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Abstract—Lightning overvoltages incoming to a substation are 

important for determining insulation levels of electric power 
equipment. Although electromagnetic transient (EMT) analysis 
disregarding lightning electromagnetic pulses (LEMPs) has been 
widely used for insulation coordination studies, several 
observational and analytical studies indicated the LEMP impact 
on overvoltages incoming to a substation. In this study, 
characteristics of these overvoltages are analyzed by the 3D 
finite-difference time-domain method for solving Maxwell’s 
equations, EMT analysis with LEMP, and that without LEMP. 
The analyses clarified that LEMP has almost no impact on 
overvoltages generated by a shielding failure, whereas it has a 
significant impact on those generated by a strike on the tower 
top. In the latter case with a negative lightning current, a 
positive-polarity voltage induced by LEMP arrives at the 
substation first, and a negative-polarity overvoltage caused by 
the back-flashover (BFO) intrudes subsequently. Although 
similar overvoltage peaks are derived at the substation by each 
method as long as the BFO voltages at the struck tower are 
similar and surge arresters suppress them, the current peaks 
causing BFO are much lower for the analysis with LEMP than 
for that without LEMP. This result calls for further studies of 
lightning overvoltages at substations considering the LEMP. 
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I.  INTRODUCTION 
IGHTNING overvoltages are one of the dominant factors 
to determine the insulation levels of a substation. Electro-

magnetic transient (EMT) analysis [1] has been widely used to 
investigate lightning overvoltages because their experimental 
observations are challenging [2]. Several standardized EMT 
analysis models and procedures have been developed by 
research communities and international standards [2]–[6]. In 
recent studies, lightning protection design techniques also 
based on EMT analysis have been explored [7]–[10]. 

Although it is difficult to observe lightning overvoltages in 
real substations, several observations have been performed 
and presented. For instance, the literature presented 
observational results of lightning overvoltages at a 77 kV 
substation [11]–[13], those at a 500 kV switching substation 
[14], and those at ultra-high-voltage designed and 500 kV 
transmission lines (TLs), switching stations, and substations 
[15]. These observational results, especially those reported in 
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refs. [11]–[14], indicated the impact of the lightning 
electromagnetic pulse (LEMP), which induces voltages in 
overhead conductors, on lightning overvoltages incoming to a 
substation. The LEMP impact is missing in standardized EMT 
analysis models presented in the literature. 

Electromagnetic computation methods can analyze a 
lightning strike on TLs and resultant lightning overvoltages 
incoming to a substation more accurately than EMT analysis 
[16]. This is because electromagnetic computation methods 
solve electromagnetic phenomena directly and hence do not 
require the transverse electromagnetic assumption required in 
EMT analysis. The methods can model return stroke current 
and LEMP emission, the electromagnetic coupling between 
the LEMP and the overhead conductors, and 3D structures of 
electric facilities. Experimental results for scale models of TL 
towers and a substation [17] and observational results of 
lightning overvoltages incoming to a 77 kV substation [18] 
were reproduced using the finite-difference time-domain 
(FDTD) method for solving Maxwell’s equation [19], both in 
the waveform level. Moreover, the difference between 
lightning overvoltages at a substation computed by EMT 
analysis and the FDTD method was pointed out [20], [21]. 

Although it is advantageous from the viewpoint of analysis 
accuracy, the electromagnetic computation method requires 
much more computation resources and time than EMT 
analysis. More recently, the LEMP impact on direct lightning 
strikes to distribution lines has been clarified [22]–[24], and an 
LEMP-incorporated EMT analysis method has been 
developed and validated for distribution and high-voltage TLs 
[25], [26]. The LEMP-incorporated EMT analysis method can 
be performed more rapidly than electro-magnetic computation 
methods with maintained high accuracy. 

In this paper, the characteristics of lightning overvoltages 
incoming to a substation are analyzed and discussed with 
emphasis on the LEMP impact. A 77 kV substation with five 
spans of TLs was studied considering a shielding failure (SF) 
and a strike on the top of a TL tower. The 3D FDTD analysis 
for solving Maxwell’s equations was considered as a reference, 
and EMT analyses with and without considering the LEMP 
impact were performed. The comparison of the three methods 
and discussion on their results clarify the LEMP impact on 
lightning overvoltages. The results showed that (i) LEMP has 
a significant impact on the overvoltages especially generated 
by a lightning strike on the tower top, which can cause back-
flashovers (BFOs), and (ii) EMT analysis with the LEMP 
impact is applicable to the analysis of these overvoltages. 

