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This paper investigates the influence of power-frequency voltages on the indirect lightning performance of
overhead distribution lines. Analyses on the subject often disregard this factor, assuming a de-energized line.
However, in certain cases, e.g., when discriminating between single and multi-phases flashovers is of interest, the
effect of the power-frequency voltage might be worth of investigation. The paper presents a comparative study of
two methodologies implemented within the LIOV-EMTP simulation environment to account for the power-
frequency voltage effects. The first method employs a rigorous approach, incorporating voltage offsets in the
Bergeron lines that interconnect LIOV and EMTP. The second method, though less precise, offers a simplified
approach that has the advantage of avoiding modifications to the LIOV-EMTP interface used when the line is de-
energized. A statistical analysis is conducted to quantify the effect of the power-frequency voltage on the pre-
dicted number of single and multi-phase flashovers and to evaluate the effectiveness of both methods in
calculating the indirect lightning performance. By considering two lines characterized by different rated volt-
ages, a sensitivity analysis is performed for different spacing between SAs and different values of both ground

conductivity and SA grounding resistance.

1. Introduction

Indirect lightnings (i.e., lightning striking the ground near the line)
are a common cause of outages in medium voltage (MV) lines, as
induced overvoltages can significantly exceed the normal operating
voltage levels, leading to line-insulator flashovers and failures in elec-
trical equipment. Assessing the potential threat due to such overvoltages
is therefore of interest for the coordination of protections like surge
arresters (SAs), which are effectively capable of reducing the risk of
disruptions posed by both direct and indirect lightning events [1].

Induced overvoltages on multiconductor lines are affected by mul-
tiple factors, such as the line geometry, the lightning current waveshape,
propagation and location and the ground electrical parameters. To
consider the effect of induced overvoltages in distribution lines, the
Lightning-Induced OverVoltage (LIOV) code [2] can be employed along
with the Electromagnetic Transients Program (EMTP) (e.g [2,3]), which
allows for a realistic representation of distribution-line poles, insulators
and SAs.

This study is focused on assessing the effect of steady-state voltages,
i.e., the conductor voltages at the power frequency (e.g., 50 Hz or 60 Hz)
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resulting from the line energization. The effect of the power frequency
voltages has been investigated on the performance of transmission lines
against direct lightning, see e.g [4], where the effect of the ac source
voltage on the archorn flashover phase is shown, and [5] where the
dependence of the multi-phase backflashover probability from the ac
voltages is assessed but is in general not addressed in studies on indirect
lightning performance of distribution lines [6-8]. The effect of the
power-frequency voltages is significant for the analysis of the lightning
performance in resonant-grounded distribution networks, when the
distinction between flashovers occurring either on a single-phase
conductor or across multiple phases simultaneously is important [9].
In the absence of power-frequency voltages, lines with conductors
positioned at the same height above ground are likely to experience
identical overvoltages across all insulators [7], resulting in flashovers
occurring simultaneously across all phases.

Aim of this paper is first to present an analysis on the effect of the
power-frequency voltages in the assessment of the lightning perfor-
mance of distribution lines against indirect strokes, and second, to
compare two different approaches for taking the power-frequency
voltages into account. The first method employs a rigorous approach,
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incorporating voltage offsets in the Bergeron lines that interconnect
LIOV and EMTP, as discussed e.g., in [9-12]. The second method relies
on an adjusted representation of network components within the EMTP
module. This method, while less precise, offers the advantage of a
simplified approach that avoids modifications to the LIOV-EMTP inter-
face valid for de-energized lines, but in some cases provides some de-
viation in results in comparison with the first model. The first method
was presented in [10], while the second one is an original contribution
of [13], whose framework is extended in this paper by comparing the
transient response of two distinct distribution line configurations. To
evaluate the influence of steady-state voltages and facilitate validation
of the proposed models, two configurations are selected with different
nominal voltages, namely, 20 kV and 6.6 kV.

