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Abstract

Lightning strikes with large current amplitudes and a steep current wave front in cases of
multiple lightning strikes can cause significant overvoltages. The number of overvoltage
impulses depends significantly on the lightning parameters, the overhead line parameters
and the tower grounding impedance. While the probability for back flashovers from towers
to phase conductors (power line trips) depends on lightning current amplitude, impulse
steepness and tower grounding resistance, the magnitudes of overvoltages reaching the
nearby substation, Ground Potential Rise (GPR) and step and touch voltage distribution
profiles depend exclusively on substation grounding impedance. In order to study and take
into account such a large number of parameters influencing the probability for overvoltages
to occur, several models in the ATP simulation program (v. 7.6) have been implemented.
This allows us to study the influence of tower and substation grounding impedances on
the magnitude and the form of atmospheric overvoltages and their impact on the safety of
personnel in the substation area in cases of direct lightning strikes on nearby power line
towers or lightning protection cables. A differentiation has been made between grounding
resistance and grounding impulse impedance as a prerequisite for more accurate modeling
and more precise calculations.

Keywords: atmospheric overvoltage; grounding resistance; grounding impedance;
ATP software

1. Introduction
Atmospheric overvoltage magnitudes in high-voltage overhead power lines, especially

those caused as a result of back flashovers through towers, are purely dependent on
grounding impedance. Since lightning surges are associated with high frequencies that
are typically in the range between hundreds of kHz and a couple of MHz, grounding
impedances of towers and substation grounding is highly dependent on the grounding
electrode system’s inductance, capacitance and soil ionization processes [1].

Some old sources claim that grounding impedance (impulse impedance) decreases
significantly compared to grounding resistance at industrial frequency, dependent on soil re-
sistivity, due to intensive ionization processes in high-soil-resistivity regions [2]. Burgsdorf,
in his research about grounding grid design [3], claims that impulse grounding impedance
may be lower than industrial frequency grounding resistance for small-configuration
grounding electrode systems and significantly higher for large, complex grounding instal-
lations (e.g., in substations). In recent studies it has been proven that using grounding
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resistance rather than grounding impedance for the calculation of atmospheric overvoltages
can result in errors reaching up to +25% and grounding electrodes under dimensioning [4].
Tower back flashovers are typical for overhead distribution and transmission lines where
insulation levels are less or comparable with the atmospheric overvoltage magnitudes. In
such cases, overvoltage magnitudes are highly dependent and decrease significantly with
lower tower grounding impedances [5]. The influence of grounding impedance modeling,
i.e., taking into account grounding electrodes’ inductance, mutual inductance, capacitance
and soil ionization phenomena, is critical for correct software modeling and the calculation
of atmospheric overvoltages in overhead electrical power lines [6,7].

Often, overvoltages are transferred from high-voltage to low-voltage electrical power
distribution systems, causing problems with the electromagnetic compatibility of sensitive
electronic and telecommunication equipment [8].

This paper is intended to clarify the influence of tower and substation grounding
impedances in the calculation of atmospheric overvoltages in overhead 110 kV electrical
power lines in cases of back flashovers by means of ATP software v. 7.6 modeling.

2. Probabilistic Characteristics of Atmospheric Overvoltage Parameters in
110 kV Overhead Electrical Power Lines

During thunderstorms, multiple lightning strikes can occur. The probability that a
single lightning strike will become multiple strikes is 0.55. The typical current waveform
during multiple negative lightning strikes is illustrated in Figure 1. In multiple negative
lightning strikes, the current amplitude of the first strike is higher than that of subsequent
strikes. Subsequent strikes have smaller current amplitudes but steeper current fronts.
Atmospheric overvoltages on 110 kV power lines occur because of a direct lightning strike
on a phase conductor, a lightning strike on the tower or on the lightning protection cables,
followed by a back flashover to the phase conductors. When the influence of grounding
impedance for the calculation of atmospheric overvoltages in a HV(110 kV)/MV substation
is taken into account, only cases of back flashover are taken into consideration.

The probability for exceeding the current amplitude of the first lightning strike is
represented by Erickson–Anderson’s formula [8]:

p(I1M) =
1(

1 +
(

I1M
31

)2.6
) (1)

Figure 1. Form of lightning current in the time domain.
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The average value of the lightning current in (1) has a magnitude of 35.4 kA. The
lightning currents used in the simulation have amplitudes of 70 and 35 kA and have the
shape presented in Figure 1.

