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Abstract—This is an application paper examining the impact
of incorporating water content, porosity, stratification, and
frequency-dependent soil parameters on lightning-induced
overvoltages in transmission lines (TLs). The authors
implemented the Universal Line Model (ULM) in ATP-EMTP,
following a previously proposed procedure, and developed
MATLAB code using Wise’s formulation for ground-return
parameters. This approach enables more realistic soil modeling
through three models: frequency-dependent parameters
(Alípio-Visacro), wet and porous soils (Archie’s law), and
stratified soil (Xue’s formulation). The study compares results
obtained using ULM in ATP-EMTP with the software’s
built-in model, which relies on Carson’s formulation, a more
conservative method that neglects displacement currents and
assumes constant soil conductivity. Overvoltages were analyzed
in two parallel TLs, 50 meters apart, operating at 230 kV
and 115 kV, with lightning striking the outer phase of the
230 kV line. The findings show significant differences between
modeling approaches, particularly in induced overvoltages on
non-struck phases. The results highlight the importance of using
advanced soil models in transient analysis to enhance accuracy
in estimating lightning overvoltages. Future ATP-EMTP versions
should incorporate these models to improve simulation precision.

Keywords—Frequency dependence, porosity, soil parameters,
soil stratification, transmission lines, water content.

I. INTRODUCTION

An appropriate soil model is essential for accurately
evaluating the power systems performance, as electromagnetic
transients are considerably influenced by the local soil
characteristics. The soil consists of organic matter, moisture,
and minerals, either homogeneous or stratified. In terms of
its electromagnetic properties, the soil is characterized by the
conductivity (σ) or the resistivity (ρ = 1/σ), the permittivity
(ε), and the permeability (µ).

In electromagnetic transient studies and most EMTP
simulation tools (ElectroMagnetic Transient Program), the
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soil has typically been modeled as a medium with
frequency-constant electrical parameters. The conductivity
(σ) is based on low-frequency measurements, the relative
permittivity (ε) is generally chosen within the range of 2 to
40, depending on the soil’s water content, while permeability
(µ) is virtually invariant, typically taken as approximately that
of free space (µ ≈ µ0) [1]. However, scientific literature
indicates that both conductivity (σ) and permittivity (ε) are
significantly affected by environmental factors such as water
content, porosity, and temperature, as well as by the frequency
of the electromagnetic field [2]. Additionally, most soils have
a naturally stratified structure, a characteristic resulting from
their formation process over several years.

This paper investigates overvoltages generated by a direct
lightning strike using two distinct modeling approaches. In
the first approach (referred to as the Classic Approach),
the ULM implemented in the current version of ATP-EMTP
[3] software (ATPDraw 7.5) is used. In this approach,
the ground-return impedance is calculated using Carson’s
formulation, the soil conductivity being assumed as constant,
and the displacement currents being neglected. In the second
approach (referred to as the Implemented Approach), the TL
is represented by the ULM employing the procedure proposed
in [4] using the PCH file in the ATP-EMTP software. The
main contribution of this paper is incorporation of realistic
soil models, the ground-return impedance and admittance
being computed based on Wise’s formulation, considering:
(i) frequency-dependent soil parameters as proposed by
Alípio-Visacro [5], (ii) wet and porous soils based on Archie’s
law [6], and (iii) stratified soil using Xue’s formulation [7]. By
incorporating realistic soil modelling, engineers can achieve
more reliable, safe, and cost-effective power system designs,
improving overall operational efficiency and safety.

The paper is organized as follows: In Section II, the
mathematical modeling of the per-unit-length parameters of
the TL is presented. In Section III, the main models that
calculate frequency-dependent soil parameters, water content,
porosity and stratification are presented. Section IV addresses
the methodology implemented by the authors in ATP-EMTP
for considering more realistic soil modeling in the ULM.
Section V presents a set of case studies under distinct modeling
scenarios. Section VI presents the corresponding numerical
results and discussions. Section VII concludes this article.