To assess whether the different predictions obtained by neglecting
power-frequency voltages are statistically significant, the two models
are used for estimating the lightning performance by using the Monte
Carlo (MC) method illustrated in [8]. A sensitivity analysis is performed
to assess the impact of different spacing between SAs, as well as different
values of the ground conductivity and SA grounding resistance.

The paper is structured as follows. Section II presents the two models
adopted for taking the steady-state voltage into account. Section III
describes the LIOV-EMTP models of the two considered line configura-
tions and the Monte Carlo procedure. Section IV presents the results by
assessing the impact of mains-frequency voltage in different case
studies. Section V concludes the paper.

2. Steady-State voltage representation in LIOV

The LIOV code [2] calculates the lightning-induced overvoltages on
multi-conductor overhead lines by using an engineering return stroke
model of the distribution of the current along a vertical lightning
channel, as shown by the geometry of the problem illustrated in [14,15]
and [12]. Different engineering return stroke models can be used in the
LIOV code. In this paper, the Master and Uman TL model [16] is used, in
order to take advantage of the reduced computational cost enabled by
the analytical approach presented in [17] for the electromagnetic field
computation. The LIOV code solves the equations of the electromagnetic
field described in [18] by using a one-dimensional Finite-Difference
Time-Domain (FDTD) technique. The spatial step is taken at the limit of
the Courant stability criterion. The results presented in this paper are
obtained by adopting spatial and time steps equal to 5 m and 16.67 ns,
respectively.

To extend its applicability to realistic power systems, LIOV is inte-
grated with the EMTP (e.g [2,3]), enabling the simulation of distribution
networks incorporating diverse components such as transformers, SAs,
and by considering flashover occurrence in the simulation too. The
interface between LIOV and EMTP is achieved through the application
of Bergeron’s method. The input data for the LIOV-EMTP code specify
the topology of the overhead lines illuminated by the electromagnetic
field generated by the lightning, the geometrical data of the poles of the
overhead line for the calculation of the per-unit-length parameters, the
lightning stroke position with respect to the line, the engineering return
stroke model and the lightning waveform at the base of the channel. The
code uses the Cooray-Rubinstein formula [19,20] to account for the
effect of the ground conductivity and permettivity on the horizontal
component of the electric field. Additional information on the input data
of the LIOV-EMTP code, together with application examples, con be
found in [12].

Instead of explicitly modeling the sinusoidal waveform, the power-
frequency voltages are treated as constant DC offsets. This approxima-
tion is justified by the fact that the period of the power frequency voltage
is 16.7 or 20 milliseconds, substantially longer than the microsecond
timescale of the induced overvoltages, making the sinusoidal variation
negligible during the transient event.

Within the LIOV-EMTP interface, two distinct approaches are uti-
lized for incorporating these steady-state voltage offsets. A rigorous
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method directly integrates the power-frequency voltage representation
in the Bergeron line model used for the LIOV-EMTP coupling. This
approach ensures a higher degree of accuracy in representing the
interaction between the steady-state and transient phenomena. Alter-
natively, a simplified technique, termed the "method of the dc voltage
offset" involves modifying specific network components within the
EMTP environment to effectively introduce the required dc offset. This
simplified approach offers computational efficiency while still providing
a reasonable approximation of the power-frequency voltage influence
on the transient response.

2.1. Method of the modified Bergeron equivalent generators

The interface between LIOV and EMTP is achieved through a dis-
cretized representation of the line, employing a series of short sections.
In the LIOV-EMTP module presented in [3], for each line section the
field-to-line coupling equations are solved by implementing a FDTD
scheme. Fig. 1 depicts the single-conductor equivalent circuit which is
based on the application of Bergeron’s method.

The generators of the equivalent circuits seen by EMTP, i.e. G; and
Grmax-1 in Fig. 1, are set equal to the backward and forward voltage
waves, respectively. According to [3], a term is also added to account for
the effect of the external horizontal electric field. Moreover, a term V has
to be added to account for the steady state voltage, as shown below

A
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where, for spatial index k and temporal index n:

-V}, iy are the scattered voltage and the current along the line;

- Ev}, Eh} are the components of the external field in vertical direction
and along the line;

- Ax is the spatial step of FDTD scheme and the length of the Bergeron
lines;

- Z and V are the surge impedance and the steady state voltage of the
line, respectively.

