If
the simple model is used for the concrete pole, the method only
considering the LEMPs from the lightning channel provides
insulator voltages similar to those of the 3-D FDTD method. The
proposed method developed on the basis of the transmission-line
theory is expected to be a useful tool for statistically assessing
the lightning performance of distribution lines.

APPENDIX

A. Validation of the Proposed Method by Calculation
of Lightning-Induced Voltage

In addition to the case of a direct lightning strike, the proposed
method was validated by referencing a calculation of the voltage
induced by a lightning strike to a tall object located near an

overhead conductor presented in [43]. At the same time, the
effect of LEMPs radiated from the struck object was evaluated.

In the calculation, a lightning strike to a 100-m-high object
was assumed, and the induced voltage at the center of a 10-m-
high, 1200-m-long, and 5-mm-radius overhead conductor was
calculated by the 3-D FDTD method. The distance between the
tall object and the center of the conductor, d, was set to 40, 60,
100, and 200 m. The reflection coefficients at the top and base of
the struck object, ρtot and ρbot, were set to −0.5 and 1, respec-
tively. These reflection coefficients correspond to values of 900,
300, and 0Ω for the lightning channel impedance, tall-object
surge impedance, and tall-object grounding impedance, respec-
tively. The current distributions along the lightning channel and
the struck object were computed using the “engineering” TL
model, which has been extended to include a tall object [44].
The current traveling speeds along the channel and the object
were set to c0/3 and c0, respectively. Both ends of the overhead
conductor were terminated by a matching resistance of 498Ω.
The resistivity and permittivity of the ground were set to 100Ωm
and 10, respectively.

The above-described system was synthesized by the proposed
method as well as the method only considering the LEMPs from
the lightning channel. The spatial step for solving the Agrawal
et al. coupling formula was set to 1 m.

The proposed method reproduced the voltages computed by
the 3-D FDTD method shown in [41]. Fig. 11 shows the induced
voltages at the center of the conductor for each distance between
the conductor and the tall object. The voltage waveforms, includ-
ing their peaks and the oscillating characteristic resulting from
the traveling wave reflection at the top and base of the tall object,
were accurately computed by the proposed method. The results
validated the proposed method for the LEMP calculation that
considers the lightning channel and the struck object using the
potential formulae as well as the induced voltage calculation.

Fig. 11(c) shows the voltages computed considering the
LEMPs radiated from the lightning channel only. In this case, the
oscillating characteristic appeared owing to the traveling current
flowing into the lightning channel from the top of the object.
However, the voltage peaks are much lower than those derived
by the 3-D FDTD method. The LEMP from the struck object
has a significant impact in this case.

B. Discussion on Method Assuming Lightning Strike to Flat
Ground Away From Struck Pole

In this appendix, we discuss the method of direct lightning
surge analysis assuming a lightning strike to flat ground away
from the struck pole [12], [13], [14], [15]. We show that this
method provides similar voltages to the 3-D FDTD method
owing to the contributions of some factors and that it is necessary
to examine the validity of computed voltages by using, for
instance, 3-D FDTD analysis results in advance of the lightning
performance assessment.

For the discussion, an analysis model was synthesized follow-
ing [15]. The models for the concrete pole and grounding were
the same as those described in Section III-B: a surge impedance
of 300Ω and a traveling wave speed of c0 for the concrete pole
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Fig. 11. Lightning-induced voltages at center point of horizontal wire at
distances d = 40, 60, 100, and 200 m from struck object calculated by (a) FDTD
method (adopted from [43]), (b) proposed method considering the LEMPs from
lightning channel and struck object, and (c) method only considering LEMPs
from lightning channel.

and a linear resistance of 20Ω for the grounding. The lightning
channel was placed 10 m from the struck pole on the side of
conductor L3 (Fig. 8 showed the arrangement).

Fig. 12 shows the insulator voltages derived by the method.
Compared with the voltages derived by the FDTD method shown
in Fig. 9(a-1) and (a-2), higher voltages are derived for the subse-
quent stroke and similar voltages are derived for the first stroke,
respectively, by the method of direct lightning surge analysis
assuming a lightning strike to flat ground away from the struck
pole. This method provides different voltages among conductors
L1–L3, especially for the subsequent stroke, since the lightning
strike to flat ground 10 m from the pole on the side of conductor
L3 was considered. The voltage induced by the LEMP becomes
maximum in conductor L3, where the mutual surge impedances
of shield wire and phase conductors are minimum (in other
words, the voltages generated by the current flowing into the
pole and shield wires become maximum).

The method assuming a lightning strike to flat ground away
from the struck pole provides similar electric fields to the pro-
posed method assuming a lightning strike to the distribution
pole. Fig. 13 shows the incident horizontal electric field and
Fig. 14 shows the incident voltage computed by each method.

Fig. 12. Insulator voltages computed by assuming lightning strike to flat
ground 10 m from struck pole for LEMP calculation. (a) Subsequent stroke
and (b) first stroke. These voltages should be compared with those in Fig. 9(a-1)
and (a-2).

Fig. 13. Incident horizontal electric field waveforms of conductor L1 cal-
culated by assuming (a) lightning strike to pole (proposed method) and
(b) lightning strike to flat ground 10 m from pole (method used in [12], [13],
[14], [15]). Waveforms for the subsequent stroke are shown.

Fig. 14. Incident voltage waveforms of conductor L1 at struck pole and nearby
pole calculated by assuming (a) lightning strike to pole (proposed method) and
(b) lightning strike to flat ground 10 m from pole (method used in [12], [13],
[14], [15]). Waveforms for the subsequent stroke are shown.
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In the fields computed by the proposed method, the effect of
traveling wave reflection inside the pole can be observed as
an oscillating waveform. However, the oscillation characteristic
disappears at around 20 m from the pole, and each method
provides similar waveforms. Similar characteristics were de-
rived for the first stroke. The LEMPs computed by the method
assuming a lightning strike to flat ground away from the struck
pole are a good approximation of those computed assuming a
lightning strike to the distribution pole.

The method assuming a lightning strike to flat ground away
from the struck pole provides similar results to the 3-D FDTD
method owing to the following factors:

1) the lightning channel was placed on the side of conductor
L3 where the insulator voltage becomes maximum;

2) the LEMPs computed by this channel were similar to those
computed for a lightning strike to the distribution pole;

3) as discussed in Section III-C, the concrete pole model had
a characteristic that provides higher insulator voltages for
the subsequent stroke and lower insulator voltages for the
first stroke.

Therefore, although the method assuming a lightning strike
to flat ground away from the struck pole is quite practical,
it requires validation, for instance, by using the 3-D FDTD
method, in advance of the lightning performance assessment
of distribution lines.
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