II. TRANSMISSION LINE PARAMETERS

In a multiphase system of n phases, the longitudinal
impedance and transversal admittance are expressed in matrix
form Zℓ(ω) and Y t(ω) (n× n), written as

Zℓ(ω) = Z int(ω) +
jωµ0

2π

[
ln

(
Dij’

dij

)
+ S1

]
, (1)

Y t(ω) = jω

{
1

2πε0

[
ln

(
Dij’

dij

)
+ S2

]}−1

, (2)

where ω = 2πf is the angular frequency [rad/s], f is the
frequency [Hz], Z int(ω) is the internal impedance [Ω/m]
resulting from the Skin Effect on overhead conductors and
is calculated using Bessel functions. The µ0 is the vacuum
magnetic permeability (µ0 = 4π × 10−7 [H/m]), Dij’ is the
distance between the conductor i and the image of adjacent
conductor j [m], dij is the distance between conductors
i and j [m] and ε0 is the vacuum permittivity (ε0 =
8.85×10−12 [F/m]). The variables S1 and S2 are matrices
derived from the Wise’s work [8], [9], [10] to calculate the
ground-return impedance and admittance. These are correction
terms associated, respectively, to the magnetic and electric
field in the soil. The matrices S1 and S2 derived from the
Wise formulation can be calculated by the following equations
[8], [9], [10]
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where γ2
g and η2g are given by [11]
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where hi and hj are the heights of the conductors i and j in
relation to the ground level [m], rij is the horizontal distance
between the conductors i and j [m], λ is an integration
variable, σg is the soil conductivity [S/m] and εr is the relative
permittivity. Note that k is a correction factor. If k = 1 in (5),
the equations (3) and (4) are represented by Wise’s formulation
[8], [9], [10]. Otherwise, if k = εr, the equation (3) is reduced
to Carson’s formulation [12].

III. SOIL MODELING

The soil conductivity σg and relative permittivity εr are
frequency-dependent parameters [13]. The physical origin of
this dependence is related to the various polarization processes
which is associated to the losses that manifest in the medium
along frequency [13]. In addition to frequency dependence,
soil parameters are also affected by environmental factors
such as water content, temperature, porosity, and chemical
composition [1], [14]. Porosity is related to the volume
of voids, or air gaps, present in the soil [15]. When the
soil is saturated, these voids are filled with water, making

the soil properties dependent on both porosity and water
content. Additionally, most soils have a stratified structure. The
stratification of the soil is the consequence of the biological,
climatic, and geological processes over time. Horizontally
stratified models are characterized by (N − 1) layers with
finite conductivities and thicknesses, and the N -th layer, whose
depth extends to infinity, representing the behavior of deep soil
layer [16]. One of these techniques found in the literature to
represent stratified soil is to perform an equivalence of the
layers [7], [17], [18].

The adopted models for calculating soil parameters, which
depend on frequency, water content, and porosity, and consider
the soil as stratified, are presented below.

A. Frequency-dependent soil parameters

In 2014, Alípio and Visacro [5] proposed a semi-theoretical
causal model to obtain frequency-dependent σg and εr.
This model was developed based on results from various
measurements, together with electromagnetic principles. The
resulting expressions are given by [5]

σg(f) = σ0 + σ0 × h(σ0)

(
f

1MHz

)ξ

, (7)

εr(f) =
ε′∞
ε0

+
tan(πξ/2)× 10−3

2πε0(1MHz)ξ
σ0 × h(σ0)f

ξ−1, (8)

where, σ0 is the soil conductivity [mS/m] at low frequencies
(measured at 100 Hz), and the variables h(σ0), ξ, and ε′∞/ε0
are given in Fig. 8 in [5].

B. Soil conductivity dependence on water content and
porosity

Fu et al. [6] presented a model for the calculation of
σg as a function of water content W and porosity ϕ. This
model considers soil under dry and saturated conditions and
also includes clay, sand, and silt contents. The proposed
formulation is given by [6]

σg(W,ϕ) = σdry +

(
σsat − σdry

ϕ2
− η

)
W 2 + ηϕW, (9)

η = α
δclay

δsand + δsilt
+ β, (10)

where, σdry and σsat are the soil conductivities in the dry
and saturated states [S/m], respectively. The variable ϕ is the
porosity [%] and W is the water content [%]. The δclay, δsand,
and δsilt characterize the volumetric fractions of clay, sand, and
silt in the soil sample. The α and β are adjusted constants (α
= 0.654 and β = 0.018) as described in [6].

C. Soil parameters considering a stratified soil

Xue et al. [7] presented a propagation constant equivalent
method intended to approximate the parameters resulting from
soil effects (ground-return impedance and admittance) of TLs
located over a multilayered soil. Xue et al. used Wise’s
expressions for the impedance and admittance due to soil
effects on TLs situated over homogeneous soil, along with the
propagation constant equivalent method for stratified soils with



N layers. The equivalent propagation constant γeq obtained
recursively for N -layered soil is given by [7]

γeq = γ1
γ1 + γeq2,3 − (γ1 − γeq2,3)e

−2|d1|γ1

γ1 + γeq2,3 + (γ1 − γeq2,3)e−2|d1|γ1
, (11)
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...
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In (11)-(14), d1, d2 . . . dN-1 are the depths of each layer,
and γ1, γ2 . . . γN are obtained as [7]
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(15)
where the propagation constants of each layer are

γ2
ek = jωµk(jωεk + σk), (1 ≤ k ≤ N). (16)

To incorporate γeq into Wise’s formulations, first, γg is
replaced by γeq in (3) and (4). Then, γm is replaced by γeq in
(6).