Further details, e.g. the treatment of line ends terminated with the
surge impedance matrix, are described in [11,12]. This method will
herafter also be referred to more simply as method A.

2.2. Method of the dc voltage offset

This method assumes a standard interface between LIOV and EMTP,
i.e. Egs. (1) and (2) without the addition of the steady-state voltage V.
The method consists in adding an ideal dc voltage source in series to the
SAs with amplitude equal to the steady-state value of the phase to
ground voltage, while keeping the line not energized. The voltage gen-
erators directed from the line towards the arrester, so as to subtract from
the incident voltages on the SA the power-frequency voltage value.

When present, the flashover model is subject to corresponding ad-
justments too. In this study, the integration model [21] is employed to
simulate insulator flashovers. This particular model is regarded as more
realistic, as it accounts for both the amplitude of the peak voltage and
the characteristics of the overvoltage waveform in determining the
occurrence of flashover events. The model’s foundation is built upon the
following integral formulation

D= / "D — Volkde 3)

to
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Fig. 1. Equivalent circuits for the interface between LIOV and EMTP.

in which: v(t) represents the voltage across the pole insulator; Vj is the
minimum voltage necessary for triggering any breakdown process; k is a
dimensionless factor; ty is the time instant when the magnitude of |v(t)|
first exceeds Vj. In case integral D becomes larger than a certain value
DE, a flashover is counted.

The method of the steady-state voltage effect requires the modifi-
cation of the flashover model by subtracting the steady-state voltage
from Vj. This method will herafter also be referred to more simply as
method B.

3. Description of the LIOV models and of the calculation
procedure

Fig. 2 illustrates the pole geometries for the two considered line
configurations: a 20-kV line (left) and a 6.6-kV line (right). Both con-
figurations feature a vertical pole supporting a horizontal cross-arm
equipped with three insulators for conductor placement. The 20-kV
line configuration has a shorter pole and a wider spacing between the
insulators with respect to the 6.6-kV line configuration, which is char-
acterized by a taller pole and narrower insulator spacing. The main
structural and electrical parameters of the two considered line config-
urations are summarized in Table 1: the characteristics of the conduc-
tors, including their height, diameter, and spatial arrangement, as well
as the insulator models and pole surge impedance.

The flashover models for a 25-kV pin-type and a 6.6-kV solid-core-

20-kV line 6.6-kV line

Fig. 2. Pole geometry of the two considered line configurations.

Table 1
Main structural and electrical parameters of the two considered line
configurations.

Line configuration

20 kV [13] 6.6 kV [24]

Conductors height 10 m 11.375m

Conductors diameter 1cm 1.16 cm

Positions of conductors  x; =-1m,x=0m,x3=  x; =-0.5m, x5 =0.5m, x3
1m =1m

Insulator model Vo = 124.8 kV, DE = 86.7 Vo =132KkV, DE = 66 kVys
kVys

Pole surge impedance Zs =300 Q Zs =300 Q

SA model Dynamic [13] Static [23,24]

SAresidual voltageat1 80 kV (for a 8/20 ps 25 kv

kA waveform)

type insulator have been derived utilizing the voltage-time character-
istics obtained from dielectric strength tests reported in [22] and [23],
respectively. The methodology employed to determine the parameters
of the integration-based model is detailed in [23]. Based on this
approach, the extracted parameters for the insulator are: Vo= 124.8 kV
and DE = 86.7 kVys for the 20-kV line insulators and Vo= 132 kV and DE
= 66 kVps for the 6.6-kV one. The model of the surge arresters adopted
in the two configurations are the ones described in [13] and [23], for the
two configurations respectively.

