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Abstract—This paper illustrates the application of a
recently proposed time-domain method in the calculation of
lightning-induced voltages by nearby cloud-to-ground lightning
strikes on a realistic, large-scale distribution network using the
JMarti model in the Alternative Transients Program (ATP). In
this method, the effect of the incident electromagnetic fields
on the illuminated lines is accounted for entirely in terms of
independent current sources that are calculated only once for
a given lightning event using data obtained from the built-in
fitting tool available in ATP. The simulated large-scale network
includes laterals, grounding points, surge arresters, transformers,
and loads. It is shown that frequency-dependent line losses may
have a significant effect on the voltages induced on different parts
of the simulated network, and that they should not be neglected
in this type of study.
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I. INTRODUCTION

NE of the most important features of a computer

code dedicated to the calculation of lightning-induced
voltages on transmission lines is the possibility of integration
with electromagnetic transient (EMT) simulation tools. The
usual approach consists in writing an independent code to
compute the incident electromagnetic fields on the line and
solve the line equations in the time domain accounting for
the influence of these fields. The line model is then interfaced
with the EMT simulation tool via a Norton-type equivalent.
At each time step, information coming from the external code
is transferred into the EMT tool and vice-versa, so that the
transients on the line and on the rest of the system are updated
on an incremental basis [1].

Given the distributed nature of the incident lightning
electromagnetic fields, the preferred approach for the solution
of the transmission line equations including the influence
of external fields is generally based on the finite-difference
time-domain (FDTD) method [1], [2]. However, despite the
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convenience of this approach, it requires careful treatment
of the line terminations for the interfacing with the
EMT simulation tool. In addition, the need to satisfy the
Courant-Friedrichs-Lewy condition often poses challenges for
the efficient and stable computation of lightning-induced
voltages on complex systems including nonlinear elements [2].

Another possibility for dealing with the coupling of
lightning-generated fields with overhead lines is to resort to
strategies based on the method of the characteristics [3], [4],
[5]. However, most of the available methods rely either on the
frequency-domain solution of the transmission line equations
[3] or on a time-domain solution based on a lossless line [4],
[5], [6]. The former approach requires the use of a numerical
transform for enabling the interface with time-domain-based
EMT simulation tools, while the latter is too restrictive for
a rigorous analysis of the phenomenon. When line losses
are included in lightning-induced voltage calculation strategies
based on the method of characteristics (e.g., [7]), the solution
of the transmission line equations is performed externally to
the EMT tool. This does not take advantage of the line models
already implemented in the EMT simulation tool and is likely
to reduce the efficiency of the solution.

To circumvent the difficulties listed above, an innovative
time-domain approach was proposed by the authors in which
lightning-induced voltages can be calculated in any EMT
simulation tool using the frequency-dependent line models
already available in its library of components [8], [9], [10]. The
idea is to represent the effect of the incident electromagnetic
fields in terms of independent current sources connected to
the line ends. These sources are calculated only once for a
given lightning event, and they do not depend on the load
connected at the line ends. This means that systematic studies
can be conveniently performed (e.g., by changing grounding
impedance values, including or removing surge arresters etc.)
in a very efficient way because the effect of the external fields
on the line was already computed. The proposed method,
which is compatible with both the universal line model (ULM)
[11] and the JMarti model [12] (also known as fd-line), has
been extensively validated through comparisons with measured
data and other solution techniques [8], [9], [10], [13]. The
method, which is called either EPD (Extended Phase-Domain)
or EMD (Extended Modal-Domain) model depending on the
transmission line model taken as reference, provides stable,
reliable and efficient calculations that have the advantage of
making use of line models that are already implemented in
EMT simulation tools.



In this paper, the feasibility of the approach proposed in
[8], [9], [10] is further demonstrated with the calculation
of lightning-induced voltages on a large-scale distribution
network comprising both medium-voltage (MV) and
low-voltage (LV) lines, transformers, surge arresters,
grounding points, and consumer loads modeled in
the Alternative Transients Program (ATP). The JMarti
transmission line model is used as the framework for the
EMD model in the calculation of the inducing current sources
that incorporate the effect of the incident electromagnetic
fields generated by nearby cloud-to-ground lightning strikes
on the illuminated lines. It is demonstrated that neglecting
the frequency-dependent line losses in the calculation of
lightning-induced voltages can lead to significant errors in
case of large-scale systems. It is also demonstrated that
lightning-induced voltage calculations can be accurately
performed with the JMarti model in ATP using the fitting
data obtained from the built-in fitting tool already available
in the software.