IV. METHODOLOGY

The most recent version of the ATP-EMTP software
(ATPDraw 7.5) includes the implementation of the ULM
model [3]. However, this implementation has some limitations,
such as the ground-return impedance being calculated
using Carson’s formulation, the ground-return admittance
and displacement currents being disregarded, and the soil
conductivity being considered a constant parameter. Users
cannot modify these characteristics in ATP-EMTP. To
overcome these limitations, a procedure was proposed in [4]
and updated in [19], in which the Universal Line Model
(ULM) is implemented, combining the use of MATLAB
software with the ATP-EMTP. In MATLAB, the user inserts
the TL data using a graphical interface developed in the
GUIDE environment. The associated code is responsible for
calculating the line parameters, time delays, and rational
approximation with Vector Fitting on the characteristic
admittance and propagation function, resulting into a text file.
In ATP-EMTP software, a foreign model reads the text file,
a circuit is assembled using the type-94 component. This
procedure allows the displacement currents, ground-return
admittance, and frequency dependence of soil parameters can
be considered.

In this work, the procedure described in [19] was
followed by the authors, however, some modifications were
implemented. Firstly, the GUIDE environment in MATLAB
was not used; instead, the TL parameters, time delays, and
Vector Fitting of the characteristic admittance and propagation
function were written as a programming code in MATLAB.
This procedure allows different soil models to calculate
the ground-return parameters and, additionally and more

importantly, to account for a more realistic soil, where not
only the frequency dependence of the soil parameters but also
water content, porosity, and stratification can be incorporated.
Then, a data file is generated which is fully compatible with
current version of ATP-EMTP (version ATPDraw 7.5). The
PCH component is used to assemble an equivalent circuit,
and thus, the transient responses are obtained directly in time
domain.

Therefore, to calculate the transient lightning voltages, two
approaches are employed:

• Classic Approach: For the line model, the ULM is
used, which is available in the latest version of the
ATP-EMTP software (version ATPDraw 7.5). In this
approach, the soil impedance is calculated using Carson’s
formulation, and the soil admittance is neglected.
Regarding the soil parameters, the relative permittivity
is not explicitly considered in Carson’s equation. By
ignoring displacement currents, the model simplifies the
soil as a purely conductive medium. Additionally, the soil
conductivity is considered constant.

• Implemented Approach: For the line model, the ULM
was implemented by the authors using MATLAB and
ATP-EMTP software, following the procedure described
in [4]. Since Carson’s formulation does not allow
for frequency-dependent soil parameters or provide a
formulation for calculating ground-return admittance, the
Wise formulation was used. In this approach, the soil
parameters are dependent on frequency, water content,
porosity, and soil stratification. To adjust the characteristic
admittance and propagation function, 20 poles were used.

V. CASE STUDY

To investigate the influence of considering the soil with
more realistic characteristics, in computing direct lightning
overvoltages, the system depicted in Fig. 1 is considered.

Soil
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15
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1 2 3

4 5 6

Fig. 1. Case study: 230 kV and 115 kV overhead TLs running in parallel.

In this configuration, two 10 km-length three-phase lines
are running in parallel: A 230-kV three-phase TL with two
ground wires, and a 115-kV three-phase line with no ground
wires. In this previously used configuration [20], [4]. Phase 1
of the sending terminal (S) of the 230-kV three-phase TL
is struck by a lightning, and the resulting overvoltages at



the receiving ends of both TLs are analyzed. The sending
terminals (S) 2 and 3 are short-circuited. The receiving
terminals (R) are open-circuited. The 115-kV three-phase TL
has its three sending terminals (S) short-circuited and all
receiving terminals (R) left open, as shown in Fig. 2.

1

2

3

1

2

3

4

5

6S R

S R

Soil

Fig. 2. Lightning striking phase 1 of the 230-kV TL.

Lightning is modeled as a currente source representative of
the first stroke, mathematically given by a sum of the Heidler’s
functions given by [21]
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where, I0k is the peak value of the current [A], τ1k is the
front time constant [s], τ2k is the decay time constant [s], nk
is a coefficient related to the waveform slope, ηk is a peak
correction factor, and p is the number of terms. The lightning
current source is composed of a sum of 7 Heidler’s functions
(p = 7), with the parameters used for the simulations provided
in Table 1 in [21]. The waveform of the lightning current
representative of the first return stroke in the time domain is
shown in Fig. 3. The frequency range from 10−1 Hz to 107

Hz is used. The soil permeability is considered equal to that
of vacuum.

