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Incorporating the LEMP Impact on Lightning Surge
Analysis of Transmission Lines in EMT Simulators

Akifumi Yamanaka
and Akiyoshi Tatematsu

Abstract—Electromagnetic transient (EMT) analysis is an im-
portant tool to estimate the lightning performance of transmission
lines. In this paper, we advanced the EMT analysis method for
transmission lines by incorporating the lightning electromagnetic
pulse (LEMP) impact. Analyses by the proposed method clarify
the mechanism of the LEMP impact on lightning overvoltages of
transmission lines: the LEMP induces voltages having a polarity
opposite to those generated by the lightning current, and these
LEMP-induced voltages increase the insulator voltages; the EMT
analysis without considering the LEMP impact provides lower
insulator voltages for both struck and nearby towers. The models
used in the proposed method can be synthesized immediately and
straightforwardly from the geometries of the towers and lines, and
the analysis can be performed within a short time. Moreover, vari-
ous transmission lines—500, 275, and 77 kV class vertical double-
circuit lines and a 275 kV class horizontal single-circuit line—were
studied assuming a ground resistivity ranging from 0 to 5000 2m,
and all the results were validated by the three-dimensional finite-
difference time-domain method for solving Maxwell’s equations.
Thus, the proposed method is a powerful tool and has a potential
impact on the lightning performance assessment of transmission
lines and insulation coordination studies.

Index Terms—EMT analysis, FDTD method, field-to-line
coupling formula, LEMP, lightning, transmission lines.

I. INTRODUCTION

IGHTNING strikes to transmission lines cause distur-

bances to the operation of electric power systems. The
main concern for the lightning protection of transmission lines
is direct lightning events, causing back-flashovers or shielding
failure flashovers. These phenomena have long been intensively
studied and some standardized procedures for the estimation
of the lightning performance of transmission lines as well as
protection measures have been developed and utilized [1], [2],
(31, [4].

Electromagnetic transient (EMT) analysis has been used for
estimating the lightning performance of transmission lines.
Modeling of transmission towers is one of the most important
steps of EMT analysis since the towers are perpendicular to
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the ground and have sophisticated three-dimensional (3D) struc-
tures: the transverse electromagnetic (TEM) mode assumption,
which can be applied to transmission lines, cannot be applied
to such towers. Consequently, various models for transmission
towers have been proposed by many researchers. One of the
most frequently used models is the (cascade-connected) uniform
distributed-parameter line representation of towers using surge
impedance values calculated by appropriate formulae for the
studied tower shape and/or lightning phenomena [5], [6], [7],
[8], [9]. The multistory tower model [10] is also frequently
used owing to its simplicity and flexibility to tune the calculated
insulator voltages [11], [12], [13], [14]. There are other EMT
analysis models of transmission towers, and ref. [15] provides a
quite informative review.

Progress in numerical electromagnetic analysis (NEA) tech-
niques has enabled a more accurate analysis of a lightning strike
to transmission towers than EMT analysis [16], [17], [18], [19],
[20], [21], [22]. This is because NEA can directly model tower
structures, a lightning channel including the electromagnetic
pulse (LEMP) radiation and coupling, grounding structures, and
others. The accuracy of NEA for lightning surge studies has
been validated by reproducing various experimental and obser-
vational results. The difference between the insulator voltages
calculated by NEA and conventional EMT analysis has been
pointed out [23], [24], [25], [26].

Although NEA is advantageous from the viewpoint of accu-
racy compared with EMT analysis, EMT analysis is still and
will be preferred and utilized for the estimation of the lightning
performance of transmission lines because of its simplicity
and much shorter calculation time than NEA: the estimation
of lightning performance requires a large number of analyses
considering various conditions [27], [28], [29], [30], [31]. The
conditions include, for instance, lightning current parameters
and waveforms, electrical parameters of soil, power frequency
voltages, and design parameters of transmission lines—the num-
ber of overhead grounding wires (OHGWSs) and their geometry,
insulation level, the installation of additional lightning protec-
tion equipment such as surge arresters, and tower grounding
resistance.

In this view, to achieve both high accuracy and short com-
putation time, improvements of EMT analysis models based on
NEA results have been proposed recently. Examples include
the modeling of the tower and line considering non-TEM char-
acteristics [24], [32], modifications of the parameters of the
multistory tower model [25], and the black-box modeling [33].

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0002-5675-8174
https://orcid.org/0000-0002-2818-7300
https://orcid.org/0000-0003-2101-8210
mailto:yamanaka3929@criepi.denken.or.jp
mailto:ishimoto@criepi.denken.or.jp
mailto:akiyoshi@criepi.denken.or.jp
https://doi.org/10.1109/TPWRD.2024.3382316

YAMANAKA et al.: INCORPORATING THE LEMP IMPACT ON LIGHTNING SURGE ANALYSIS OF TRANSMISSION LINES IN EMT SIMULATORS

These improvements are quite practical since accurate analysis
can be performed in a short calculation time once the model
is developed on the basis of the NEA results. However, the
requirement of pre-NEA can be a drawback at the same time
since it requires complicated modeling, large computational
resources, and a longer calculation time. In addition, the impact
of the lightning channel on insulator voltages [34], [35], [36]
was not considered explicitly in EMT analysis.

In this paper, we propose an EMT analysis method that
explicitly incorporates the LEMP impact on transmission lines.
The proposed method is based on the method presented in [37],
inspired by the analysis of medium voltage (MV) distribution
lines revealing the LEMP impact on lightning overvoltages
[38], [39], [40], [41]. The proposed method uses the uniform
distributed-parameter line representation for transmission tow-
ers and hence does not need pre-NEA, which is required for
the recently developed accurate EMT analysis models of trans-
mission towers. Note that a method similar to the proposed
method was presented in [34], [35]. However, using the proposed
method, this paper clarifies the mechanism of the LEMP impact
on lightning overvoltages of transmission lines. Moreover, the
applicability of the method to various types of lines (500, 275,
and 77 kV vertical double-circuit lines and a 275 kV horizontal
single-circuit line) with a wide range of soil resistivities (from 0
to 5000 2m) are shown. The presented analyses are all validated
by results derived using the 3D finite-difference time-domain
(FDTD) analysis for solving Maxwell’s equations [17]. Thus,
the proposed method is practical and accurate for evaluating the
lightning performance of transmission lines.

