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Abstract—Accurate modeling of earth conduction effects on
line parameters is important for electromagnetic transient (EMT)
studies and surge analysis of overhead lines (OHLs). Several
earth formulations have been proposed, with their majority
presuming earth homogeneous. Rigorous formulations for the
earth impedance and admittance terms of two-layered earth
structures involve complex integrals which may cause a series
of numerical issues. Therefore, equivalent homogeneous earth
models (EHEMs) can be considered as satisfactory substitutes.
In this article, the impact of different earth modelling approaches
is investigated on the EMT modelling of a double-circuit
OHL. These include a rigorous two-layered earth formulation,
different EHEMs and simplified homogeneous representations.
The analysis is performed using the LineCableLab toolbox
applying different soil cases and simulation models.

Keywords—Electromagnetic transients, equivalent
homogeneous earth, LineCableLab, overhead lines, propagation
characteristics, two-layered earth.

I. INTRODUCTION

CCURATE modeling of transmission line parameters
remains fundamental for a variety of electromagnetic
transient (EMT) studies and surge analysis, especially in
systems involving overhead lines (OHLs) with ground-return
paths. The earth parameters (impedance and admittance)
directly affect the self- and mutual- components, which in
turn influence wave propagation characteristics and power
system transient behaviors. Classical approaches, derived from
the original Carson’s formulation and subsequently enhanced
by Wise and others, assume the earth to be homogeneous
and semi-infinite [1]-[4]. However, this assumption fails to
account for the complexities of real soils, which are highly
heterogeneous, often represented by horizontally-stratified
layers with distinct electrical properties [5]-[7]. These
variations are reported to significantly impact electromagnetic
(EM) propagation and transient responses [8]-[11].
In transmission line design engineering, it is well established
that soil resistivity measurement campaigns must be conducted

Amauri G. Martins-Britto is with KU Leuven, division Electa &
the Etch Competence Hub of EnergyVille, Genk, Belgium. (e-mail:
amauri.martinsbritto @kuleuven.be).

T. A. Papadopoulos is with the School of Electrical & Computer
Engineering, Aristotle University of Thessaloniki, 54124, Thessaloniki
Greece, (e-mail: thpapad @ece.auth.gr).

Andreas 1. Chrysochos is with the R&D Department, Hellenic Cables,
Maroussi, 15125 Athens, Greece (e-mail: achrysochos @hellenic-cables.com).

Paper submitted to the International Conference on Power Systems
Transients (IPST2025) in Guadalajara, Mexico, June 8-12, 2025. This work
is supported by the Etch Competence Hub of EnergyVille, financed by the
Flemish Government.

to evaluate the safety levels of grounding systems, including
conductors used in tower footings [5], [12]. The necessity
and practical procedures to perform such measurements are
widely recognized across engineering standards and technical
literature, ensuring that system designs adhere to best practices
for safety and operational reliability.

Furthermore, the impact of multilayered soil characteristics
on grounding effectiveness, including the influence of surface
and deep layers, is a well-documented aspect of power
grounding and low-frequency electromagnetic interference
(EMI) studies. The relevance of horizontally stratified soil
modeling has been extensively addressed in the literature,
particularly in the seminal works of Dawalibi et al [11],
[13]-[16]. These studies have demonstrated the necessity
of accurate soil characterization and numerical modeling
techniques for reliable grounding system performance,
EMI-related hazard assessments, and precise estimation of line
parameters.

Rigorous formulations for earth impedance and/or
admittance in multilayered earth models, such as those
developed in [9], [10], [17], [18], offer numerical accuracy
but may be impractical from the power engineering
perspective and prone to numerical instabilities due to the
complexity of the integral solutions involved. To overcome
these issues, researchers have been dedicating considerable
efforts to approximate multilayered soil structures with
equivalent homogeneous earth model (EHEM) representations.
Tsiamitros introduced the concept by proposing an equivalent
resistivity approach for two-layer soils [19], which was
later generalized by Martins-Britto for N-layer structures
[20]. Subsequently, Xue refined these models further by
incorporating displacement current effects, improving their
accuracy across a wider frequency range and extending
computations to line admittances [21].