The rest of the paper is organized as follows. In Sect. II, an 
overview of the analyzed 77 kV system in the beginning and 
then the details of analysis models employed in the 3D FDTD 
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TABLE I 
TL TOWER GEOMETRY (UNIT IN METER) 

d1 d2 d3 r1 r2 r3 ls l1 l2 w1 w2 w3 
2.5 4.0 2.75 0.25 0.5 3.0 1.0 2.5 0.5 0.5 1.0 1.5 
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Fig. 1. TL tower geometry and its foundation, and conductor types. 

method and EMT analysis are presented. In Sect. III, the 
analysis results of a SF and a strike on the tower top without 
and with BFO are presented. In Sect. IV, discussion and 
concluding remarks are presented. In the Appendix, 
overvoltages observed in a substation [12] was introduced. 

II.  ANALYSIS MODELS AND METHODS 

A.  Specifications of Studied Transmission Line and Substation 
A 77 kV TL and a simplified substation model were studied. 

Table I and Fig. 1 show the conductor types of TLs and the 
geometry of the tower. Fig. 2 shows the geometry of the 
substations and incoming lines. 

The TL includes five towers and has a span length of 300 m. 
The substation model consists of a gantry at the entrance, a 
grounding mesh, buslines, and electrical equipment. In this 
study, transformers and surge arresters were modeled as the 
main equipment parts, and other equipment parts, such as 
disconnecting switches, circuit breakers, potential dividers, 
and bushings were not modeled for simplicity. The first tower 
(Tower #1) and the substation entrance were connected by 
inclined incoming lines. A single overhead grounding wire 
(OHGW) was employed for the TLs, but as shown in Fig. 2 
(b), double OHGWs were employed for the incoming line to 
prevent direct lightning strikes to the phase conductors 
(typical arrangement for incoming lines located in the vicinity 
of a substation). 

The lightning impulse withstand voltage of 77 kV systems 
was assumed as 400 kV. Fig. 3 shows the voltage–time (V–t) 
curve of the arcing-horn of TLs with a critical flashover 
voltage of 500 kV [27] as well as the voltage–current (V–I) 
characteristics of the surge arrester at the substation entrance 
[6]. The calculated V–t curve shown in Fig. 3(a) was derived 
using the leader progression model (LPM) employed in the 
FDTD method and EMT analysis and will be described in 
detail in the following sections. 

B.  FDTD Analysis Model for Solving Maxwell’s Equations 
The 3D FDTD method for solving Maxwell’s equations 

was performed as a reference for this study. As mentioned in 
Introduction, the FDTD method is suitable for analyzing 
lightning transients that include 3D electromagnetic 
phenomena. Several experimental and observational results 
were reproduced by the FDTD method at the waveform level, 
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Fig. 2. Geometry of incoming line and substation (unit in millimeter). (a) Side 
view of the incoming line, (b) top view of the incoming line, (c) the incoming 
line and gantry at the substation entrance, and (d) top view of the substation. 

and the modeling approach adopted in this study follows those 
reported in literature [17], [18], [20], [21]. The FDTD analysis 
was performed using Virtual Surge Test Lab. Restructured and 
Extended Version (VSTL REV) [28]. 

Fig. 4 shows the entire FDTD analysis space. Five TL 
towers and a substation were modeled at the center of the 
analysis space. (i) SF (direct lightning strike to the M1 phase 
between Towers #2 and #3) and (ii) a strike on the top of 
Tower #3 were simulated. The analysis space was divided into 
non-uniform cells with side lengths of 0.25–10 m, and the 
total numbers of cells were 1061, 226, and 556 for the x, y, 
and z directions. The entire analysis space was enclosed by 
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(a) 

 
(b) 

Fig. 3. Characteristics of the studied system. (a) V–t curve of the arcing-horn 
of the TL, and (b) V–I characteristics of the surge arrester at the substation 
entrance. 
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Fig. 4. Analysis space of the FDTD method for solving Maxwell’s equations. 