The following is the structure of this paper. In Section II, the
proposed EMT analysis method considering the LEMP effect
and the 3D FDTD method for solving Maxwell’s equations
are overviewed. In Section III, the specifications of the studied
transmission lines are presented firstly, and then the details
of the modeling techniques are described. Section IV shows
the analysis results and discusses the mechanism generating
insulator voltages and the features of the proposed method. In
Section V, we conclude this paper.

II. OVERVIEW OF THE ANALYSIS METHOD

A. EMT Analysis Considering the LEMP Effect

The proposed method is based on EMT analysis and includes
three additional parts as shown in Fig. 1: (a) calculation of the
current along the lightning channel, (b) calculation of the LEMP,
and (c) solution of the Agrawal et al. formula [42] interfaced with
EMT analysis [37]. These additional parts are overviewed in this
section.

1) Part (a). Calculation of the Current Along the Channel:
To calculate the LEMP from the lightning channel, the current
along the channel should be calculated. Since the lightning chan-
nel is represented by a current source in parallel with a constant
resistance representing the lightning channel impedance in EMT
analysis, the channel base current can be simply derived by the
sum of the output of the current source and the current through
the lightning channel impedance model. Then, the current along
the lightning channel can be calculated from the channel base
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Solve the entire network equation to derive voltages and currents,
including the boundaries of Agrawal et al. formula and the network.
v
Update voltages inside the Agrawal et al. formula,
lightning current of the channel, and incident electric fields.
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‘ Time advance, t =t + At/2. ‘
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List of additional calculation parts to the EMT analysis:

Part (a): Calculation of the current along the channel

Part (b): Calculation of the LEMP

Part (c): Solution of Agrawal et al. formula interfaced with EMT analysis

Fig. 1. Flowchart for the EMT analysis considering the LEMP impact.
current by properly considering the traveling time delay and
attenuation. In this paper, the lightning channel was modeled
using the transmission line model with a constant current trav-
eling speed without attenuation.

Note that although the method presented in [37] can include
the struck object for the LEMP calculation, it was not considered
in this paper. This comes from the implication from the previous
study, i.e., in the case in which the LEMPs from only the
lightning channel are considered, a simplified model for the
struck object provides accurate analysis results [37]; a simpler
modeling is better from a practical viewpoint. Details of EMT
analysis models are presented in Section III-C. The effect of
the first descending current wave and its multiple reflections
along a tall object on the LEMP is significant, as studied with
simultaneous observations of a lightning current at the object
and remote fields (e.g., [43], [44], [45], [46], [47]). However, this
effect may not be significant for most of negative first strokes to
transmission towers to discuss insulator voltages since the front
duration of the current is sufficiently longer than the round-trip
time of the traveling wave along the tower. The presence of
OHGWs may also weaken the effect. As shown in Section IV-A,
the proposed method can provide accurate insulator voltages.
Nevertheless, the response to fast front currents is important
and this aspect will be discussed in Section I'V-D.

2) Part(b). Calculation ofthe LEMP: Using the channel base
current, we derive the LEMP—electric fields required for the
Agrawal et al. formula for induced voltage calculation—by the
potential method [48]. On the basis of the assumption presented
in [37], [48], a scalar potential at (x, y, z) generated by a unit step
charge traveling from a channel base point (x;, y;, z;), as shown
in Fig. 2, can be calculated as

1ttt -a -0t

(1+8)(r1—&) ’
(1)

dmequ
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Fig. 2. Lightning channel and its image for computing scalar and vector
potentials at observation point (x, y, z).

where ¢ is time, € is the permittivity in free space, and (3 is the
ratio of the current traveling speed along the channel v to the
speed of light in free space, co. The variables r; and &; are

r = \/(w—a:z)2+(y—yl>2+<z—zl)2, 2)
§1=1lo(x —m) +mo(y —y1) +n0(z—21), 3)

where [y, mg, and ng are the direction cosines of the channel.
Although the potential method can model an inclined channel
by setting Iy, mg, and ng to appropriate values and even a bent
or tortuous channel by superimposition [48], in this paper, we
focus on the straight and vertical channels. The image charge
generates the following scalar potential:

vt — & + 4/ (0t — £)° + (1 - £2) (13 — £2)

—1
r_ 1
4meqv . (14 0) (ra — &) ’
4)
where
ry = \/(xfrcz)2+(yfyl)2+(z+zl)2, )

Sa=1lo(x —m) +mo(y—wy) —no(z+2). (6)

The total scalar potential ¢4 is given by the sum of the real
and image potentials with an appropriate time delay:

bs = du(t —r1/co) + ¢u(t —ra/co), @)

where u(f) is Heaviside’s step function. In the same manner, the
vector potential A, can be calculated, and finally, the electric
field radiated from the lightning channel is calculated as

0A,
ot

Since this field is the step response, the field generated by an
arbitrary current waveform is calculated using the convolution
integral.

3) Part (c). Solution of Agrawal et al. Formula Interfaced
With EMT Analysis: To consider the induced voltages by the
LEMP in EMT analysis, the electric field is transferred to the

E=-Vo¢, - ®)
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part for solving the Agrawal et al. formula [42]:

ov® (x,t) , 01 (z,1)
ar Lo
t .
+/ £, (t—T)al(m’t)deE; (z,h,t), (9
o ot
i (x,t) ,0v° (z,1)
4 O =, (10)

where v* and i are the scattered voltage and total current; x and &
are the line position and heigh; L” and C’ are the inductance and
capacitance of the line; E,’ and ¢ 4 are the incident horizontal
electric field and ground impedance, respectively. The total
voltage V' is calculated by considering the incident voltage V'
derived from the incident vertical electric field E,’ as follows:

ot (z,t) = v (x,t) +v° (2,1)

h
=07 (z,t) — / E! (z,2,t)dz. (11)
0
In the presented method, the Agrawal et al. formula is solved
by the point-centered FDTD method. Update equations for the
discretized scattered voltage v;" and current zZii Z (kand n are
the indexes for spatial and temporal discretization with length