Despite these advancements and the advantages of the
EHEM approach, the practical implications of soil modeling
for EMT analysis remain insufficiently explored. In particular,

there is a need to evaluate how different formulations
— rigorous analytical methods, EHEMs, and simplified
homogeneous representations — affect the propagation

characteristics and transient behavior of OHLs.

To address this gap, this paper investigates soil modeling
approaches for EMT analysis, comparing the rigorous
analytical solution for two-layer earth [17], [18], the equivalent
resistivity approximation of [10], [20], the equivalent
propagation constant [21], and simplified homogeneous



representations using upper and lower layer resistivities. These
methods are applied to a double-circuit OHL across different
two-layer soil cases, analyzing propagation characteristics and
surge responses via numerical frequency-domain (FD) [22]
and phase-based time-domain (TD) methods [23].

To support these evaluations, a complete MATLAB
open-source toolbox is introduced — LineCableLab [24], for
calculating line parameters, modal propagation characteristics,
FD and TD simulations, while also being compatible with the
ATPDraw, i.e., the graphical preprocessor of the Alternative
Transients Program (ATP) [25], and the Electromagnetic
Transients Program (EMTP) [26]. This work combines
theoretical evaluations with real-world case studies and
practical software, offering methodological insights and tools
for advancing EMT analysis of OHLs over layered soils.

II. EARTH IMPEDANCE AND ADMITTANCE PARAMETERS
A. Two-layer and homogeneous earth formulations

Considering two conductors located at heights h; and
hj, respectively, as shown in Fig. 1, the influence of the
two-layer stratified earth on their per-unit-length parameters
is represented by means of the self- and mutual impedance
and admittance terms of the earth. These can be assembled
in matrices Zg and Yy = jwPg ', where Py is the
potential coefficient matrix. The off-diagonal terms of Zg, i.e.,
the mutual earth impedance (Zg%j), and of Pg, i.e., mutual
potential coefficient (F,;), are given in the general form of

(1) - @) [17], [18]:
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Functions F'(\) and G(\) are defined as:
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Terms A; — Ag are given in detail in the Appendix with:
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where indices m, n take values of 0, 1, 2 related to air, the
upper and the bottom earth layer, respectively, and w = 27 f.
The EM properties €y, (9, 0 are the permittivity, permeability

and conductivity of air, respectively. The upper layer of
finite-thickness, d, is described by €1 = €160, 1 = tr1ft0,
o1 = 1/pi, and the bottom semi-infinite earth layer by the
corresponding EM properties, €2 = €,2€0, fl2 = [r2fto and
09 = 1/pa. The self-parameters of conductor 7 are derived by
replacing h; with h; and y;; with the conductor outer radius.

Assuming that the two earth layers have identical EM
properties, i.e., £,1 = €12, fr1 = [hr2, P1 = P2, EXpressions
(2) and (4) reduce to Wise’s formulas [3], [4], respectively,
for the homogeneous earth case described by:
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Fig. 1. Overhead conductors above a two-layer earth.

B. Equivalent homogeneous earth approximation

Evidently, the calculation of the semi-infinite integrals
in (1) - (4) involves rather complex terms. An alternative
approach to account for the influence of the two-layer earth
on OHLs is by means of the EHEM approach. In this context,
the calculation of the two-layer earth impedance and potential
coefficient of (1) and (3) reduces to that of (9) and (10),
respectively, assuming that ;3 = po and replacing v, with
the equivalent propagation constant, 7.4, defined as [21]:
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Furthermore, if the influence of earth permittivity is
disregarded, the equivalent earth resistivity, o.,, is derived
[19], [20]:



o, VOLT VT2 = (T = o)V T
TVE Vs (Y e T
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may be also extracted directly from (11), along with the
equivalent permittivity:
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where & and 3 denote the imaginary and real part operators,
respectively. The practical relevance of decomposing (11) into
(15) and (16) lies in the possibility to further extend the
applicability of EHEM, enabling its integration into virtually
any formulation or software applicable to overhead conductors
and not only Wise’s equations. Note that hereinafter, the
EHEM of (11) is notated as "EHEM (7.,)", and the EHEM
of (14) as "EHEM (o.q)".

ITIT. LINECABLELAB TOOLBOX

The impact of the two-layer earth on EMT is investigated
by using different earth formulations and EHEMs as
well as state-of-the-art EMT simulations models, using the
LineCableLab toolbox [24]. The toolbox is developed in
the MATLAB programming language and is supported by a
complete graphical user interface (GUI).