Liao’s second-order absorbing boundary [29]. 
The imperfectly conducting ground was modeled in the 

bottom 100 m of the FDTD analysis space by assuming the 
constant resistivity of 100 Ωm and relative permittivity of 10. 
In this study, the frequency dependence of these parameters 
was disregarded. For example, according to the frequency 
dependence shown in Fig. 3 of [30], the resistivity decreases 
to 80 Ωm at 1 MHz for a soil with low-frequency resistivity of 
100 Ωm. Thus, in this study, the frequency dependence might 
have a minor impact on the analysis results, and the constant 
soil electrical parameters constitute a conservative analysis 
condition. Nevertheless, the analysis considering the 
frequency dependence of soil parameters especially with 
higher soil resistivity is very important to study further. 
    1)  Overhead Line, Incoming Line, and Busline  

The single OHGW and the phase conductors with 
diameters presented in Fig. 1 were modeled by the thin-wire 
representation method [31]. The inclined incoming lines were 
modeled by staircase approximation. The sag of the OHGW 
and phase conductors [32] were not modeled for simplicity. 
The diameter of the busline was set to be the same as those of 
the phase conductors. To assume a severe condition (condition 
for providing a higher overvoltage), the first and second 

circuits were not connected via the horizontal buslines shown 
in Fig. 2(d) and the corona wave deformation in the TL was 
also not considered [2], [6]. The end of the TL on the Tower 
#5 side was attached to the absorbing boundary.  
    2)  Tower, Tower Footing, and Gantry 

The TL towers were modeled in detail including their 
crossarms, truss structures, tower footing, and foundations. 
Tower structure was modeled by thin wires (thin wires are 
represented in the FDTD analysis by forcing the electric field 
of the corresponding points zero), and the tower foundations 
were modeled by rectangular conductors considering the 
geometry shown in Fig. 1 and Table 1. The gantry was 
modeled by thin wires considering the geometry shown in Fig. 
2(c). The width of the gantry was set to 0.5 m (corresponding 
to the length in x-direction shown in Fig. 2 (c)), and 0.5-m 
long horizontal supporting structures were considered at every 
3 m. The legs of the gantry were connected to the grounding 
mesh of the substation. The tower and gantry models were 
similar to those shown in Figs. 14 and 15 of ref. [18], where 
the FDTD analysis results of lightning overvoltages at a 77 kV 
substation were compared with measured results for validation. 
    3)  Arcing-horn and Substation Equipment 

Arcing-horn flashover and substation equipment were 
modeled using lumped circuit models. The flashover of the 
arcing-horn with a gap length of 0.65 m was modeled using 
the LPM [33], and the parameters presented in [18] were 
employed in this study. The leader onset condition is 

 (1) 
where V [kV] is the arcing-horn voltage, and D [m] is the gap 
length. Leader progression process is defined by 

(2) 

(3) 

(4) 
where IL [A], vL [m/s], and XL [m] are the leader current, 
leader progression speed, and average leader length (the 
average of the upper and lower leaders), respectively. The 
constants were defined on the basis of the measurement [33] 
and the V–t curve shown in Fig. 3 (a): K0 = 410 [µC/m], K'1 = 
0.70 [m2/Vs], K''1 = 0.42 [m2/Vs], E0 = 750 [kV/m]. E'0 and v'L 
in (3) are the values of V/(D−2XL) and vL, respectively, 
immediately before XL exceeds D/4. Break down is judged by 

(5) 
Criterion to stop the process of leader progression is 

(6) 

The transformers were modeled by a capacitance of 
1000 pF [6]. The surge arresters at the substation entrance 
were modeled by the nonlinear resistor with the V–I 
characteristics shown in Fig. 3(b); the frequency-dependent 
model [34] was not employed in this study [6]. 
    4)  Lightning Channel and Source Model 

The lightning channel was modeled using the TL model 
[35] with a return stroke speed of 100 m/µs. The lightning 
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channel was assumed to be vertical and straight for (ii) a strike 
on the tower top. For (i) SF, the bent point was set to 30 m 
from the struck point (this length corresponds to the striking 
distance of 10 kA lightning current according to an electro-
geometric model); the channel above the bent point was set to 
be vertical and straight, and the channel from the bent point to 
the struck point (M1 phase conductor) was set to be horizontal 
and straight. 

The lightning channel impedance was infinity because of 
the use of the TL model. Although the use of a finite lightning 
channel impedance is preferred, in this study, the TL model 
was adopted 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. 
This aspect was discussed in detail in [26]. 