Ax and time Ar) are [37]

n o1 Al 112 me1)2
= - O (i) ()
n+1/2 .n—1/2 m+1/2 m—1/2
U1z = — BiBKaiy ) — Ky (xzc+1/2 + xk+1/2)
1
— EKI (vi —vp_1) + KiEi )9, (13)

where Hj and x’ are terms for considering the ground impedance,
Ep 1/2 is the incident horizontal electric field, and coefficients
K and K5 are

Ky = (Ho/2+ L'JAt) " Ky = Hy/2 — L'/At. (14

The boundaries of each Agrawal et al. formula should be
connected to nodes of the network equation of the EMT anal-
ysis (in this paper the Agrawal et al. formula is connected to
transmission tower models). The Agrawal et al. formula and
the EMT analysis are interfaced considering the presence of
distributed capacitance at both ends of the formula. For instance,
the leftmost node of the Agrawal et al. formula and the node of
the EMT analysis are interfaced with the history current source

and equivalent conductance as follows [37]:
ieo = Gevgy + Jo, (15)

G, =

l -n—1
o gy =G 2 (i, - ) ao
where i" ;¢ is the current of the EMT analysis, and V" is the
voltage of the leftmost node of the Agrawal et al. formula and
at the same time the node voltage of the EMT analysis.

As shown in (9)—(11), the Agrawal et al. formula can be
described as telegrapher’s equations considering the external
excitation. Therefore, using this formula interfaced with EMT
analysis by (15), both the induced voltages by the LEMP and the
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Fig. 3.

voltages generated by the lightning current (direct-stroke effect)
can be calculated at the same time.

B. 3D FDTD Method for Solving Maxwell’s Equations

The FDTD method directly solves Maxwell’s equations in
the time domain using differences for spatial and temporal
derivatives. This method is more suitable for analyzing lightning
surges of transmission lines than EMT analysis since lightning
surges include dynamic electromagnetic phenomena, such as the
LEMPs radiated from a lightning channel, the coupling of the
LEMPs and transmission lines, and current traveling along a 3D
sophisticated structure of a transmission tower. Owing to the
development of analysis techniques dedicated to lightning surge
studies and computational resources, the FDTD method has
become one of the most powerful NEA methods for analyzing
lightning surges [16].

In this paper, the results of the FDTD analysis performed with
the Virtual Surge Test Lab. Restructured and Extended Version
(VSTL REV) [49] were used as a reference. Although any
numerical method contains inaccuracies, various observational
and experimental results were reproduced by VSTL REV [50],
[51], [52], [53], [54]. The modeling approaches presented in
Section III-B follow those adopted in literature including the
cell size, and thus the FDTD analysis results can be considered
as a reference.

III. ANALYSIS CASES AND MODELS
A. Specifications of the Studied Transmission Lines

The following four transmission lines were analyzed.

1) 500 kV vertical double-circuit line (500)

2) 275 kV vertical double-circuit line (275)

3) 77 kV vertical double-circuit line (77)

4) 275 kV horizontal single-circuit line (275-h)

Table I summarizes the conductor types of the lines and the
geometries of the towers. The definition of the variables used in
Table I(B) can be found in Fig. 3. The 77 kV line has a single
OHGW, whereas the others have double OHGWs. Fig. 3(c)
shows the tower foundation. In this paper, the use of additional
grounding structures, such as counterpoise wires [55], [56],

Definition of the geometry of the studied towers. (a) Vertical double-circuit tower, (b) horizontal single-circuit tower, and (c) tower foundation.

TABLE I
SPECIFICATIONS OF THE TRANSMISSION LINE: (A) CONDUCTOR TYPES AND (B)
GEOMETRIES UNIT IN METER

Voltage class [kV] 500 275 77 275-h
Phase conductor TACSR | TACSR | TACSR ACSR
Cross section [mm?] 410 410 610 610
Diameter [mm] 28.5 28.5 342 342
Conductor per phase 6 4 1 1
Bundle separation [m] 0.5 0.5 — —
OHGW IACSR | KTACSR AC KTACSR
Cross section [mm?] 150 120 70 120
Diameter [mm] 20.0 17.5 12.0 17.5
Span length, Ls [m] 400 350 300 300
(a)
Voltage class [kV] | 500 | 275 77 | 275-h

he 79.0 | 52 | 378 | 265

hy 71.0 | 43.0 | 343 | 18.0

hy 57.0 | 35.5 | 31.0 —

hs 42.0 | 28.0 | 27.0 —

d, 140 | 6.5 — 4.75

d 11.0 | 6.0 2.5 8.25

d» 11.0 | 6.5 4.0 —

ds 12.0 | 7.0 2.8 —

N 36.5 | 27.8 | 27.0 | 15.5

i 3.0 1.5 | 0.25 6.5

83 3.0 1.5 0.5 2.6

s 9.0 5.0 3.0 3.5

I 4.0 | 25 1.0 2.0

I 4.0 3.0 2.5 2.5

b 1.0 1.0 0.5 0.5

Wi 1.0 0.5 0.5 0.5

W) 2.0 1.0 1.0 1.0

w3 30 | 2.0 1.5 1.5

(b

was not assumed: the four tower legs perform as a grounding
structure of the tower.

B. 3D FDTD Analysis Model

In each analysis, five transmission towers were considered.
Fig. 4 shows the FDTD analysis model, and Table I sum-
marizes the analysis conditions. The FDTD analysis space of
1500-2000 x 1000 x 1500 m was divided into non-uniform cells
having sizes depending on the type of transmission line, and
the lines were modeled along the x-axis of the analysis space.
Tower#3, which is located at the center of the analysis space, was
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Resistivity: 0-5000 Qm
Relative permittivity: 10

Fig. 4. FDTD analysis model (77 kV line is illustrated as an example).

TABLE II
FDTD ANALYSIS CONDITIONS

Voltage Analysis space Cell divisions | Cell size | Time step
class [kV] XXy Xz[m] N, XN, X N; [m] [ns]
500 2000x1000x1500 | 570x174x271 1.0-10 0.96
275 1750x1000x1500 | 600x190x346 | 0.5-10 0.48
77 1500x1000x1500 | 600x200x356 | 0.25-10 0.24
275-h 1500x1000x1500 | 760x232x317 | 0.25-10 0.24

considered a lightning-struck tower. Two nearby towers were
modeled on both sides of the struck tower. Liao’s second-order
absorbing boundary condition [57], which is commonly used in
3D FDTD-based simulations (e.g., [16], [49], [50], [51], [52],
[53], [54]), was adopted.