This paper is organized as follows. Section II gives an
overview of the technique that enables the calculation of
lightning-induced voltages with the JMarti model. Section III
presents the details of the simulated distribution network.
Section IV presents the results and analyses, followed by
conclusions in Section V.

II. OVERVIEW OF THE CALCULATION METHOD

For calculating lightning-induced voltages on a lossy
multiconductor line of length ¢ using the approach proposed
in [8], [9], it is necessary to determine the independent current
sources shown in Fig. 1. Both the universal line model (ULM),
for the EPD model, and the JMarti model, for the EMD model,
can be used as reference for such a task. As both models
lead to nearly equivalent results in terms of lightning-induced
voltage calculations [14], the latter is preferred for being more
efficient in computational terms.

The current sources jo(t) and j,(t) shown in Fig. 1 are
calculated as

Jo(t) = ye(t) * uo(t), (1)
Je(t) = ye(t) * we(t). 2

where y.(t) is the time-domain equivalent of the characteristic
impedance of the line, ‘*’ is the convolution integral, and

Uo = uo(t) — a(t) * ue(t), 3)
U (t) =ue (t) —a(t)*uo(t). 4)
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Fig. 1. Incorporation of the influence of external electromagnetic fields
on a lossy multiconductor transmission line with N, conductors through
independent current sources [8].

In (3) and 4), a(t) = ()L 1{A,}th is the
propagation function of the line, £~! is the inverse Laplace
transform operator, A,, = diag [exp (—vZp, Y l)] is a
diagonal matrix containing the propagation function of each
of the line modes, Z,, and Y, are the frequency-dependent
modal series impedance and shunt admittance of the line
per unit length, and ¢; is a real and frequency-independent
transformation matrix calculated at frequency fo. Finally, the
voltage sources ug(t) and u,(t) in (3) and (4) are given by

¢
ug (1) = —/0 a; (t)* E, (z,t)dz
—hE, (0,t)+a(t)xhE, (L,t), (5)

¢
uy (t) = /0 a; (t)« E, ({ —x,t)dx
—hE,({,t)+a(t)«hE,(0,t), (6)

where a, (t) is the propagation function of an infinitesimally
short line segment, E,(z, t) is the horizontal component of the
incident electric field calculated along the line at the height
of the line conductors, E, (0,t) and E, (¢,t) are the vertical
electric fields calculated at ground level at the line ends, and
h is a diagonal matrix containing the conductor heights.

For the calculation of (1) and (2), it is necessary to fit
the characteristic admittance and the propagation function of
the line. If the ULM model is used as reference for the
lightning-induced voltage calculation, both parameters can be
readily obtained from the built-in fitting tool available in the
EMT simulation software [14]. However, the JMarti model
is originally based on the fitting of the modal characteristic
impedance, not the characteristic admittance. This means that,
in principle, the calculation of (1) and (2) for use with
the JMarti model would depend on an additional code for
calculating and fitting the characteristic admittance of the
line. To avoid this, the approach proposed in [10] can be
used. In this approach, the rational fitting of the characteristic
admittance is no longer needed for the calculation of the
inducing sources required for the lightning-induced voltage
calculation with the JMarti model. Consequently, the rational
fitting of the modal characteristic impedance and propagation
function already available in EMT tool is all that is needed
for determining the inducing current sources. The equivalency
of this approach with the one based on the characteristic
admittance of the line was demonstrated in [10] for simple
distribution line configurations. In this paper, the same
approach is used to simulate a large-scale distribution system.
Details of the proposed formulation and of the numerical
solution of (1)-(6) can be found in [8], [9], [10]. The validity
of the EPD and EMD models is demonstrated in [8], [13]
through comparisons with the solution of the transmission line
equations in the presence of external lightning electromagnetic
fields considering the FDTD method. They are also shown
in [9] and [15] to produce results that are equivalent to the
well-known LIOV (lightning-induced overvoltage) code [1].
Finally, validation through comparisons with experimental data



obtained from both reduced- and real-scale lightning-induced
voltage experiments are found in [9], [13].