A lightning current waveform with the median parameters 
of observational results in TLs in Japan [36] for its wavefront 
characteristics—a current peak of 29.3 kA, a rise time of 
3.2 µs, and a maximum steepness of 18.3 kA/µs—was used in 
this study. The current waveform was synthesized using the 
CIGRE function [37] as shown in Fig. 5. 

C.  EMT Analysis Models 
EMT analysis was performed with and without considering 

the LEMP impact. The models employed in each case were 
basically the same, but the tower model was different 
following ref. [26]. Each model is described in this section. 
    1)  Overhead Line, Incoming Line, and Busline 

The overhead lines and buslines were modeled by Agrawal 
et al. field-to-line coupling formula [38]. The formula for the 
multiconductor overhead line with the length l in the 
frequency domain can be written as follows [39]. 

(7a) 
(7b) 

where V0 and Vl are the voltages, and I0 and Il are the currents 
at both ends of the line, Zc is the characteristic impedance, Γ is 
the propagation constant, and U0 and Ul are voltage sources 
for considering the effects of the incident electric fields as 
provided by 

(8a) 

(8b) 
where x is the distance from the left end of the line to the 
calculation point, Eh is the incident horizontal electric field in 
the absence of the overhead lines, and V0

i and Vl
i are the 

incident voltages 
(9a) 
(9b) 

where h is the height of the line, z is the height from the 
ground, and Ev is the incident vertical electric field. 

In this study, (7) was rewritten as follows to consider the 
Norton equivalent [40]: 

(10a) 
(10b) 

where Yc is the characteristic admittance and T denotes the  

 
Fig. 5. Lightning current waveform employed for the analysis. 

matrix transposition. In the EMT analysis, (10) was solved in 
the time domain [40]. The effects of the incident electric fields, 
U0 and Ul shown in (8), were solved in the phase domain using 
composite Simpson’s rule as proposed in [41]. 

The inclined incoming line was modeled by staircase 
approximation in Agrawal et al. formula. The incoming line 
with a horizontal length of 40 m, as shown in Fig. 2(a) and (b), 
was divided into 10, and the line constants of each section 
were calculated on the basis of the impedance and admittance 
formula for finite-length conductors [42]. 

The effects of incident electric fields, U0 and Ul shown in 
(8), were considered for the EMT analysis with the LEMP, 
whereas they were not considered (set to zero) for the EMT 
analysis without the LEMP. The end of the TL on the 
Tower #5 side was grounded via a multiphase matching circuit. 
    2)  Tower, Tower Footing, and Gantry 

For the EMT analysis without the LEMP impact, the tower 
was modeled using the multistory tower model with dumping 
RL parallel circuits [43], as one of the most representative 
tower models adopted in a lot of literature [2], [5], [6], [8], [9]. 
Note that the multistory tower model was optimized so that 
the experimental result obtained for a 500 kV tower can be 
accurately reproduced by the EMT analysis without 
considering the LEMP effect [43]. 

For the EMT analysis with the LEMP, the TL tower was 
modeled using cascade-connected lossless distributed lines. In 
[26], this simple model was examined for EMT analysis with 
the LEMP because other sophisticated tower models such as 
the multistory tower model were optimized for EMT analysis 
without LEMP. Then, it was shown that this simple model can 
provide sufficiently accurate arcing-horn voltages in 
comparison with the results obtained by the FDTD analysis for 
solving Maxwell’s equations. Further discussion was 
presented in [26]. The surge impedance was calculated using 
modified Jordan’s formula [44]: 208 Ω for the studied tower. 

The tower footing was modeled using a lumped resistance. 
The soil resistivity was set to 100 Ωm, and the tower footing 
resistance was calculated to be 3.5 Ω [26]. It was confirmed 
from the FDTD analysis that the studied tower footing with 
the soil resistivity of 100 Ωm can be modeled by the lumped 
resistance model with satisfactory accuracy: the footing has 
little frequency dependence. Note that for higher soil 
resistivity conditions, larger foundations, or foundations with 
counterpoise wires, it is better to represent the tower footing 
using the frequency-dependent model presented in, e.g, [45]. 

The gantry was modeled using a single lossless distributed 
parameter line with a surge impedance of 100 Ω and a current 
traveling speed of 210 m/µs [6]. The grounding resistance of 
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the gantry was set to 1.0 Ω. The grounding mesh was not 
considered explicitly in the EMT analysis, and it was regarded 
as a zero-potential surface [2]. 
    3)  Arcing-horn and Substation Equipment 

The same models for arcing-horn flashovers, transformers, 
and surge arresters as those employed in the FDTD analysis 
presented in Sect. III.B.3 were used in the EMT analysis. 
    4)  Lightning Channel and Source Models 

The lightning source was modeled using the current source 
in parallel with the channel impedance. As described in 
Section III.B.4, the lightning channel impedance was set to 
infinity in this study. 