The following expression is used to calculate the probability that the next lightning
strike will exceed the lightning current amplitude [8]:

p
(

I f

)
=

1(
1 +

( I f
11.5

)2.6
) (2)

The probability distribution for subsequent lightning strikes is similar to that for the
first strike, but the same probability corresponds to smaller currents. The average lightning
current, according to (2), is 11.47 kA. The probability of exceeding the lightning current’s
steepness A is [9]:

p(A) = 10−
A
36 (3)

The mathematical law that governs the distribution between the amplitude and steep-
ness of the lightning current is then [8]:

p(I1M, A) = p(A) · p(I1M) = 10(0.666 −
√

I1M
25 − A

36 ) (4)

In the case of lightning strikes on the lightning protection cable of a 110 kV power
line, the probability for back flashover increases, because air breakdown voltage between
the tower and the phase conductor is comparable with the impulse insulation level of the
power line (550–650 kV). The lightning current at which back flashover can occur can be
determined using the following expression [9]:

I1M =
1

kSi · zET

[
1.1 · U+

50%
kC

− A1(h + LM + M)

]
, (5)

where the designations have the following meanings:

zET—grounding tower impedance;
kSi—coefficient indicating the part of the lightning current passing through the tower
(kSi = 0.8 for a tower with a lightning protection cable);
kC—coefficient indicating the coupling between the phase conductor and the lightning
protection cable (kC = 0.15 − 0.25);
U+

50%—positive impulse breakdown voltage with 50% probability;
h—average height of the phase conductor;
M—mutual inductance between the conductors and the main lightning channel.

M = 0.2 · hM(6.15 − ln(HM)), (6)

where hM is the height of the conductor at the tower; HM is the height of the tower; and
LM is the self-inductance of the tower.

LM = 0.6 · HG (7)

where HG is the height of suspension of the insulator on the tower.
Equation (5) illustrates the influence of tower grounding impedance on the magnitude

of the lightning current that would cause a back flashover. Expression (5) is also valid for
the end tower adjacent to the substation.
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For a 110 kV overhead power line, direct lightning strikes on the tower and subsequent
back flashovers are of great importance in determining the number of power line trips.
The average annual number of trips (trip rate) due to lightning strikes on towers in the
high-voltage power network is [10,11]:

NAv.TR = NM · η · p(I1M), (8)

where p(I1M) is the probability of exceeding the lightning current at which back flashover
can occur, calculated according to (5); and NM is the number of lightning strikes on the
tower or on the lightning protection cables in proximity to the tower.

NM =
4HM

lP
N =

4HM
lP

· 4 · h · nG · 10−2, (9)

where lP is the lightning range and nG is the number of hours with lightning activity
per year.

3. Modeling of a High-Voltage Substation in ATP Software in the Case of
a Lightning Strike on an AC Line Tower in Proximity to the Substation:
Simulation Results

The number of back flashovers depends significantly on the impulse breakdown
voltage of the insulator; on the lightning current parameters, steepness and amplitude; on
the line parameters; and on the tower grounding impedance.

In order to take into account such a large number of parameters influencing the
probability that back flashover will occur, a HV AC electrical power substation was modeled
in the specialized software product ATP, as presented in Figure 2 [12].

Figure 2. Model of a HV/MV AC substation for studying atmospheric overvoltages when a power
line tower is struck near the substation.

3.1. ATP Model Assumptions, Simplifications and Limitations

Overhead power lines are modeled using their wave impedance, which is calculated
as follows:

zC = 60 ·
[

ln
(√

2
2h
r

)
− 1 +

4
4h

+
( r

4h

)2
]

, (10)

where r is the radius of the tower, and h is the height of the tower.
The software model has the following assumptions, simplifications and limitations:

• The frequency-dependent linear JMarti model was used in ATP to model the 110 kV
power line for the last five inter-spans. The model very accurately reproduces the
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coupling behavior in multitower systems [13]. The JMarti model provides an accurate
numerical basis for calculating line impulses. To transfer the method to a system of
interconnected power lines, the “Modal Component Method” is used. This method
can be solved numerically at only one frequency. To reduce the resulting error, the
linear JMarti model calculates an average frequency at which the transformation is
performed from the key data of the frequency range and a set frequency. For a high-
frequency impulse, typical for lightning surges, the resulting error is very small. In
this high-frequency range, the transformations for different frequencies differ very
little from each other. Each linear distance before the tower being struck by lightning
is modeled by the JMarti model.