A straight and vertical lightning channel was modeled using
the transmission line model with a current traveling speed of
100 m/us. The transmission line model was represented by a
phased-current-source array with a forced magnetic field [58],
and thus the lightning channel impedance was set to infinity.

Although the finite channel impedance is considered in gen-
eral, this paper adopted the current-source expression of the
lightning channel to set the analysis condition of the FDTD
method and EMT analysis identical, to perform a rigorous
comparison. If the other electromagnetic model of lightning
channel, such as an inductance-loaded thin wire with a voltage
source, is employed [53], [59], it becomes difficult to inject the
same lightning current, to consider the same channel impedance,
and to consider the same temporal and spatial distribution of the
current along the channel, between the FDTD method and the
EMT analysis.

It is worth noting that the lightning channel impedance is
generally much higher than the impedance of a transmission
line tower struck by lightning [3] (nevertheless, the use of an
appropriate channel impedance is preferable [60]). In addition,
we have confirmed that the insulator voltages calculated using
the channel model of the inductance-loaded thin wire with a
voltage source by the FDTD method can be reproduced by the
relevant modeling (with relevant return stroke speed and the
finite channel impedance) by the proposed method.

The lightning channel was attached to the tip of the crossarm
of the OHGW G; for the 500 kV tower and for both 275 kV
vertical and horizontal towers, and to the top of the 77 kV tower.

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 39, NO. 3, JUNE 2024

30

20 ¢

10 +

Current [kA]

0 5 10 15 20
Time [ us]

Fig. 5. Lightning current waveform synthesized by the CIGRE function.

The current waveform was synthesized by the CIGRE func-
tion [2], as shown in Fig. 5. The current peak, the equivalent
wavefront derived from 30 ,/90/0.6, maximum steepness, and the
tail time to half value were set to 29.3 kA, 3.2 us, 18.9 kA/us,
and 70 ps, respectively. The wavefront parameters were adopted
from the median parameters of the observed lightning currents
on transmission towers in Japan [61].

The details of the modeling techniques are as follows. The
tower structure was modeled using thin wires as detailed as
possible. The inclined parts of the tower, such as tower legs
and crossarms, were modeled by the staircase approximation.
The model is similar to that used in [53]. The overhead lines
including the phase conductors and OHGW(s) were modeled
by a thin-wire representation method, which modifies the per-
mittivity and permeability of the cells surrounding the conductor
[62]. The lines were modeled as straight lines and the sag of the
line [63] was not considered. The bundled phase conductors of
275 and 500 kV vertical double-circuit lines were modeled using
a single conductor by setting their radii based on the geometric
mean distance. Both ends of each overhead line were attached to
the Liao’s second-order boundary, which simulates a matched
condition. The tower legs were modeled using rectangular per-
fect conductors following the dimensions shown in Fig. 3(c).
The legs were buried under the ground having a thickness of
100 m. The resistivities of the ground were set to 0, 100, 500,
1000, and 5000 Q2m, and the relative permittivity was set to 10:
the frequency-dependent (FD) characteristic of these parameters
[64], [65] was not considered for simplicity, since the main
interest of this study is to analyze the effect of voltages induced
by the LEMP effect. The presence of an insulator string was
not modeled explicitly. The insulator voltage was defined by the
integral of the electric field between the tip of the tower crossarm
and the phase conductor.

C. EMT Analysis Models

In this paper, the following three EMT analysis models were
employed.
e EMT analysis considering the LEMP effect with simple
tower model (Proposed)
e EMT analysis with simple tower model (Simple)
e EMT analysis with multistory tower model [10] (Multi-
story)
The simple tower model is a cascade of four uniform lines for
the vertical double-circuit towers and a single uniform line for
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Fig. 6. EMT analysis models for vertical double-circuit tower with double

OHGWs. (a) Proposed model: EMT analysis considering the LEMP effect with
simple tower model (Proposed), (b) EMT analysis with simple tower model
(Simple), (¢) EMT analysis with multistory tower model (Multistory). The
channel impedance Z.;, was set to infinity for rigorous comparison with the
3D FDTD analysis.

the horizontal single-circuit tower. The multistory tower model
was employed for the vertical double-circuit towers and not
for the horizontal single-circuit tower. The models for vertical
double-circuit towers with double OHGWs are shown in Fig. 6.

This paper employed the simple tower model for the pro-
posed method whereas various better tower models have been
developed especially for vertical double-circuit towers. This
is because these models are in general optimized to provide
accurate insulator voltages with EMT analysis not explicitly
considering the induced voltages by the LEMP from a return-
stroke current. The present study focuses on the LEMP impact
on lightning overvoltages, and thus the characteristics of the
better tower models optimized for EMT analysis without LEMP
should be disregarded in the first place. The comparison between
“Proposed” and “Simple” models will clarify the LEMP impact.
The “Multistory” model was employed here as a benchmark
since it is one of the most widely used tower models. Indeed,
the modeling of the tower characteristic is important and will be
discussed in Section I'V-A.

1) Tower Model: The surge impedance Z; of the simple tower
model for representing the vertical double-circuit towers was

calculated using Modified Jordan’s formula [9]:
Z; =60 [In (4hg/reve) — 1], (17)

where £, is the height of the tower, and 74, is the equivalent
radius of the tower calculated as

Tave = {7‘1 (hg — hm) + T‘th + T3hm}/hg.

The definition of each parameter can be found in Fig. 3.
The surge impedance of the horizontal single-circuit tower
was calculated using Chisholm et al. formula [7]:

(18)

Zy = 60 {ln [cot (6/2)]}, (19)
where the angle 6 is calculated as
0 = arctan (rqpe/hg) (20)
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TABLE III
SURGE IMPEDANCE OF THE STUDIED TRANSMISSION TOWERS

Voltage class [kV] | 500 | 275 | 77 | 275-h
7, [Q] 183 | 192 | 208 118

The equivalent radius r,,. Was also calculated using (18). The
calculated surge impedances are summarized in Table III.