III. SYSTEM MODELING
A. System Description

The distribution network considered in this study is shown
in Fig. 2. It consists of a three-phase 13.8 kV medium-voltage
(MV) line with a length of 1.26 km extending from poles
P1 to P9, with a 540 m lateral derived from its midpoint at
pole PS. The MV line is formed by horizontally displaced
phase conductors with 4.17 mm radius and DC resistance of
0.83862 {2/km, and a multi-grounded neutral with 2.325 mm
radius and DC resistance of 2.60440 €2/km. The neutral is
grounded in intervals of 180 m with a single vertical grounding
rod, except at poles P4, P6, P10 and P12, where three-phase
distribution transformers are located. At these poles, three
parallel vertical rods with 3-m separation are used.
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Fig. 2. Evaluated system, with coordinates in meters. Transformers are located
at poles P4, P6, P10, and P12. Consumer loads are represented as solid gray
circles. Adapted from [5].

Four three-phase low-voltage (LV) distribution networks
with phase-to-neutral voltage of 127 V are connected to the
MYV lines. LV lines 1, 2 and 3 contain 13 consumer loads
each, while line 4 contains a single consumer load. The
conductors and the neutral of LV lines 1, 2, and 3 are vertically
displaced and have 2.325 mm radius and DC resistance of
2.60440 Q/km. In LV line 4, the load is connected directly to
the transformer secondary through a service drop. All loads
are three phase, y-connected, and each is grounded through
a single grounding rod. The neutral of the MV and LV
lines is continuous, multi-grounded, and interconnected at the
transformer poles. Poles P1 and P9 are connected to resistive
networks to avoid the occurrence of reflections at the ends of
the MV line. All transformers are protected at their primary
and secondary terminals by surge arresters.

B. Distribution Network Modeling

The distribution network of Fig. 2 is the same used in [5],
[6] to investigate the influence of the transformer grounding
and of surge arresters on lightning overvoltages at consumer
loads. However, in the analysis presented in [5], [6] line losses
due to conductor impedances and the finite conductivity of
the ground were neglected. Here, the whole system shown in
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Fig. 3. Transformer model [16].

Fig. 2 was modeled in ATP, with the MV and LV lines modeled
using the JMarti model considering frequency-dependent
losses. The model parameters were calculated internally in
ATP from 0.1 Hz to 10 MHz using 20 points per decade. For
typical overhead distribution line configurations, the JMarti
model is nearly insensitive to the frequency fy selected for
calculating the transformation matrix. This is demonstrated
in [14] even for double-circuit and mixed distribution lines.
A rule of thumb to select fj is to fit the model considering
three arbitrary values for this parameter in the range of tens to
hundreds of kHz. If the predicted transient voltage and current
waveforms are insensitive to fj, then the transformation matrix
can be safely assumed real and frequency independent. If not,
the use of a more rigorous model is recommended. In this
paper, this procedure was followed to select fp and a value of
60 kHz was assumed for this parameter.

The MV lines were divided into sections of 180 m, except
between poles P4 and P5, and between poles P5 and P6, where
line sections of 90 m were considered. This subdivision is
required to allow the connection of grounding points, surge
arresters, loads and transformers. The current sources shown
in Fig. 1 were then calculated in MATLAB and interfaced
with ATP using a MODELS code. For each line section, four
current sources (three phases plus neutral) need to be included
at each of the line ends. A similar approach was followed for
the modeling of the LV line, except that line sections of 60 m
were considered in LV lines 1 and 2. In LV line 3, sections of
45 m, 60 m, and 90 m were used. For simplicity, insulation
breakdown was neglected.