3.1. Description of the Monte Carlo procedure

The waveform of induced overvoltages is affected by the character-
istics of the channel-base current. In the context of lightning perfor-
mance assessments for distribution lines using MC simulations, it is a
common practice to model the channel-base current as a ramp followed
by a flat top [1]. However, in this study, the overvoltages are computed
using Cigré functions [25], which provide a more accurate representa-
tion of the realistic return-stroke current waveforms. The Cigré current
model is defined by four parameters: peak amplitude I, front time tj,
maximum front steepness S, and wave-tail time to half value t;. Notably,
these parameters exhibit interdependence, requiring a multivariate
distribution approach for their generation. A specific procedure is
therefore employed to generate MC events, ensuring the correlated na-
ture of the lightning current parameters, as detailed in [26]. Only first
negative return strokes are considered in this paper, following the
typical assumptions made in the statistical assessment of lightning per-
formance calculations. It is worth noting that subsequent strokes with
larger peak than first ones may occur and can be threatening due to their
typical increased steepness [27]. The effect of the subsequent strokes
could be more or less evident according to the network configuration
and flashover model as analyzed in [28,29].

The spatial distribution of the lightning events is uniformly ran-
domized, with x and y coordinates spanning a 1-km distance from the
line, which itself extends 2 km in length and is matched at both termi-
nations. Direct and indirect lightning events are classified using the
electro-geometric model [1]. The considered ground conductivity oy is 1
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mS/m, if not otherwise specified. The distance of 1 km from the line is
enough to account for all the indirect events able to induce overvoltages
with amplitude larger than the minimum considered CFO and the
minimum SA discharge current. This distance is influenced by the
presence of SA installed along the line, as in the considered case. Further
indications on the choice of the minimum distance from the line are
provided in [30]. The Transmission Line (TL) model is employed to
represent the return stroke, with velocity equal to 1.5 x 10% m/s,
representative of the speed of lowest portion of the lightning channel
[31], which has a major influence on lightning induced overvoltage
amplitudes [32]. For each of the MC events, the power-frequency
voltage values of the three phase conductors are randomly chosen, by
assuming they form a positive sequence and follow a uniform proba-
bility distribution.

The statistical procedure based on the MC method is implemented in
a Matlab environment which repeatedly calls LIOV-EMTP simulations
by modifying the EMTP settings before each run and collecting the
relevant results after each execution.

4. Impact of power frequency voltage in LIOV calculations
4.1. Influence on the multiplicity and location of flashovers

In this Subsection, the results relevant to the time-domain analysis of
the considered distribution lines is presented, with focus on the impact
of the mains-frequency voltage on the expected number of multi-phase
flashovers.

The line is matched at both terminations, and SAs are placed at 500-
meter intervals. The SAs are grounded with resistance R; = 20 Q. Two
different stroke locations are considered, both at a distance of 70 m from
the line, as depicted in Fig. 3. The channel-base current — the same for
both the considered stroke locations — was selected from a broader set of
simulated indirect lightning events generated through the MC procedure
and is characterized by the following parameters: I, = 47 kA, t;= 4.6 us
and S;;, = 38 kA/ps.

Fig. 4 shows the peak overvoltage amplitudes along the line caused
by an indirect lightning stroke occurring at x = 1250 m, y = 70 m (stroke
location 2). The time-domain overvoltages across pole 25, which is
located at x = 1250 m, and 26 are reported too. For the considered line
geometry the induced voltages have the same magnitude in all phases
[33], as confirmed by the time-domain overvoltages across pole 25 and
26 insulators. Such overvoltages, calculated by neglecting the
steady-state power-frequency voltage, induce simultaneous flashovers
on all three phases at the poles nearest the stroke location (poles 24, 25,

100 -
90 -
80 I
70
60 -
50
g 40r
30
20
10 -
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and 26, as indicated by red marks).