For the multistory tower model, although many types of modi-
fication have been presented [11], [12], [13], the original param-
eters were adopted here as a reference: the surge impedances of
the three upper parts and lower part of the tower were set to 220
and 150 €2, respectively, and RL parameters were calculated as
described in [10].

Note that the LEMP effect along the tower was not considered
in this paper. Although the effect surely has an impact on the
insulator voltages, the proposed method can provide sufficiently
accurate insulator voltages as shown in Section IV. Nevertheless,
the inclusion of the LEMP effect along the tower is an interesting
and challenging topic to study.

2) Tower Footing Model: Pursuing simplicity, the tower
grounding was modeled using a constant resistance R, and
the FD characteristics were not considered. Note that the FD
characteristic of the tower grounding is inherently considered in
the FDTD method [66], [67], and this characteristic may cause
the difference in analysis results for high-soil-resistivity cases,
as shown in Section I'V-C.

The grounding resistance of a single tower leg Ry; is calcu-
lated as follows [4], [68]:

4
Rf1_0657 In(=L) -1,
21]0 Tf

where p is the soil resistivity, /;is the length of the buried part of
tower legs equal to /1 +1> (see Fig. 3(c)), and ryis the equivalent
radius of the leg. The radius ryis calculated so that the surface of
the equivalent cylinder having the radius ryand length /sbecomes
the same as that of the tower leg. The total grounding resistance
of four legs R, is calculated as follows considering the mutual
characteristic:

2n

R l 142v2
_Bpy b 1e2V2 (22)
4 Df ln(4lf/rf)71

where Dy (= 24/2r3) is the diagonal of the legs. The calculated
resistance is presented in the leftmost columns of Tables IV-VII

3) Overhead Line Model: The overhead lines, including
phase conductors and OHGW(s), were modeled using the
Agrawal et al. formula [42]. As mentioned in Section II-A3,
the Agrawal et al. formula interfaced with the EMT analysis can
consider both the induced voltages by the LEMP and the voltages
generated by the lightning current (direct-stroke effect). In the
proposed method, the LEMP effect was considered by the inci-
dent electric field calculated by the potential formulae. On the
other hand, in EMT analysis not considering the LEMP, the elec-
tric field (external excitation) was ignored, and the direct-stroke
effect was only considered. The Cooray—Rubinstein formula was
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TABLE IV
INSULATOR VOLTAGE PEAKS OF THE STRUCK TOWER DERIVED BY THE FDTD
METHOD AND THE DIFFERENCES OF THE VOLTAGES DERIVED BY THE FDTD
METHOD AND EMT ANALYSIS MODELS FOR THE 500 KV TOWER

p [Qm], Phase FDTD | Proposed | Simple | Multi-
Ry [Q] VAL | % % | story, %
. U, | 243 | 267 | 458 | 306
po M, | 204 | 468 | 405 | —329
o L | 155 | 801 | 341 | —386
b 100 U254 [ 04 [ a68 | 329
A M [ 210 | 103 | 425 | 365
G L | 174 | 195 | 379 | 436
s, U [ 274 [ 043 w37 [ ol
Al M 246 [ 095 | =383 | =346
w5 L | 206 | 149 | 326 | 395
U | 293 | 157 | —395 | —297

p 100 T [ 270 | 246 | =327 | 307
o= 103 T 235 | 332 | 255 | 329
U | 379 | 938 | 173 | 133

PN My 383 | 120 | 583 | 730
o=8 T 382 | 111 | 226 | 357

TABLE VII

SAME AS TABLE IV, BUT FOR THE 275 KV SINGLE-CIRCUIT TOWER

p [Qm], FDTD | Proposed | Simple
R, [Q] Phase | 4] % %
o A | 104 342 | 556
R B | 889 120 | -504
¢ C_ [ 930 7.67 | —50.1
A | 132 | 211 [ -536
e ;130?6 B 11.6 357 | 496
S C [ 121 | —012 | —499
A | 189 222 | 347
e ;51205’ B 17.1 580 | 312
S C | 180 288 | 311
_ A | 240 206 | 260
r ;13208’ B 220 4.27 —234
S C [ 232 178 | 234
_ A | 461 350 | 391
PN B 435 [ 349 [ 335
il C [ 461 241 | —3.76

used to consider the effect of the lossy ground on the electric
field for the proposed method [69], [70].

Earth return impedance was calculated using formulae shown
in [71], [72], and the FD characteristics were considered. A mul-
tiphase matching circuit was connected to both ends of each line.

4) Lightning Channel and Source Models: The current dis-
tribution along the channel was modeled by the transmission line
model with a return stroke speed of 100 m/ys, which is the same
representation as the FDTD method. The electric field radiated
from the channel was calculated by the potential formulae shown
in Section II-A2. In addition, the channel impedance Z.;, was
set to infinity to achieve the same analysis condition as the
FDTD method. The same source model was employed in all
EMT analysis models.

For the proposed method, the base height of the lightning
channel modeled by the potential method was set slightly higher
than the actual base height to achieve higher accuracy. In EMT
analysis, the current source was connected to OHGW G for
the 500 kV tower and for both 275 kV vertical and horizontal
towers, and to the top of the 77 kV tower, following the FDTD
analysis. Similarly to the 3D analysis, the lightning strike to each
point should be considered in the proposed method, but the base
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TABLE V
SAME As TABLE IV, BUT FOR THE 275 KV DOUBLE-CIRCUIT TOWER

£ [Qm], Phase FDTD | Proposed | Simple | Multi-
Ry [0] VAL | % % | story, %
) U, | 183 | 08 | 515 | 365
P M, | 159 003 | 485 | —398
o L | 128 | 151 | 459 | —470
- U | 202 | 374 | 514 | 392
A W [ is1 | 391 | 488 | 429
a2 L | 153 | 405 | 469 | 500
o0, U [ 237 [ 137 [ 419 [ 340
o My [ 222 | 089 | =371 | 3.1
e~ 1% T 1200 | 032 | 325 | 317
U | 268 | 180 | 328 | 277
PO M, | 260 | 280 | 266 | 266
e=2l T 7L [ 243 | 388 | 206 | 264
U | 402 | 138 | 193 | 123
A T 430 [ 129 | 350 | 218
@ L | 452 | 108 | 684 | 495
TABLE VI