The transformer model was derived in [16] from
transferred voltage measurements performed on a
13.8 kV/220-127 V three-phase distribution transformer
assuming a common-mode excitation at the primary side.
From the measured frequency responses, the per-phase
equivalent circuit shown in Fig. 3, valid up to few MHz, was
proposed. The main purpose of this simplified model was to
enable the study of the effect of cloud-to-ground lightning
strikes on distribution lines. In such phenomenon, voltages of
nearly equal magnitudes are generated on the three phases
of the illuminated line, and the common-mode excitation is
the dominant effect. Although this simplified model does
not take into account all possible interactions between the
transformer terminals, it is considered sufficiently accurate
for the analysis presented in this paper.

The grounding terminations are represented as shown in
Fig. 4. The parameters for the single vertical grounding rod



Fig. 4. Grounding model [19].

TABLE I
PARAMETERS OF THE GROUNDING MODELS [17].
Parameter 1 rod 3 rods
Ry () 0.346p, 0.119p4
Cy (nF) 0.0256¢-g | 0.0743erg
L; (uH) 7.2 7.2

and for the three parallel grounding rods are obtained from
the expressions given in Table I, which depend on the ground
resistivity pg, in 2/m, and relative permittivity, €,4. In all
cases, €4 = 10 is assumed, while p, was varied according to
the cases discussed in Section IV. The expressions in Table I
were determined in [17] from simulations performed with
an electromagnetic model [18]. The inductor L; in Fig. 4 is
intended to represent the grounding down conductor.

The consumer units were modeled as shown in Fig. 5.
They comprise three identical RLC branches representing the
loads, a 15-m long service drop, and a grounding termination.
Each branch of the three-phase load was represented following
the high-frequency model proposed in [20]. This model was
derived from the measurement of the input impedance of
actual low-voltage residential installations in frequencies up to
5 MHz. The service drop was modeled as a lumped pi model
assuming a multiplexed line in which the phase conductors
are twisted around the neutral. The parameters were calculated
considering the neutral to be positioned at a height of 7.2 m,
with the phase conductors symmetrically distributed around it
with a center-to-center separation of 1.5 cm. Each conductor
was modeled with a radius of 0.426 cm and a DC resistance of
0.852 €)/m. For simplicity, proximity effects and the insulating
layer covering the phase conductors were neglected in the
parameter calculation. Finally, the grounding rod was modeled
as outlined in Table I.

The ZnO surge arresters protecting the primary and
secondary sides of the transformers were modeled considering
the voltage-current (VxI) curves shown in Figure 6, following
the guidelines in [21]. These VxI curves are based on standard
data provided by an arrester manufacturer.

C. Lightning Modeling

A cloud-to-ground lightning strike was assumed to hit a
point 50 m far from the MV line 1, as shown in Fig. 2,
and lightning-induced voltages were calculated at different
points of the line and on selected consumer loads. In the
simulations, the lightning channel was assumed to be straight
and vertical. The channel-base current is shown in Fig. 7.
This current waveform corresponds to the median waveform
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Fig. 6. VxI curves of the surge arresters. (a) MV surge arrester; (b) LV surge
arrester.

of first stroke currents associated with negative downward
lightning measured at Mount San Salvatore, with a peak value
of 31.1 kA and virtual front time of 3.83 us [19]. It presents
the characteristic concavity at the wavefront and the multiple
peaks typically associated with such phenomenon. The current
waveform shown in Fig. 7 was represented as the sum of seven
Heidler functions whose parameters are given in [19].

The method described in Section II allows the calculation
of lightning-induced voltages with the JMarti model in ATP
considering any return-stroke model and any strategy for
determining the electromagnetic fields that illuminate the
line. In the analysis presented in this paper, the lightning
electromagnetic fields were calculated in the time domain
using the analytical formulation of Barbosa and Paulino
[22], [23] including the effect of the lossy ground on the
horizontal component of the incident electric fields. This
formulation was preferred instead of the classical approach
based on the Cooray-Rubinstein approximation [24], [25] for
two reasons. Firstly, it enables a more efficient calculation of
the horizontal component of the incident lightning electric field
because it is entirely analytical. Secondly, as demonstrated
in [26], it is more general than the Cooray-Rubinstein
approximation, predicting horizontal electric field components
in better agreement with the solution of the exact Sommerfeld
equations, especially in the vicinity of the lightning channel
for a poorly conducting ground [23].