Fig. 3. Lightning current representative of the first return stroke.

Three cases were considered, comparing the Classic
Approach with the Implemented Approach in all cases:

• Case 1 - Influence of frequency-dependent soil
parameters: This case analyzes the transient voltages by
comparing the Classic Approach with constant σg and

the Implemented Approach with frequency-dependent
soil parameters (σg(f), εr(f)), calculated using equations
(7) and (8). The value of 0.0004 S/m was used for σg
in the Classic Approach and for σ0 in the Implemented
Approach, as recommended in [1], where it is considered
mandatory for soil parameters to be frequency-dependent
for soils with conductivity less than 0.00142 S/m (700
Ω.m). Additionally, the literature indicates that more
pronounced differences are observed in less conductive
soils [4], [1]. It is worth noting that considering
frequency-dependent soil parameters using the ULM
model has already been addressed in [4]. However,
since this work aims to demonstrate the influence of
soil with more realistic characteristics using the ULM
implementation, frequency dependence could not be
excluded due to its importance.

• Case 2 - Influence of water content and porosity:
This case analyzes the transient voltages by comparing
the Classic Approach with constant σg and the
Implemented Approach with soil conductivity dependent
on water content and porosity (σg(W,ϕ)), calculated
using equation (9). The value of 0.0004 S/m was used
for σg in the Classic Approach. For the Implemented
Approach, a sand soil was considered, with parameters
δclay = 5, δsand = 90, δsilt = 5, σdry = 0.0004 S/m,
and σsat = 0.04 S/m [22], with 15% water content and
30% porosity. Using the (9), the calculated σg is equal to
0.011479 S/m. Additionally, a typical value of εr = 10
was assigned, representative of saturated sand soils [23].
The value of 0.0004 S/m for σg corresponds to a dry soil
with no water content or porosity [22].

• Case 3 - Influence of soil stratification: This case
analyzes the transient voltages by comparing the Classic
Approach with constant σg equal to 0.0004 S/m and the
Implemented Approach considering a stratified soil with
4 layers, where the equivalent propagation constant is
obtained from equations (11)-(14). The values of σg, εr,
and layer depths are based on the studies [17], [24], [25].
In this paper, the soil conductivities of the first, second,
and third layers, as well as the thickness of all layers,
were maintained as in these studies. However, only the
last layer was assigned a soil conductivity of 0.0004 S/m,
as shown in Table I. The value of 0.0004 S/m for σg in the
Classic Approach is equal to the last layer conductivity.
As stated in the literature, the contribution of each layer
is approximately proportional to its thickness [26], which
suggests that the final layer, with infinite thickness, exerts
the greatest influence on the transient responses.

TABLE I
SOIL CONDUCTIVITIES, RESISTIVITIES, AND DEPTH OF EACH LAYER.

Layer 1 Layer 2 Layer 3 Layer 4
σg [S/m] 0.004255 0.00028 0.004878 0.0004
ρg [Ω.m] 235.0 3571.43 205.0 2500.0
d [m] 1.2 5.33 21.06 ∞



VI. RESULTS AND DISCUSSIONS

The overvoltages were obtained at the receiving terminals
(R) of the 6 phases, considering the Classic Approach and the
Implemented Approach. Results are depicted in Figs. 4 to 6,
for the different cases. To highlight the influence of including
more realistic soil models, the percentage differences of the
peak voltage were computed.

Case 1: Influence of frequency-dependent soil
parameters

Fig. 4 depicts the transient voltages obtained for Case 1.
Results shown that the transient voltages for phase 1 (Fig.
4-(a)) obtained from both approaches are in good agreement
during the initial time instants. However, for phases 2 and
3 (Figs. 4-(b), (c)), a pronounced difference between the
two approaches can be observed, mainly at the peaks of the
waveforms, as time progresses. The induced transient voltages
(Figs. 4-(d), (e), (f)) exhibited even greater differences between
the two approaches. The Implemented Approach produced
transient voltages with attenuated peak values due to increased
soil conductivity as frequency rises, and the higher attenuation
constant in the propagation function when the frequency
dependence of the soil is considered [11].