SAME AS TABLE IV, BUT FOR THE 77 KV TOWER

p[Qm], Phase FDTD | Proposed | Simple | Multi-
R, [Q] [V/A] % % story, %
-0 U, 21.9 —3.84 —58.6 —46.2
z ;0’ M, 20.5 —3.31 —57.0 —51.2
& L, 18.1 —1.40 —55.4 —57.8
p =100 U, 25.0 —6.55 —57.0 —47.0
R _:349 M, 23.9 —6.53 —55.4 —51.3
¢ L, 21.7 —5.57 —53.9 —56.8
p =500 U 31.6 —4.62 —45.5 —39.1
R = 17‘1 M, 313 —4.34 —42.8 —41.0
< ) L, 29.6 —3.45 —40.1 —43.4
U, 38.0 —2.08 —36.0 -31.9
z ;1330;)’ M, 38.4 —1.57 —32.7 —32.2
& ) L, 37.1 —0.67 —29.7 —32.9
U, 65.5 7.14 —8.41 —7.56
P T [ 706 | 607 | 668 | =656
< L, 72.4 5.19 —5.25 —5.79

height of the lightning channel z; for calculating the LEMP was
set to be 2 m higher than the actual height /4. This modeling
was adopted to achieve higher accuracy and will be discussed
in detail in Section I'V-B.

IV. RESULTS AND DISCUSSION

A. Insulator Voltage Waveforms

The proposed method can accurately calculate insulator volt-
ages for not only the struck tower but also the nearby towers and
can represent differences in the voltages at the struck side and the
other side for towers with double OHGW:s by incorporating the
LEMP effect, as will be presented below. Fig. 7 shows normal-
ized insulator voltage waveforms for the lightning-struck tower
(Tower#3) and nearby towers (Tower#2, #1) calculated for a soil
resistivity of 500 2m. The phase positions were shown in Fig. 3.
Note that the tower grounding resistances for this soil resistivity
for the 500, 275, and 77 kV vertical double-circuit transmission
towers and the 275 kV horizontal single-circuit transmission
tower were 8.15, 13.9, 17.4, and 16.5 €2, respectively; similar
values were derived by the FDTD method.

For all the voltage classes and tower types, the proposed
method provides the voltages quite similar to the 3D FDTD-
computed voltages, whereas the simple and multistory EMT
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Fig. 7. Normalized insulator voltages calculated by each method for (a) 500 kV, (b) 275 kV, (c¢) 77 kV double-circuit towers, and (d) 275 kV single-circuit tower
for soil resistivity of 500 Qm. In each row, from left to right, results derived by the following methods are shown: (1) 3D FDTD method, (2) Proposed method
(EMT analysis with simple tower model considering the LEMP effect), (3) EMT analysis with simple tower model, and (4) EMT analysis with multistory tower
model. Note that the fourth method was not applied to the 275 kV single-circuit tower. For figures in (c), lines showing 1L and 2L (U1, My, L1, and Ug, M2, L2)
voltages overlap for all methods since the 77 kV tower has single OHGW and the voltages are generated symmetrically.

analysis models provide lower voltages. This trend is rather
significant for the nearby towers than the struck tower. The
voltage difference between the struck side (1L) and the other
side (2L) can be observed for those computed by the FDTD
method and the proposed method (voltages for the 77 kV tower
overlapped for 1L and 2L owing to its symmetricity).

Voltage rises contributing to the insulator voltages can be
categorized as follows:

1) The voltage rises due to the transient characteristic of the
transmission tower.
2) The voltage rises due to the transient characteristic of the
overhead lines, namely, the self-surge impedance of the
OHGW(s) and the mutual-surge impedance between the
OHGW(s) and the phase conductors.
3) The voltage rises due to the transient and steady-state
characteristics of the tower grounding.
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Fig. 8. Normalized voltage rises of the OHGW G; and the phase conductor A
of the 275 kV single-circuit tower for a soil resistivity of 500 Qm. (a) voltages
at the struck tower (Tower#3) and (b) those at the nearby tower (Tower#2).
Solid lines show the results calculated considering the LEMP effect (Proposed),
and dashed lines show those calculated without considering the LEMP effect
(Simple).

4) The voltage rises due to the LEMP effect on the OHGW(s)

and phase conductors.

The first three voltage rises are generated by the lightning
current flowing into the tower, tower grounding, and OHGW(s),
whereas the last one is generated by the LEMP effect. The FDTD
and proposed methods consider all the contributions, while the
conventional EMT analysis does not consider the contribution
from the LEMP. Thus, the voltage rises due to the LEMP effect
on the OHGW(s) and phase conductors have an important role
in determining the insulator voltages.

First, we discuss the reason why the proposed method pro-
vides accurate insulator voltages for not only the struck tower but
also the nearby towers, whereas the conventional EMT analysis
models provide lower voltages. The LEMP effect becomes
visible by plotting the voltage rises of OHGW(s) and phase
conductors. Fig. 8 shows the normalized voltage rises of OHGW
G; and the phase conductor A of the 275 kV single-circuit tower
for a soil resistivity of 500 {2m at the struck tower (Tower#3)
and nearby tower (Tower#2). The solid lines show the results
calculated using the proposed method and the dashed lines
show those using the simple EMT analysis model. Since the
LEMP generates the voltages having a polarity opposite to those
generated by the lightning current, the voltage rises calculated
using the proposed method are lower than those calculated using
the simple EMT analysis model; the phase conductor voltage
even has the opposite polarity. The insulator voltage is given by
the difference between the voltages of the OHGW (tower arm)
and phase conductor; thus, the higher insulator voltages were
derived by the proposed method. The OHGW voltage drops at
the nearby tower since the traveling voltage is grounded via
the tower. As shown in Figs. 8(b) and 9(a), if the LEMP is not
considered, the phase conductor voltage, which is determined
by the mutual coupling between the OHGW and the phase
conductor, drops according to the OHGW voltage. However,
as shown in Figs. 8(b) and 9(b), if the LEMP is considered, the
phase conductor voltage does not drop according to the OHGW
voltage—the voltage induced by the LEMP travels along the
phase conductor without suffering from the voltage drop due to
the grounding via the tower. That is why the proposed method