In case the same event is reproduced by taking into account the
steady-state voltages (Fig. 5), a flashover occurs in phase-1 insulator at
pole 25 and in phase 2 at poles 24 and 26. The reason for the observed
differences is the following: although for the considered line geometry
the induced voltages have the same magnitude in all phases, including
the power-frequency voltages result in a different total voltage across
the three-insulators. When one phase flashes over at a pole, it effectively
reduces the potential difference across the other phases at that same
pole, preventing them from flashing over too. For instance, a flashover in
phase 1 at pole 25 prevents flashovers in phases 2 and 3 at that pole.
Likewise, a flashover in phase 2 at pole 26 prevents flashovers in phases
1 and 3.

4.2. Comparison between the two methods

This Subsection compares the time-domain waveform of the SAs
voltages and currents obtained by the two calculation methods
described in Section 2. The same channel-base current with 47-kA peak
is considered, but the simulations result are relevant to stroke location 1,
which is in front of a pole equipped with SAs.

Fig. 6 compares SAs voltage and current waveforms obtained by
using the two calculation methods. Although the voltage across the three
SAs calculated by using method A differ significantly from the total
voltages across the series-connected DC voltage source and SAs obtained
by method B, both methods predict nearly identical discharge currents.

The comparison for the 6.6-kV configurations (Fig. 7) yields to the
same considerations, indicating that method B predicts similar SAs
discharge currents as the more accurate method A irrespective of the SAs
rated voltage.

4.3. Statistical analysis for the 20-kV line

The annual number of flashovers per 100 km of line is calculated as:

n
F, = 200 —¥maxNg @
L

where n is the number of events causing insulator flashovers, ng, =
20,000 is the number of events considered in the MC procedure, ymax = 1
km is the maximum value of the distribution of stroke position coordi-
nate y, and Nj is the ground flash density, assumed equal 1 flash/km?/
year.

The annual number of events causing a flashover in at least one

Stroke loc. 1 X X Stroke loc. 2

| i

] ;

0 500

1000
m

1500 2000

Fig. 3. Line topology and stroke locations. SAs are installed every 500 m.
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Fig. 5. Voltage (peak amplitudes on the left and time domain on the right) considering the steady-state voltages by using method A. Single-phase flashovers occur in
phase-1 insulator at pole 25 and in phase 2 at poles 24 and 26 (red marks indicate flashovers). Stroke location 2.

phase-insulator is reported in Fig. 8 along with the number of events
originating flashovers in multiple phase-insulators simultaneously. The
figure confirms that neglecting the steady-state voltages can lead to
overestimate the number of multi-phase flashovers and, conversely, to
underestimate the total number of events resulting in a flashover. The
approximated method tends to overestimate the total number of flash-
overs while underestimating the occurrence of multiple phase flashovers
compared to Method A. Notably, when the ground conductivity is
increased to 10 mS/m, the two methods yield the same results. On the

other hand, with a ground conductivity 6; of 10 mS/m, the induced
voltage peaks are significantly reduced, diminishing their relative
importance compared to steady-state voltages. In such circumstances,
neglecting the power-frequency voltage can lead to an underestimation
of the total number of flashovers and an overestimation of multi-phase
flashover occurrences.

The differences between the results predicted by the two methods
appear to be more meaningful if the spacing between subsequent SAs is
reduced to 200 m, as shown in Fig. 9. In this scenario, method B
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overestimates the number of flashovers by more than 150 %.

Fig. 10 compares the results obtained by the different calculation
methods when assessing the rate of indirect events able to induce cur-
rents larger than the value in abscissa in at least one of the SAs. Fig. 10
considers an SA spacing of 500 m, while Fig. 11 refers to the case of 200
m spacing. In both cases, the omission of steady-state voltages leads to
an underestimation of current peaks. The methods show good agree-
ment for currents below 600 A; indeed, when the higher ground con-
ductivity value is considered, both methods yield the same value of SAs
current. Instead, for the case with 6, = 1 mS/m, method B tends to
overestimate the annual rate predicted by method A for larger current
values, particularly at the wider SA spacing of 500 m.

Fig. 12 presents a comparison of the two methods under the
assumption that flashovers are disregarded. In this scenario, the out-
comes align closely, indicating that the discrepancies observed in Fig. 10
and Fig. 11 can be attributed to the surges induced by flashovers
occurring along the line.