As a requirement of the Barbosa and Paulino formulation,
the spatial and temporal distribution of the return-stroke
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Fig. 7. Channel-base current [19].

current was calculated considering the transmission line (TL)
model [27], with a propagation speed of 1.3 x 10% m/s.
Compared to other return-stroke models [28], [29], the TL
model has the drawback of neglecting return-stroke current
attenuation and distortion. Although this can have some
impact on the late-time response of lightning-induced voltage
waveforms (see, e.g., [30]), in principle any return-stroke
model could be used to investigate the influence of line
losses on the lightning response of the distribution system
shown Fig. 2. In that sense, the TL model can be considered
sufficiently accurate for the purposes of this paper.

D. Source Modeling

For calculating the current sources shown in Fig. 1, the
vertical component of the incident electric field was calculated
at the line ends as required in (5) and (6), while the horizontal
electric fields were calculated in intervals of 5 m along
the lines. Two propagation functions were fitted for this
calculation, one corresponding to the total length of each
line section, and another corresponding to line segments of
5 m. The propagation function associated with the total line
length refers to a (t) in (3)-(6), whereas the short segments
are related to a, (t) in (5) and (6). Although the fitting of the
propagation functions could be performed externally using any
suitable technique assuming both real and complex-conjugate
poles, in this paper the fitting was performed entirely with
the built-in fitting tool available in ATP, which determines
the modal propagation functions required by the JMarti model
using strictly real poles.

As an example, Fig. 8 illustrates the absolute value of
the original and fitted ground mode associated with the
frequency-domain counterpart of a.,(¢) for the 5-m long line
segment obtained directly from the built-in fitting tool of ATP.
The fitting was performed with 3 real poles considering initial
and final frequencies of 0.1 Hz and 10 MHz, respectively,
20 points per decade, a real transformation matrix calculated
at 60 kHz, and a ground resistivity of 1000 Qm. As
indicated in Fig. 8, an accurate fitting was possible, especially
in the high-frequency range, which is most important for
lightning-induced voltage calculations. Although not shown,
the fitting of the aerial modes was also very accurate.

Finally, for calculating the inducing current sources jo ()
and j, (t) from the voltage sources wo and u, (t) given in
(3) and (4), the alternative approach based on the fitting of

the modal characteristic impedance proposed in [10] was used
instead of the characteristic admittance required in (1) and (2).
By doing this, all the fitting required for the calculation of the
effect of the incident fields was obtained from the built-in
fitting tool available in ATP. All calculations were performed
considering a time step of 10 ns and a total simulation time
of 80 us.

IV. RESULTS AND ANALYSIS
A. MV Lines

Figs. 9 and 10 illustrate the voltages induced between
phase A and the ground at poles P3, P4, P9, and P11 along
the MV line considering different values of ground resistivity.
The results shown in Fig. 9 correspond to a ground resistivity
of 100 Qm, whereas the ones shown in Fig. 10 refer to a
ground resistivity of 1000 2m. In both cases, the incident
electric fields were calculated assuming a ground relative
permittivity e, = 10. To assess the importance of line losses
on the calculation of lightning-induced voltages, both figures
include results obtained considering either lossless lines or
lossy, frequency-dependent lines represented with the JMarti
model. In the former case, the DC resistance of the conductors
and the ground resistivity were set to negligible values in the
calculation of the per-unit-length parameters of the line in ATP.

The results shown in Figs. 9 and 10 indicate that the induced
voltage waveforms at pole P3 are nearly insensitive to the
consideration of line losses. This result was expected due to
the strong dependence of the induced voltage waveforms on
the incident electromagnetic fields caused by the proximity of
pole P3 to the stroke location, and to the reduced importance
of propagation losses along the line on the resulting transient
waveforms in this case [31]. At pole P4, which is 180 m down
the MV line, the similarity between the calculated voltage
waveforms can be explained by the surge arresters protecting
the transformer, which limit the resulting phase-to-neutral
overvoltages to 30 kV at that point. At poles P9 and P11,
which are farther away from the lightning incidence point,
larger deviations are observed between the lossy and lossless
line cases, especially for the 1000 Qm soil (see Fig. 10).
This can be explained by the effect of line propagation losses
and the enhancement of their influence due to the multiple
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associated with the frequency-domain counterpart of a; (t) considering a line
segment 5-m long.
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Fig. 9. Phase-to-ground voltages induced at different points of the MV line
for a soil resistivity of 100 Qm; (a) Pole P3; (b) Pole P4; (c) Pole P9; (d)
Pole P11.

reflections occurring at the impedance discontinuity points
along the line, which increase the distance that is effectively
traveled by the propagating surges.