The user enters the transmission line data in the "Case
data" tab as depicted in Fig. 2. In the second step, the earth
impedance and admittance formulation is selected considering
proper soil models, i.e., homogeneous and multi-layer (see
Fig. 3). The LineCableLab toolbox readily supports several
earth formulations for OHL, underground cable systems
and OHL/underground configurations. The associated code is
responsible for calculating the per-unit-length line parameters
and the modal propagation characteristics from a selection of
different methods.
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Fig. 2. Case data tab.
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Fig. 3. Line computations tab.

The calculated transmission line parameters and propagation
characteristics can be used for the simulation of EMT. Two
options are available in the LineCableLab toolbox: (i) FD and
(i) TD modeling as illustrated in the "Line computations" tab
of the toolbox in Fig. 4.

A. Frequency-domain modeling

The FD approach is considered as reference for evaluation
and testing of transmission line simulation models. In fact,
FD models simulate the transmission line by calculating the
line characteristics over a frequency range, and transform the
frequency spectrum into a time response using time-frequency
transformations.

Currently, the Laplace transform-based model of [22] is
directly implemented in the LineCableLab toolbox and can be
parameterized via the "SimTool" tab (see Fig. 4). In this model,
a high precision interpolation routine for the formulation of
the nodal admittance matrix is combined with the utilization
of a flexible sampling scheme. These features provide high
accuracy and great computational efficiency in any type of
EMT simulation [27].

B. Wideband/Universal line modeling

The wideband (WB) or universal line model (ULM) is
a TD model that accounts for full frequency dependency
of OHL and cable system phase-based parameters [23]. In
terms of the WB/ULM modeling approach, the propagation
and characteristic admittance functions are initially sampled
for a frequency range. In the next step the phase quantities
are fitted directly using complex poles and zeros in their
rational-function approximation form by means of the vector
fitting algorithm [28].

The WB/ULM has been continuously improving since its
original development in 1999. Recent advancements suggest
that the time delays of the propagation function must be
concurrently computed along with an optimization algorithm
to minimize the fitting error [29]. Additionally, for cases with
passivity violations, a grouping criterion can be introduced
aiming to reduce the pole/residue ratio of the model. The above
techniques are included in the “advanced fitter” feature of the
EMTP software [26].



Despite that currently WB/ULM accounts for more than two
decades of development, only very recently an implementation
of it in ATP [25] was available as a foreign model by using
the Type-94 component [30]. Eventually, the WB/ULM has
been fully supported in version 7.5 of ATPDraw [31].

In the LineCableLab toolbox an interface with EMT
simulation platforms is provided. The user can select to export
the computed data as: (i) XML file compatible with ATPDraw
7.5 (per-unit-length impedance and admittance matrices), (ii)
fitULM.dat file ATP-ULM 3.2 [30], available in ATPDraw
7.5 or later, or (iii) EMTP-compliant MAT-file that can be
imported in the Line/Cable Data routine of EMTP [26].
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Fig. 4. SimTool tab.

IV. CASE STUDY

To evaluate the influence of earth stratification in terms of
propagation characteristics and transient voltages, the 110 kV
double-circuit power line of Fig. 5 is examined. The resistivity
of the phase conductors is 2.7397 x 1078 Q.m and their
diameter is 21.8 mm. Accordingly, the shield wire resistivity
is 2.8409 x 10~8 Q.m with diameter 8 mm [32].
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Fig. 5. Cross-section of the 110 kV OHL.

Table I shows the resistivity and upper earth layer depth of
the investigated two-layer soil cases reported in the literature
[11]. Tt should be indicated that in all cases p,1 = pro = 1,
as most soil types are nonmagnetic [11]. Regarding €,; and
€r2, a value equal to 10 is considered [18].