For the EMT analysis considering the LEMP impact, the 
lightning channel was considered to derive the incident 
electric field to overhead conductors. The current distribution 
along the channel was determined using the TL model, and the 
electric field from the channel was calculated using retarded 
potential formulae [25]. The lightning channel bent for (i) SF 
analysis was represented by the superimposition of the 
formulae as presented in [46]. 

III.  ANALYSIS RESULTS 
To clarify the LEMP impact on lightning overvoltages, the 

following three analyses were performed: 
(i) SF analysis with normalized current not causing 

flashover 
(ii-1) analysis for the strike on the tower top with 

normalized current not causing BFO. 
(ii-2) analysis for the strike on the tower top with 

lightning current causing BFO considering AC 
operating voltages. 

It will be shown that the LEMP has almost no impact on 
the overvoltages generated by the SF, whereas it has a 
significant impact on the overvoltages generated by a strike on 
the tower top (thus, two cases of the analysis for the strike on 
the tower top were performed). 

A.  Shielding Failure 
SF analysis (lightning strike on the M1 phase between 

Towers #2 and #3 as shown in Fig. 4) was performed with the 
normalized lightning current waveform. Fig. 6 shows the 
arcing-horn voltage of the M1 phase at Tower #3 and the 
voltage rise of the surge arrester at the substation entrance. In 
the figure, the results of the EMT analysis with and without 
considering the LEMP impact are shown as “EMT-with-
LEMP” and “EMT-without-LEMP,” respectively, and those 
derived by the FDTD method are shown as “FDTD.” 

One can find that the LEMP has almost no impact on the 
voltages generated by the SF: the three analysis methods 
provide almost the same results. For the SF, the voltage rise of 
the phase conductor, obtained from the product of the 
lightning current i(t) and the surge impedance of the stuck line 
Zc, v(t) = (Zc/2)×i(t), predominantly determines the voltages of 
the arcing-horn and surge arrester in the wavefront. Then, the 
boundary condition of TL changes the voltage waveform: in 
the present case, the voltage was doubled because the TL was 
open-circuited via the capacitance of 1000 pF representing the 
transformer on the substation side, and the matching condition 

 
Fig. 6. Voltages generated by the SF on the M1 phase conductor between 
Towers #2 and #3; the current peak was normalized to 1 A. (a) M1 phase 
arcing-horn voltage of Tower #3 and (b) voltage of the M1 phase surge 
arrester at the substation. The arcing-horn voltage was defined from the tower 
side to the phase conductor side. 

(no reflection of traveling wave) was adopted on the other side 
(Tower #5 side). The voltages induced by the LEMP are on 
the order of 10 V/A, as shown in Fig. 7(b), and hence, LEMP 
has almost no impact on the voltages generated by the SF. 

B.  Strike on Tower Top—Normalized Current without BFO 
The lightning strike on the top of Tower #3 was analyzed 

with normalized lightning current to clarify the characteristics 
of lightning overvoltages incoming to a substation without 
considering the effect of the BFO at the struck tower and the 
operation of the surge arrester at the substation entrance. 

The LEMP has a significant impact on the voltages 
generated by a strike on the tower top as follows. Fig. 7 shows 
the U1 phase arcing-horn voltage of Tower #3 and the voltage 
of the U1 phase surge arrester at the substation. The arcing-
horn voltage determined by the EMT analysis without the 
LEMP is much lower than those determined by the EMT 
analysis with the LEMP and the FDTD method. This result 
was obtained because the LEMP induces voltages with a 
polarity opposite to those generated by the lightning current 
flowing into the tower and the OHGW [11]–[14], [17], [18], 
[20]–[26]. Furthermore, as shown in Fig. 7(b), the EMT 
analysis without the LEMP provided an almost zero voltage 
rise for the U1 phase surge arrester at the substation entrance, 
whereas the EMT analysis with the LEMP and the FDTD 
method provided a positive-polarity voltage rise. The results 
clearly show that the LEMP significantly affects the voltages 
generated by the lightning strike on the tower top. Note that 
Fig. A1(a) shows the observed voltage reported in [12]. 