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 39, NO. 3, JUNE 2024

Without LEMP f Traveling voltage of the OHGW

- -- N =
< ”  OHGW L A
: |
=--r /\ ~ " "= Phasecond. ~ ‘/\ —— =

=4 - \ Traveling voltage of the phase $ Voltage drops.

conductor (generated solely by
the mutual coupling)

Struck tower (Tower#3) Nearby tower (Tower#2)

(2)

With LEMP Iraveling voltage of the OHGW
Voltage drops.
<« > omgw > Tomaedw
Phase cond. ‘

= ___P __ P\ P
Traveling voltage of the phase Voltage does
conductor (generated by the mu- NOT drop.
tual coupling and the LEMP)

Struck tower (Tower#3) Nearby tower (Tower#2)

(®)
Fig.9. Conceptual sketch for traveling voltages of OHGW and phase conduc-

tor (a) not considering the LEMP effect and (b) considering the LEMP effect.

provides accurate insulator voltages for both the struck tower
and nearby towers, whereas the EMT analysis using simple and
multistory models provides lower voltages.

The discussion on the LEMP impact shows the importance
to explicitly model the lightning channel and LEMP-induced
voltages in numerical simulation. Any better tower model cannot
provide accurate insulator voltages, especially for nearby towers,
unless the LEMP impact is considered (not including the effect
of LEMP can be presumably compensated by the more complex
tower modeling for providing accurate voltages at the struck
tower, e.g., [24], [25], [33]).

It is worth noting that although the proposed method using
the simple tower model can provide accurate insulator voltages,
the detailed modeling of the tower is important to improve the
accuracy. There are differences between the voltage waveforms
calculated by the FDTD method and the proposed method shown
in Fig. 7, especially for the vertical double-circuit towers: the
voltages calculated by the FDTD method drop a bit slower after
their peak and have less oscillations than those calculated by the
proposed method. These characteristics are surely related to the
traveling wave attenuation along the tower. The improvement of
the tower model for the LEMP-considered EMT analysis is one
of the important topics to study further.

The differences between the voltages at the struck side and
the other side are discussed as follows. For the vertical double-
circuit towers with double OHGWs (Fig. 7(a) and (b)), the
differences were reproduced by the proposed method owing to
the inclusion of the LEMP effect. Since the struck side lines
have shorter distances to the lightning channel than the other
side lines, the voltages of the phase conductors induced by
the LEMP are higher on the struck side. In contrast, for the
simple and multistory EMT analysis models, the same voltages
are calculated for the struck side and the other side; thus, the
symmetrical voltages are derived for both sides. For the 275 kV
horizontal single-circuit tower, the voltages at phases A and C
become identical for the simple EMT analysis model since the
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Fig. 10.  (a) Normalized insulator voltages of the phase A and peak values of
the normalized incident horizontal electric field to OHGW G (struck side) of the
275 kV horizontal single-circuit tower for soil resistivity of 500 2m calculated
by the proposed method. Here, the different base height of the lightning channel
model z; was used: z; was set equal to the height of the OHGW #hg, hy +1 [m],
hg + 2 [m], and hy + 3 [m].

mutual surge impedances between the OHGW:s and these phase
conductors are identical.

B. Base Height of the Lightning Channel Represented By the
Potential Method

As mentioned in Section III-C4, the base height of the light-
ning channel z; was set to be 2 m higher than the actual struck
height to realize higher accuracy. The reason is shown on the
basis of Fig. 10, showing the normalized insulator voltages
of phase A and incident horizontal electric field to OHGW
G, of the 275 kV horizontal single-circuit tower. The figures
show the voltages and electric fields calculated by setting the
base height z; equal to OHGW Gy’s height i, and to 1-3 m
higher than &,. When setting the base height z; equal to &, the
incident electric field in the vicinity of the struck point becomes
very high. Accordingly, the insulator voltage calculated using
this model becomes higher (the peak voltage computed by the
FDTD method is about 19 V/A, as shown in Fig. 7(d)—(1)). By
setting the base height z; higher than /4, the electric field in the
vicinity of the struck point becomes lower. The insulator voltage
converges by setting z; = h, + 2 [m] and z; = h, + 3 [m]; hence,
the base height z; = h, + 2 [m] was adopted for the proposed
method.

We concur with this modeling from the engineering view-
point. In the proposed method, the LEMP radiated only from
the lightning channel was considered. In an actual phenomenon
and in the FDTD method, the LEMP surely radiates from not
only the lightning channel but also the OHGWSs and the struck
tower. Thus, the electric field distribution in the vicinity of the
struck point is rather complicated in an actual phenomenon. The
proposed method is simply an approximation, and it provides
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accurate insulator voltages by the base height z; = iy + 2 [m].
We agree with this representation because (1) the simple tower
model can be used in the proposed method, (2) the voltages of
nearby towers do not significantly differ depending on the base
height, as shown in Fig. 10(a), and (3) accurate insulator voltages
can be derived at the struck and nearby towers for various types
of towers, as shown in Section I'V-A and for a wide range of soil
resistivity as shown in the next section.

Note that in [37], in which the basis of the proposed method
was presented, a MV distribution line was studied. The length
of the pole model for EMT analysis was set to 15 m; ac-
cordingly, the height of the channel base was set to 15 m;
and the height of the shield wire was 12.25 m: the presented
modeling condition was almost satisfied without intension, and
accurate insulator voltages were calculated. It was confirmed
that the proposed approach can provide accurate overvoltages
for different arrangements of MV distribution lines. Thus, the
presented modeling can be applied to different types of lines,
including transmission and distribution lines.

The presented method neglecting the base few meters of the
lightning channel can be considered as the counterpart of the
method considering lightning on the ground at some distance
from the pole [38], [39], [40], [41]. Comparing the two meth-
ods, the proposed method has the following advantages. (1)
The proposed method can assume the correct lightning strike
location on an x-y plane; it is probably troublesome to apply the
method considering lightning on the ground at some distance
from the pole to ultra- and extra-high voltage transmission lines
since their crossarms are sometimes longer than 10 m. (2) The
proposed method can simulate inclined and tortuous lightning
channels by the superposition of the potential formula [48].
Nevertheless, the method considering lightning on the ground at
some distance from the pole is novel and powerful method since
programs dedicated to indirect lightning events can be applied
to direct lightning events.