TABLE 1
TWO-LAYER SOIL CASES
Case 1 1I 111 v
p1 (2.m) | 372729 | 246.841 | 494.883 | 125.526
p2 (2.m) | 145259 | 1058.79 93.663 1093.08
dy (m) 2.69 2.139 4.37 2.713

V. PROPAGATION CHARACTERISTICS

Computations of the modal propagation characteristics of
the OHL of Fig. 5 are carried out over frequencies ranging
from 1 kHz to 1 MHz [33] for the two-layer soil cases
of Table I. The ground mode attenuation constant and
velocity using the two-layer earth formulation of (1) - (4) are
compared with those obtained by EHEM (v.,), and EHEM
(0eq), in Figs. 6 and 7, respectively. To further evaluate the
effect of earth stratification, the ground mode propagation
characteristics for homogeneous earth cases are juxtaposed
in the corresponding plots. Specifically, the homogeneous
earth resistivity is assumed equal to that of the upper and
the bottom earth layer, herein, "homogeneous (p1)" and
"homogeneous (ps2)", respectively. In addition, to establish a
better understanding of the results, the attenuation constant
and phase velocity of 7., along with the upper and bottom
earth layer parameters are plotted for the examined frequency
range in Fig. 8 and Fig. 9, respectively.

Generally, results in Figs. 6 and 7 show that the propagation
characteristics of the two-layer earth model and the two EHEM
are between the "homogeneous (p1)" and "homogeneous (p2)"
calculations. This is also justified by the analysis of the
attenuation constant and phase velocity of the propagation
constants in Figs. 8 and 9. In more specific, for frequencies up
to some hundreds of kHz, the propagation characteristics of
the two-layer earth are essentially the same to "homogeneous
(p2)". At lower frequencies the skin depth extends in both
earth layers and may reach depths hundreds of times higher
than the depth of the upper earth layer, depending on the
soil EM properties. This implies that the semi-infinite bottom
layer has a predominant influence on the OHL propagation
characteristics in this frequency spectrum [20]. Conversely,
at higher frequencies, the skin depth reduces and approaches
the depth of the upper earth layer [11]; thus the flow of
return currents is gradually limited to the upper earth layer
[34]. Evidently, at the high frequency region, i.e., above 500
kHz, despite that the deeper soil layer is still important,
the influence of the upper earth layer EM properties on the
propagation characteristics becomes more marked, especially
for the ground mode velocity. The results also indicate that the
predictions of the EHEM (,,) and the EHEM (o.,) generally
agree with the two-layer earth calculations. This is especially
true for the EHEM (v,,) as small differences are obtained for
all examined cases.
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VI. TRANSIENT RESPONSES

The OHL system in Fig. 5 is energized with a 1.2/50 us
double exponential voltage source of 1 pu amplitude, to
simulate lightning surges. As shown in Fig. 10, the source
is applied to the sending end of the OHL phase a conductor
at + = 0 s. All conductors are nearly matched with their
characteristic impedance, i.e., 600 € for the phase conductors
and 660 € for the shield wire. The examined line section has
a length of 1000 m. The transient responses are computed
using the FD model of [22] as well as the WB/ULM model
in ATP and EMTP using the corresponding features of the
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LineCableLab toolbox. In all examined cases, the propagation
characteristics are calculated for the frequency range from 0.1
Hz up to 1 MHz with a sampling rate of 20 points/decade.

A. Assessment of simulation models

The three simulation models are compared directly in
Fig. 11 where the voltage is calculated at the sending and
receiving end of various phases at both OHL circuits assuming
soil Case I. The transient responses are simulated following
the two-layer earth approach of (1)-(4).

More specifically, the results of Fig. 11a present the voltage
at the receiving end of phase a of circuit L1, where the
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lightning impulse occurs. The overvoltage at this end, which is
greater than 1 p.u., is mainly determined by the aerial modes
and the wave propagation along the transmission line. It is
evident that all simulation models are in very good agreement,
validating their accuracy. The remaining subplots present the
voltage in the other phases, which are of much lower amplitude
since they are primarily determined by the induction effect
and all propagation modes. Again, the three models are in
good agreement, with the exception of a different voltage spike
using the ATP model.

Fig. 12 presents the induced voltage at the receiving end
of phase b of circuit L1 for all soil cases of Table I using
the three simulation models. The level of the voltage is again
much lower than 1 p.u. in all cases, while the amplitude is
related to the depth of the first layer and the soil resistivity
values of both layers. The three models yield again the same
results except for the voltage spike by the ATP model.