The characteristics of the voltage of the surge arrester at the 
substation are further described with a conceptual sketch 
shown in Fig. 8. The voltage rise obtained by the EMT 
analysis without the LEMP was almost zero. This is because 
the OHGW voltage drops owing to grounding via the TL 
towers and gantry while it travels toward the substation, and 
the phase conductor voltage predominantly determined by the 
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Fig. 7. Voltages generated by the strike on the top of Tower #3; the current 
peak was normalized to 1 A. (a) U1 phase arcing-horn voltage of Tower#3, 
and (b) voltage of the U1 phase surge arrester at the substation. The arcing-
horn voltage was defined from the phase conductor side to the tower side. 

 

 
Fig. 8. Conceptual sketch of traveling voltages generated by lightning strike to 
tower top (a) without LEMP effect and (b) with LEMP effect. VOHGW denotes 
the OHGW voltage, and VPC denotes the phase conductor voltage. 

mutual coupling from the OHGW drops in accordance with 
the OHGW voltage. In general, the grounding resistance of 
towers near the substation and that of gantry are maintained to 
be low (3.5 and 1.0 Ω were adopted in the EMT analysis in 
this study assuming a soil resistivity of 100 Ωm). In contrast, 
the voltage rise obtained by the EMT analysis with the LEMP 
and the FDTD method exhibits a peak of about 15 V/A with 
positive polarity. This voltage is induced by the LEMP not 
greatly affected by the grounding via the tower and gantry as 
in the case of the traveling voltage of the OHGW. Thus, the 
LEMP impact results in the markedly different characteristics 
of the voltages generated by the strike on the tower top. 

C.  Strike on Tower Top—Lightning Current with BFO 
The lightning strike on the top of Tower #3 was analyzed 

with the BFO occurrence considered. In this analysis, AC 
operating voltages were considered. The voltage sources were 
inserted into the Tower #5 side of the line, and the phase 
conductors were energized so that the upper phase held the 
highest positive AC voltage. The LPM was inserted in the U1 
phase. Moreover, to evaluate the lightning overvoltages 
incoming to the substation under a similar condition resulting 
from the BFO at the struck tower with similar voltage and 
timing, different current peaks were adopted for each analysis 

 
Fig. 9. (a)–(c) Overvoltages and (d) current generated by the lightning strike 
on the top of Tower #3 with BFO. (a) voltage of the U1 phase arcing-horn of 
Tower #3, (b) voltage of the U1 phase surge arrester at the substation entrance, 
(c) voltage of the U1 phase at the transformer, and (d) current flowing through 
the U1 phase surge arrester at the substation entrance. The arcing-horn voltage 
was defined from the phase conductor side to the tower side. 

method as follows: (a) 38 kA for the EMT analysis with the 
LEMP, (b) 66 kA for that without the LEMP, and (c) 35 kA 
for the FDTD method. These current peaks were roughly 
determined from the scaling of the voltage peaks obtained 
using the normalized current shown in Fig. 7 initially, and 
then the peaks were fixed through a try-and-error method so 
that very similar BFO waveforms can be obtained by each 
method. As shown in Fig. 9(a), the BFO occurs with almost 
the same voltage and timing in each method. Note that the 
current rise time was not changed from the waveform shown 
in Fig. 5, but the current peak was changed to each value. 

The LEMP has a significant impact on the characteristics of 
the overvoltages generated by the strike on the tower top 
associated with the BFO as follows. The results derived by the 
EMT analysis with the LEMP and the FDTD method depicted 
in Fig. 9(b) and (c) show that the positive-polarity overvoltage 
induced by the LEMP arrives at the substation first, and the 
surge arrester at the substation entrance even operates to 
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suppress the overvoltage ((b) the surge arrester voltage is 
suppressed within about 200 kV and (d) the positive surge 
arrester current flows). After several microseconds 
corresponding to the sum of the wave traveling time from 
Tower#3 to the substation and the time until the BFO occurs, 
the negative-polarity overvoltage associated with the BFO 
arrives at the substation. This overvoltage generates the 
highest peak voltage to the transformer (Fig. 9(c)) because it 
includes the abrupt voltage change due to the BFO. The results 
derived by the EMT analysis without the LEMP do not exhibit 
the positive-polarity overvoltage, and the negative-polarity 
overvoltage associated with the BFO just arrives at the 
substation and generates the highest peak voltage to the 
transformer. The LEMP impact generates significantly 
different overvoltage waveforms. Fig. A1(b) shows the 
observed voltage reported in [12]. 