B. LV Lines

Figs. 11 and 12 illustrate the induced voltage waveforms
calculated between phase A and the neutral at loads C1-2,
C1-6, C2-9 and C2-12 highlighted in Fig. 2. Once again,
the induced voltages were calculated considering either lossy,
frequency-dependent lines or lossless lines. The analysis of
both figures reveals that neglecting line losses can cause
significant errors especially in the determination of the first
voltage peak. The largest deviations are of 28% for the
100-2m soil and of 18% for the 1000-Q2m soil, occurring at
loads C1-2 and C2-9, respectively. Compared to the results
obtained for the MV line, the results shown in Figs. 11 and 12
indicate that the calculation of lightning-induced voltages is
more sensitive to the consideration of line losses in the case
of the LV lines. This is probably related to the greater influence
of successive reflections at impedance discontinuity points at
the terminations of the LV lines. The overall effect is that of an
apparent increase in the line length, which is likely to enhance
the influence of line propagation losses on lightning-induced
voltages.

C. Discussion

One of the first papers to investigate the influence of line
losses on lightning-induced voltages indicated, based on the
analysis of the influence of incident lightning electromagnetic
fields on a straight overhead line without laterals, grounding
points, transformers or surge arresters, that such effect could
be neglected for lines shorter than 2 km [31]. Although this
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Fig. 10. Phase-to-ground voltages induced at different points of the MV line
for a soil resistivity of 1000 Q2m; (a) Pole P3; (b) Pole P4; (c) Pole P9; (d)
Pole P11.
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Fig. 11. Phase-to-neutral voltages induced at different consumer loads for a
soil resistivity of 100 Qm; (a) C1-2; (b) C1-6; (c) C2-9; (d) C2-12.

scenario is completely different from the distribution system
shown in Figure 2, it can be argued that the simulated
large-scale network contains no lines that exceed this limit.
However, since the induced surges travel multiple paths
due to numerous reflections and refractions at impedance
discontinuity points, the apparent length of each line becomes
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Fig. 12. Phase-to-neutral voltages induced at different consumer loads for a
soil resistivity of 1000 Qm; (a) C1-2; (b) C1-6; (c) C2-9; (d) C2-12.

in practice greater than its actual one. Consequently, the
cumulative effect of line losses becomes important for
the characterization of the resulting lightning overvoltages.
For this reason, line losses should not be neglected in
evaluations of lightning-induced voltages on distribution lines
with complex topology, even if the actual length of each
individual line does not exceed the limit of 2 km suggested
in [31].

V. CONCLUSIONS

This paper demonstrates the importance of including
frequency-dependent line losses due to the internal impedance
of the conductors and the ground-return impedance in
the calculation of lightning-induced voltages on a large
distribution network. Neglecting the line losses might lead
to significant errors in the estimation of peak voltages
both on MV and LV lines. The importance of the line
losses on the simulation of lightning-induced voltages on
large-scale distribution networks is justified by the fact
that in such networks the induced voltages are the result
of multiple reflections due to impedance discontinuities
and complex interactions between grounding points, surge
arresters, transformers, and loads, each displaying resonant
characteristics in the high frequency range. All these
interactions involve surge propagation through multiple paths,
in which case line losses play a significant role.

It is also demonstrated that it is possible to calculate
lightning-induced voltages on large-scale distribution networks
using the JMarti model in ATP using fitting data taken
from the built-in fitting tool available in this platform. The
calculation method considered in this study, named EMD
model, and its counterpart EPD model (which is based on a

phase-domain solution of the transmission line equations), can
be easily deployed in other EMT simulation tools. The greatest
advantage of the EMD and EPD models over existing methods
for calculating lightning-induced voltages is the possibility of
using the lossy transmission line models already implemented
in EMT-type tools, such as the JMarti model and ULM.
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