• Generally, five transmission lines’ spans are modeled by the JMarti model and the
lightning strike is assumed and modeled to occur at the top of the tower or on the
lightning protection cable, three transmission lines’ span before the substation.

• The beginning of the power line is modeled with two sections connected in series, the
first with a length of 30 km modeled by its length, active resistance and its positive and
zero-sequence wave characteristics, and the second section with a length of 3.2 km,
modeled again with the JMarti frequency-dependent linear model.

• Power line towers are represented with their height, active resistance, surge wave
propagation velocity, and wave impedance.

• Substation bus bars are modeled with their length, active resistance R and their positive
and zero-sequence parameters—wave impedances z1 and z0; and wave propagation
velocities v1 and v0.

• The power transformer is represented with its capacitance.
• Voltage-measuring transformers are represented by their capacitances.
• Surge arresters are modeled with their volt–ampere characteristics.
• The grounded lightning protection cable of the transmission power lines ends at the

substation entrance and is effectively grounded there.
• The grounding of towers is modeled by impedances zET = 10; 15; 30 Ω. If soil resis-

tivity is high (e.g., 3000 Ω ·m and more), then the permissible value of the grounding
impedance is 30 Ω.

• The grounding of the substation is modeled as an equipotential surface with an
impedance zES = 0.5; 2.5; 5 Ω.

With an increase in the frequency spectrum of the lightning current, the grounding
impedance of the towers also increases. In the presence of long grounding electrodes in
the substation, due to the lower propagation speed of electromagnetic disturbances in the
soil, the effective grounding area for steep lightning fronts decreases, which also leads to
an increase in the grounding impedance, compared to its active component [14].

If the overvoltage between the tower and the conductor is greater than the impulse
insulation breakdown voltage with positive polarity (depending on the air distance and the
time for insulation breakdown), then a back flashover occurs through the nearest insulator
related to the tower.

3.2. Simulation Results and Discussion

A couple of simulations were performed with the setup already described. The 110 kV
power line leaving the substation is modeled with its wave impedance and its length. The
voltages in the phase conductors at the lightning impact location in the time domain are
shown in Figure 3.

https://doi.org/10.3390/engproc2026154016

https://doi.org/10.3390/engproc2026154016


Eng. Proc. 2026, 154, 16 6 of 10

Figure 3. Distribution of overvoltages on the phase conductors of the power line during a lightning
strike with a current of 70 kA.

After the surge arresters at the substation have activated, the voltages supplying the
power transformer drop to the permissible values.

When modeling the substation grounding system as lumped impedance with a value
of 5 Ω, the following graphical profile (Figure 4) is obtained for the Ground Potential Rise
(GPR) in the time domain, which is indicative of the distribution of touch and step voltages
in the area of the substation in the event of a lightning strike on the lightning protection
cable near the substation (for three inter-tower spans).

Figure 4. GPR in the substation grounding system if the substation grounding impedance is 5 Ω and
the lightning current amplitude is 70 kA.

GPR in fact is equal to the transient voltage drop over the lumped grounding
impedance of the system.

Figure 5 shows the transient voltage drop over the grounding grid with a lumped
grounding impedance of 2.5 Ω which corresponds to the Ground Potential Rise (GPR) in
the case of a lightning strike on the lightning protection cable or the nearest powerline
tower. Compared to the case from Figure 4, GPR and touch and step voltages will be
significantly lower.
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Figure 5. GPR in the substation grounding system if the substation grounding impedance is 2.5 Ω
and the lightning current amplitude is 70 kA.

When modeling the substation grounding electrode system as lumped impedance with
a value of 0.5 Ω, the distribution of GPR in the time domain is presented in Figure 6 and
has the lowest values. The expected profiles of touch and step voltages will be within the
safety margins. This is a reason why, in most of the international standards, the permissible
grounding resistance limit for the grounding electrode systems of substations and power
plants is 0.5 Ω.

Figure 6. GPR in the substation grounding system if the substation grounding impedance is 0.5 Ω
and the lightning current amplitude is 70 kA.