Note that, although waveform characteristics are different 
between analyses with and without the LEMP impact (EMT 
analysis with the LEMP and FDTD method vs EMT analysis 
without the LEMP), the peaks of transformer voltage are 
almost the same under the conditions of this study. This is 
because the surge arrester at the substation entrance 
effectively suppresses the overvoltage associated with the 
BFO (even the voltage peaks derived with the LEMP impact 
considered are lower owing to the positive-polarity-induced 
voltage). Note that the energy stressing the surge arrester was 
362, 513, and 400 J for EMT analysis with LEMP, that 
without LEMP, and the FDTD analysis, respectively. 

IV.  DISCUSSION AND CONCLUDING REMARKS 
The results of this study show that the LEMP has a 

significant impact on the characteristics of voltage waveforms 
incoming to a substation entrance for a lightning strike on the 
tower top (or midspan of OHGWs). The positive-polarity-
induced voltage generated by the LEMP (assuming a negative 
return stroke) arrives at the substation firstly, and the negative-
polarity overvoltage intrudes subsequently if the BFO occurs 
at the struck tower. These results reconfirmed the findings of 
previous studies [11]–[14], [17], [18], [20], [21]. The LEMP 
has almost no effect on the voltages generated by the SF 
because the lightning current flowing into the struck conductor 
predominantly determines the voltage rises. 

The positive-polarity-induced voltage generated by the 
LEMP is discussed from the viewpoint of the insulation 
coordination. In the event without BFO, this positive voltage 
would not have a critical impact because a substation and its 
equipment are designed to withstand the voltages due to the 
BFO that are higher than the positive voltage. Note that the 
same phase-to-ground voltages are induced by the LEMP for 
three phase conductors, whereas the BFO at a single phase is 
generally assumed in an insulation coordination design. Thus, 
the effect of positive induced voltage by the LEMP is still 
important to study further from the insulation coordination 
viewpoint. In the event with BFO, according to Fig. 9(c), the 
negative voltage peaks obtained by the FDTD method and the 
EMT analysis with LEMP are lower than that obtained by the 
EMT analysis without LEMP owing to the positive induced 

voltage by the LEMP. This result implies the possibility of 
reducing the withstand voltage of substation equipment, which 
results in cost reduction. On the other hand, phase-to-phase 
voltages can become higher due to the induced voltage by the 
LEMP when the BFO occurs at a single phase. Thus, the 
LEMP effect in the event with BFO is also important to study 
further from the insulation coordination viewpoint. 

In this study, different lightning current peaks were adopted 
for analyzing the event with the BFO to derive similar BFO 
voltages at the struck tower. In the analysis, similar current 
peaks were adopted for the EMT analysis with the LEMP and 
the FDTD method, namely, 38 kA and 35 kA, respectively, 
but a much higher peak current of 66 kA was adopted for the 
EMT analysis without the LEMP. It was confirmed that by 
giving a similar BFO voltage at the struck tower, similar peaks 
of lightning overvoltage at the transformer with or without 
LEMP consideration can be obtained as long as the surge 
arresters effectively suppress the overvoltage incoming to the 
substation. However, rather higher lightning overvoltages can 
be generated at transformers if the higher current peak is 
adopted for the EMT analysis with the LEMP and the FDTD 
method; this issue also requires further studies on lightning 
overvoltages incoming to a substation considering the LEMP 
effect. This study showed the applicability of EMT analysis 
with the LEMP impact to analyze lightning overvoltages at 
substations: hence, statistical analysis of lightning 
overvoltages considering various influencing factors will be 
performed using the EMT analysis with the LEMP. 
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VI.  APPENDIX 
Fig. A1 shows the overvoltage waveforms obtained at an 

entrance of a 77 kV substation [12]. The positive induced 
voltage by the LEMP was observed in the event without the 
BFO (Fig. A1(a)), and the positive induced voltage followed 
by the negative overvoltage suppressed by the surge arresters 
was observed in the event with the BFO (Fig. A1(b)).  

 
Fig. A1. Overvoltages observed at an entrance of a 77 kV substation [12]. (a) 
Overvoltage observed without the BFO adapted from Fig. 8 of [12], and (b) 
that observed with the BFO adapted from Fig. 6 of [12]. 
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