Marginal amplitude differences are observed between the
Laplace and the WB/ULM responses in Figs. 11a and 1lc,
as well as in the dominant peaks when comparing the ATP
and EMTP responses in Fig. 12. The Laplace transform-based
approach derives the time-domain solution directly from the
primitive frequency-dependent line quantities (i.e., impedance
and admittance), making it arguably the most accurate
response, provided appropriate sampling is performed. In
contrast, EMT-type solutions rely on the rational fitting of the
auxiliary quantities used by the WB/ULM, i.e., phase-based
propagation functions and characteristic admittances. The
numerical fitting procedure, which minimizes the RMS
error between estimated and theoretical quantities, inherently
introduces deviations from the Laplace transform response.
Additionally, variations in vector-fitting implementations,
optimal delay extraction strategies, and choices of pole/residue
thresholds contribute to the discrepancies between the
ATP curve (open-source vector-fitting routine in [24]) and
EMTP (proprietary software). These inherent numerical
characteristics are recurring in WB/ULM modeling and have
been systematically investigated in [35].

B. Effect of earth stratification on transient responses

Focusing on the Laplace transform-based model of [22],
Figs. 13 and 14 present the calculated voltage at the receiving
end of phase a of circuits L1 and L2, respectively, assuming
all soil cases and earth approaches. Since the overvoltage at
L1 is mainly determined by the aerial modes, earth conduction
effects are minimal, thus the results obtained with the different
earth approximations seem to virtually agree. However, this is
not the case for the induced voltage at L2, which is greatly
influenced by the ground mode. In this case, differences
are observed between the earth approximations, and most
importantly with the homogeneous soil representation set
equal to p;. The transients using EHEM (7.,) and EHEM
(0¢q) formulations generally match with the ones of the
two-layer earth calculation, validating their applicability for
the simplification of the stratified earth.
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VII. CONCLUSIONS

The effect of earth stratification on the propagation
characteristics and surge responses of a double-circuit OHL
has been investigated. A rigorous two-layer earth formulation
for the calculation of the earth impedance and admittance
as well as different EHEMs and simplified homogeneous
representations have been applied. Evaluations were carried
out using the LineCableLab toolbox and the ATP and EMTP
software.

From the comparative analysis it is shown that for
a two-layer, differences in the ground mode propagation
characteristics from the homogeneous earth cases are
considerable in the frequency range of 10 kHz - 1 MHz,
as a result of the EM skin depth variation with frequency.
Eventually, significant differences in the transient responses,
and most importantly in induced voltage computations
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Fig. 12. Transient induced voltage at the receiving end of phase b of circuit
L1 for soil (a) Case I, (b) Case II, (c) Case III, (d) Case IV.
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Fig. 13. Comparison of transient induced voltage at the receiving end of
phase a of circuit L1 for different earth approaches: (a) Case I, (b) Case II,
(c) Case III, (d) Case IV.

also occur. Moreover, the OHL ground mode propagation
characteristics and transient responses, calculated using the
two-layer earth model and the two EHEMs are generally in
agreement, verifying their use in surge analysis of OHLs.

Regarding the FD simulation model and the WB/ULM
implementations in ATP and EMTP, it can be deduced that
the three models generally yield same results, indicating
their validity for advanced EMT analysis of OHLs involving
two-layer earth structures.

Further analysis can investigate the effect of line length, soil
frequency-dependency in two-layer earth structures as well as
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Fig. 14. Comparison of transient voltage at the receiving end of phase a of
circuit L2 for different earth approaches: (a) Case I, (b) Case II, (c) Case III,
(d) Case IV.

the extension of the EHEM to underground and submarine
cable systems.

VIII. APPENDIX
The terms of (5)-(6) are defined as:

Ar = pu1(s12 + dige 219, (17a)
Ay = sp1512 + dordyge 2%, (17b)
Az = pom (g —7), (170
Ay =519+ dige >4 (17d)
As = Siz + Dyge 2414 (17¢)
A = —dpopi paaing (5 — 47)e 21, (176)
A7 = 501812 + dordiae 24, (17g)
Ag = Sp1S12 + Doy Dyge 2414, (17h)
with:
Smn = Qmfbn + Qpfhm, (18a)
Aimn = Gty — Qpfbm, (18b)
Smn = Mm'%zzam + Mn'yzzam (18c)
Dpn = Mm%gzam - Mn%gnan' (18d)
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