Table 1 summarizes the results from ATP simulations for the maximum GPR that
is obtained over the grounding electrode system as a function of the lightning current
amplitude of the first strike IM1[kA], the lightning current amplitude of the second strike
IM2[kA], the grounding impedance of the towers zET [Ω] and the grounding impedance of
the substation grounding electrode system zES[Ω].
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Table 1. Maximum GPR over the grounding electrode system depending on lightning current
amplitude, and grounding impedances of the towers and the substation grounding electrode system.

IM1 = 70 kA
IM2 = 22 kA

zET = 10 Ω
zES = 0.5 Ω

IM1 = 35.4 kA;
IM2 = 11.5 kA

zET = 10 Ω
zES = 0.5 Ω

GPR = −241 V GPR = −110.6 V

IM1 = 70 kA
IM2 = 22 kA

zET = 15 Ω
zES = 2.5 Ω

IM1 = 35.4 kA;
IM2 = 11.5 kA

zET = 20 Ω
zES = 2.5 Ω

GPR = −3031 V GPR = −1200 V

IM1 = 70 kA
IM2 = 22 kA

zET = 30 Ω
zES = 5 Ω

IM1 = 35.4 kA;
IM2 = 11.5 kA

zET = 30 Ω
zES = 5 Ω

GPR = −7286 V GPR = −3930 V

From the simulation results in Table 1 it is obvious that tower grounding impedance
zET affects the magnitude of the lightning current at which back flashover occurs. Increases
in tower grounding impedance would no doubt result in an increase in the trip rate in
110 kV power lines as a result of back flashovers.

On the other hand, substations’ grounding grid impedance zES[Ω] affects the mag-
nitudes of GPR distribution in the time domain and therefore the touch and step voltage
profiles in the substation, directly affecting personnel safety and insulation coordination.

For a lightning current amplitude IM1 = 70 kA and substation grounding impedance
zES[Ω] = 5 Ω, GPR is 7286 V, which significantly exceeds the maximum allowable value
of 5000 V.

For lightning current amplitudes IM1 = 70 and 35 kA, and substation grounding
impedance zES[Ω] = 5, 2.5 Ω results in GPR below the threshold of 5000 V, but the obtained
values between 1200 and 3930 V may result in substantial safety risk for personnel in
relation to inadmissible step and touch potentials.

Regardless of the lightning current amplitude, substation grounding impedance below
0.5 Ω is considered safe in regard to step and touch voltage hazards.

Instead of grounding impedance, in many regulatory documents (incl. in Bulgaria)
standards prescribe a maximum allowable substation grounding resistance of 0.5 Ω, which
can result in under-dimensioning of substation grounding installations by up to 2.5 %. This
is especially valid in cases of direct lightning strikes and lightning strikes to towers and
earth protection cables and consequent back flashovers, which also result in increases in
touch and step voltage profiles over the safe limits.

Some 110 kV electrical power substations in the Bulgarian Power System are operated
with an isolated neutral on the HV side (110 kV) of the transformers, which normatively
allows a higher permissible value for the substation grounding resistance, especially in
regions with high values of soil resistivity. The power transformer’s star point in such
cases is protected against overvoltages by surge arrestors, selected properly. The higher
grounding resistance (impedance) in such cases leads to significantly increased step and
touch voltages in the substation, not only in cases of lightning strikes but also in cases of
single-phase short-circuits.

4. Conclusions
Higher values of the grounding impedance, both for power line towers and especially

for substation grounding electrode systems, result in increased and dangerous Ground
Potential Rise in the substation. Since GPR is proportional to step and touch voltage
magnitudes in the substation area, such mitigation in grounding impedance values also
results in increased risk for operational personnel from electrocution in cases of intensive
lightning activity and single-phase short-circuits.
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Higher grounding impedances in line towers near the substation reduce the magnitude
of the lightning current through the earth, at which point back flashovers occur, and
therefore the probability of increasing the trip rate of such power lines increases too. In
cases with multiple lightning strikes, the second and subsequent lightning strikes do not
lead to an additional increase in overvoltages nor the touch and step-voltage magnitudes
in the substation.

In addition, the increased current wave steepness for the second and subsequent
lightning strikes does not lead to higher values for GPR in the substation and is not a cause
for safety hazards in regard to step and touch voltages.

Keeping substation grounding impedance below 0.5 Ω, even in cases with an insulated
neutral in the power transformer, is a prerequisite for safer technical operation, better
electromagnetic compatibility and increased reliability of power equipment—not only in
terms of atmospheric overvoltages but also in terms of high-current insulation faults to
the earth.
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