Fig. 13 illustrates the flashover rate derived from the two methods,
represented as the annual number of events per unit length that generate

overvoltage peaks exceeding 1.5 times the line critical flashover voltage
(CFO) [1]. This analysis reaffirms the consistency between the two ap-
proaches when the effects of insulation breakdown are excluded from
the calculations.

4.4. Influence of the SAs grounding resistance

The effect of increasing a the SAs grounding resistance is to worsen
the lightning performance of the line [34]. Fig. 14 shows the expected
annual number of flashovers in case SAs grounding resistance Ry is
increased to 50 Q. Under these assumptions, the peak value of the cur-
rent flowing in the SAs diminishes, therefore, the differences between
the two methods are lower than in Fig. 8.

4.5. Comparison with the 6.6-kV line

Fig. 15 presents the expected flashover rates for the 6.6-kV config-
uration. This second configuration shows a better performance respect
to the 20-kV one, mainly due to the significantly lower residual voltage
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methods. Distance between SAs = 200 m.

of the adopted SAs (see [23] and [13]). Typically, this 6.6-kV line configuration has a shield-wire on top of

Comparing these results with those in Fig. 8 reveals lower discrep- the pole [23] to improve the line performance against direct strikes.
ancies between method B and the more accurate method A. This can be Such line configurations, equipped with both shied-wire and SAs, are
attributed to the lower rated voltage of the 6.6-kV line compared to the therefore extremely well protected against indirect strokes. Simulations
previous configuration, which diminishes the relative influence of the were also conducted with the inclusion of the shield wire, confirming
power-frequency voltages on the total voltage across insulators. that as the level of protection increases — resulting in reduced current
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Fig. 13. Annual number of flashovers

drained by SAs - the differences between the two methods become
increasingly negligible.

5. Conclusions
The effect of the power-frequency voltage is typically disregarded in

the calculation of the response to indirect lightning of distribution lines.
Therefore, indirect lightning performance is often assessed as if the

calculated as in [1]. SAs spacing = 500 m.

network were unenergized. The power-frequency voltage is known to
have a non-negligible effect when the occurrence of flashovers involving
more than one phase is of interest, e.g. in medium voltage with resonant
grounded neutral. The paper presents and compares two approaches to
account for the power frequency voltage. The first makes use of a
modification of the Bergeron equivalent generators used to interface
LIOV and EMPT, the other approach uses additional voltage DC sources
in series to the surge arresters and the same version of LIOV-EMTP used
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Fig. 14. Annual number of flashovers/100 km for the 6.6-kV configuration. SAs spacing = 500 m. Ry = 50 Q.

+2% 6%
0

Events/year/100 km

T

I No Steady State
I Method A -
"I Method B

-12%
-20%

Flashovers

Multi-phase flashovers

Fig. 15. Annual number of flashovers/100 km for the 6.6-kV configuration. SAs spacing = 500 m.

for de-energized lines. The adequacy of the two approaches is assessed
and compared by considering two different medium voltage line to-
pologies, rated 20 kV and 6.6 kV, different spacings among surge ar-
resters, different ground conductivities ad grounding resistances. A
statistical approach is used for the calculation of the incidence per year
of the amplitudes of discharge currents in the surge arresters as well as
the number of single and multiple flashovers, which are inferred by
using a flashover model based on the integration method. The two ap-
proaches provide nearly identical results, with some significant devia-
tion only where indirect lightning stress is more severe, particularly for
the line at higher rated voltage, in which the effect of the utility fre-
quency is larger, for the case of more distant surge arresters and/or the
lowest values of grounding conductivity. In case of grounding conduc-
tivity of 10 mS/m the two approaches are assessed to be both valid,

10

while with conductivity of 1 mS/m the modified Bergeron equivalent
generators approach appears more accurate. Both approaches estimate a
greater number of flashovers, when compared with the calculations
performed neglecting the utility frequency voltage, but fewer multiple
single-phase to ground faults.
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