Case 2: Influence of water content and porosity

The transient voltages obtained for Case 2 are shown
in Fig. 5. Results show that the differences between the
two approaches are highly pronounced for all phases. In
general, the transient voltages obtained using the Implemented
Approach exhibited stronger attenuation and distortion
compared to those assessed with the Classic Approach, as both
the soil conductivity and the relative permittivity increase with
the higher water content in the soil [14]. In this scenario, the
soil conductivity is significantly higher (0.011479 S/m) when
the water content and porosity are considered, compared to
the conductivity of dry soil, which is assumed to be constant
(0.0004 S/m) in the Classic Approach, resulting in a 28.69
times increase. This increase is due to the presence and
movement of dissolved ions in the water, as in wet and porous
soils, water fills the void spaces, forming an interconnected
network that facilitates the movement of dissolved ions [15].
Results also show that the voltages induced on the 115-kV
TL (Figs. 5-(d), (e), (f)) exhibit higher attenuation compared to
those on the 230-kV TL. These results highlight the significant
impact of accurate soil modeling on transient responses.

Case 3: Influence of soil stratification

The transient voltages for Case 3 are illustrated in Fig.
6. Results in Fig. 6-(a) show that the voltages generated on
the 230-kV TL exhibit similar behavior for both approaches
during the initial moments. However, as time progresses,
the differences become more pronounced. For the voltages
shown in Figs. 6-(b) to 6-(f), the transient waveforms
display significant distortion and attenuation, especially at the
peaks. High-conductivity layers allow electromagnetic waves
to pass through more easily but also absorb and dissipate
more energy, resulting in increased attenuation. Conversely,
low-conductivity layers offer greater resistance to current flow

and cause more significant voltage drops and reflections at
the boundaries. Additionally, the contribution of each layer
to the overall attenuation is approximately proportional to its
thickness [26]. In this scenario, the third layer, with a depth of
21.06 m, and the fourth layer, with infinite thickness, have the
most significant impact on the transient responses, particularly
affecting the induced voltages on the 115-kV TL.

Computation of the percentage differences

To quantify the influence of incorporating more realistic soil
models, the peak percentage difference δP is calculated by

δP =
V Classic

P − V Implemented
P

V Classic
P

× 100%, (19)

where V Classic
P and V Implemented

P are the voltages at the first
peak (black ellipse in the figures) calculated by the Classic
and the Implemented approaches, respectively. The first peak
was considered, as it olds the greatest relevance in transient
analyses. The computed differences δP are shown in Table II.
Results show significant differences for the induced voltages.
The case with the most pronounced peak difference was Case
2, where the soil’s porosity and water content were considered,
resulting in a difference of up to 78%, while, in Cases 1 and
3, where frequency dependence and soil stratification were
considered, the difference was 20% and 51%, respectively.
This demonstrates how the Classic Approach is a more
conservative method that overestimates voltage peaks.

TABLE II
PEAK VOLTAGE DIFFERENCES (%).

230 kV 115 kV

Cases
Phases 1 2 3 4 5 6

1 0.095 6.182 7.906 19.475 19.887 20.139
2 1.097 33.977 40.930 74.370 76.539 78.380
3 0.161 16.409 18.558 48.624 50.103 51.391

Additional cases considering different conductivities were
performed so that conclusions could be written.

VII. CONCLUSION

This paper presented the implementation of the ULM using
more realistic soil models, including frequency-dependent and
environmental factors such as porosity, water content, and
stratification (denoted as Implemented Approach). Results
were compared with those generated with the newly
implemented ULM in the software ATP-EMTP (denoted as
Classic Approach) where soil with constant conductivity is
considered. Overall, results obtained by the two approaches
for the investigated lightning overvoltages showed significant
differences, demonstrating the importance of including more
realistic soil models.

When the frequency dependence of soil parameters was
considered, difference arises because the frequency-dependent
soil conductivity increases with the increasing frequency and
which does not occur when a constant soil is considered.
Regarding the porosity and water content factors in the
soil, the difference occurs due to the fact that a soil
considered dry is less conductive, and when porosity and
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Fig. 4. Case 1: Transient voltages at the receiving ends obtained for the phases: (a) 1; (b) 2; (c) 3; (d) 4; (e) 5 and (f) 6.

water content are added, this conductivity tends to increase
significantly. Concerning stratification, this occurs because
the ULM Implemented Approach uses Xue’s formula to
represent a 4-layer soil in terms of a frequency-dependent
equivalent propagation constant combined with Wise’s formula
to compute the ground-return parameters.

This article demonstrated that the realistic soil models
notably impact the transient responses of a TL subjected to
lightning strikes. Thus, accurate modeling of the ground is
essential in transient analysis to ensure that all aspects of
the power system’s response during the transient events are
correctly calculated.
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