C. Insulator Voltage Peaks With Various Soil Resistivities

To confirm the accuracy of insulator voltages calculated by
the proposed method, Tables IV-VII summarize the insulator
voltage peaks of the struck tower calculated by the FDTD
method as well as the differences between these voltages and
the voltages calculated by the EMT analysis. For the vertical
double-circuit towers, the tables show the voltages at the struck
side. The differences between the voltages calculated by the
FDTD method and the proposed method are less than about 10%
for each soil resistivity and each tower. The proposed method
can provide accurate insulator voltages for various transmission
towers with a wide range of soil resistivities.

The differences between the voltages calculated by the FDTD
method and using the simple and multistory EMT analysis mod-
els tend to decrease at a higher soil resistivity. This is because
the contribution of the voltage rises due to the transient and
steady-state characteristic of the tower grounding, mentioned in
Section IV-A, becomes more dominant at a higher soil resistivity
(high grounding resistance) [25], [73].

In the proposed method, although the differences are still
less than about 10%, they are increased at a soil resistivity of
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TABLE VIII
CALCULATION TIME FOR EACH LINE By EACH METHOD FOR THE SOIL
RESISTIVITY OF 500 OHMMETER, UNIT IN SECOND

Voltage FDTD FDTD Proposed | EMT analysis

class [kV] (HPC) method | without LEMP
500 1885 175 42 1.55
275 5042 452 35 1.50
77 11978 956 24 1.28
275-h 14285 1175 19 1.05

5000 ©m for the 500 and 275 kV vertical double-circuit towers.
This result indicates that there is uncertainty in the modeling of
the tower grounding characteristic and the tower itself. The tower
grounding usually has FD characteristics; in the FDTD method,
this frequency dependence is automatically considered, but the
constant resistance model was adopted for the proposed method.
Moreover, the tower itself can have the FD characteristic owing
to the earth-return impedance; this characteristic is considered
in the FDTD method, but not in the proposed method. These
FD characteristics can have a rather significant impact on the
500 and 275 kV towers owing to their large tower structure and
foundations. Although the proposed method provides accurate
insulator voltages, these characteristics are worth considered
based on the use of relevant EMT analysis models.

D. Summary of Advantages, Limitations, and Possible
Modifications of the Proposed Method

First, the calculation time is discussed. Table VIII summarizes
the calculation time of the 10 us transient. A basic computation
environment is a 3.0 GHz Intel i7 4-core CPU with 32 GB of
RAM and running Windows 10, and OpenMP [74] was used to
accelerate the computation for each method. Since the FDTD
method is suitable for parallel computations, as an example, the
calculation time by a high-performance computer (HPC), NEC’s
Vector Engine Processor SX-Aurora TSUBASA [75], is shown.
Although the proposed method takes a longer calculation time
than the EMT analysis not considering the LEMP, the time is
much shorter than that of the FDTD method and the calculation
is executable in a standard desktop environment.

The advantages of the proposed method can be summarized as
follows: (1) accurate insulator voltages can be calculated for not
only the struck tower but also the nearby towers; (2) computation
by the proposed method is somehow slower than that using the
conventional EMT model but much faster than the FDTD analy-
sis: iterative or statistical analysis such as Monte Carlo analysis
can be performed with a reasonable calculation time; (3) model
parameters can be derived immediately and straightforwardly
from the geometries of the tower, tower foundation, and over-
head line; (4) the voltage differences between the struck side and
the other side can be reproduced; (5) any existing EMT model
for representing the tower grounding characteristics (e.g., [76])
can be used; (6) any EMT model for representing the insulator
flashover can be used as well (e.g., [12], [31]); (7) inclined, bent,
or even a tortuous lightning channel can be modeled.

The limitation is the absence of modeling for reproducing
the high-frequency and non-TEM characteristics of the tower
and line (e.g., [22], [24]). For the sake of simplicity, in this
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paper, we adopted the simple tower model considering LEMPs
radiated from only the lightning channel. This modeling might
be sufficient for judging the occurrence of the back-flashover for
various transmission towers since it provides accurate insulator
voltages, as shown in Section IV-A and IV-C. However, this
modeling cannot represent the high-frequency and non-TEM
characteristics of towers and lines. Thus, the accuracy of the
model may deteriorate in case of first strokes with very short
front duration and subsequent strokes, both including quite high-
frequency characteristics. Although the contribution of these
strokes on the lightning performance of transmission lines is
generally not significant, they are important events to study. A
transient phenomenon after the back-flashover occurrence also
includes quite high-frequency characteristics.

Modifications for tower and line modeling as well as the
consideration of the LEMPs radiated from towers (and lines)
may overcome the above-mentioned limitation.

V. CONCLUSION

In this paper, we proposed an EMT analysis method for
studying lightning surges at transmission lines considering the
LEMP effect. The LEMP effect was incorporated by the poten-
tial method for calculating the electric fields and the Agrawal et
al. formula for calculating the induced voltages.

According to the analysis using the FDTD analysis results as
a reference, the proposed method provides accurate insulator
voltages, for not only the struck tower but also the nearby
towers, for 500, 275, and 77 kV vertical double-circuit towers
and a 275 kV horizontal single-circuit tower for soil resistivities
ranging from 0 to 5000 2m. In contrast, the EMT analysis with-
out considering the LEMPs provides lower insulator voltages.
The LEMPs induce the voltages to both OHGWs and phase
conductors, and these voltages have an opposite polarity to
the voltages generated by the lightning current flowing into
the OHGWs and transmission towers. The high accuracy of
the proposed method was achieved since it can consider these
LEMP-induced voltages. The difference between the insulator
voltages at the struck tower calculated by the FDTD method and
the proposed method was less than about 10%.

The models used in the proposed method can be synthesized
immediately and straightforwardly from the geometries of the
towers and lines, and the transient analysis can be executed
with a short calculation time. Thus, the proposed method is
a powerful tool for the iterative or statistical analysis of the
lightning performance of transmission lines.
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