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Abstract—The Earth Continuity Conductor (ECC) is required
in underground transmission systems that utilize single-point
bonding or cross-bonding. Proper electrical design of these
systems requires thoroughly analyzing the ECC’s steady-state
and transient behavior. This paper focuses on the influence
of earth-return admittance, earth displacement current, and
frequency-dependent soil parameters on the transient behavior
and lightning response of the ECC. The results highlight
significant differences in the ECC’s performance when these
factors are considered, particularly regarding overvoltages in
the conductor and the energy capacity of the sheath voltage
limiter (SVL), a device commonly used in single-point bonding
configurations.
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I. INTRODUCTION

THE rapid growth of urban areas in recent decades has
rendered the exclusive use of overhead transmission lines

(OHTLs) for interconnecting power substations increasingly
unfeasible, primarily due to space constraints that limit
the installation of transmission towers. In this context,
underground transmission lines (UGTL) are necessary,
especially for sections entering urban areas. In some cases,
these sections are relatively short, making the cross-bonding
(CB) method economically impractical. Consequently,
single-point bonding (SPB) is adopted, requiring an earth
continuity conductor (ECC) to handle ground fault currents
and the associated rise in ground potential [1], [2]. In the
literature, the design of the ECC under steady-state conditions
and its associated issues are well-discussed [3]–[5]. However,
few studies focused on the transient behavior of UGTL with
ECC in SPB configurations [6]. Most studies concentrate
on UGTL systems with CB configurations. Transient
analysis of these systems requires accurate UGTL modeling,
including calculating series impedance and shunt admittance.
Traditionally, the Pollaczek formulation [7] is employed
to estimate the earth-return impedance, with the infinite
complex integrals resolved through various mathematical
methods [8], [9]. However, this formulation neglects the
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earth-return admittance and the soil permittivity, which
significantly impact the frequency range of tens of kHz [10].
Thus, Papadopoulos [10] and Xue [11] proposed a extended
transmission line (TL) approach to calculate the earth-return
impedance and admittance to address these limitations based
on a solution of Maxwell’s equations, considering different
Hertizian vectors. Closed forms for computing the extended
TL approach from Xue were developed, such as the one
carried by De Conti [12], using asymptotic approximations
and leveraging the rapid decay of the exponential function. In
[13], a transient response analysis was carried out comparing
the extended TL approaches proposed by Papadopoulos and
Xue with a full-wave model based on the finite-difference
time-domain (FDTD) method, where both extended TL
formulations exhibit equivalent accuracy in reproducing
the transient behavior. Additionally, extended TL approach
by Xue has been validated through field tests [14] and
the MoM-So method [11]. Additionally, the inclusion of
frequency-dependent soil parameters in UGTL systems has
been investigated in [15], [16], focusing on systems with
CB configurations. On the other hand, in works such as
[17], [18] presented lightning analysis in mixed transmission
lines, focusing in lightning performance and not in the cable
modeling. In this context, the main contribution of this
work is to evaluate the impact of earth-return admittance
and frequency-dependent soil parameters on the calculation
of electrical parameters, transient behavior, and lightning
response of UGTL systems with SPB, which includes the
ECC. Furthermore, it investigates how the ECC influences
propagation modes in UGTL systems.

II. CLASSICAL AND EXTENDED TL APPROACH

In the literature, there are two transmission line approaches
for calculating earth-return parameters [11]: the classical
approach, based on Pollaczek’s formulations, and the extended
approach, which for this study, the Xue’s formulas are
used. The main difference between these approaches lies
in treating earth-return impedance, earth-return admittance,
and the consideration of the relative permittivity of the soil
(ϵr). Meanwhile, the internal impedance (of the core and
insulation layer) and the insulation admittance are identical
in both approaches, as described in [19]. The earth-return
impedance and admittance for the extended TL approach can
be determined as follows, considering the physical positioning
of two cables in the soil (position i and j).
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where K0 is the modified Bessel function of the second kind
with order zero, γ0 is the propagation constant of the air, γ1

is the propagation constant of the ground, µ0 is the vacuum
permeability, µ1 is the ground permeability which is the same
of the vacuum permeability, ε0 is the permittivity of the air, ε1
is the permittivity of the ground, σ1 is the ground conductivity.
Furthermore, hi and hj are the depth installation of the cables
i and j, and x is the horizontal distance between the cables i
and j. For calculating the self-earth-return impedance matrix,
it is possible to consider hi = hj and x as the external radius
of the cable. The earth-return admittance is calculated by doing
the inverse of the potential coefficients matrix, Pg .

III. FREQUENCY-DEPENDENT SOIL PARAMETERS

From an electrical perspective, soil can be characterized
by its conductivity (σg), dielectric permittivity (εr), and
magnetic permeability (µ), with the latter assumed to be
equal to µ0. Several formulations have been proposed to
describe the frequency dependence of these parameters—such
as the Alipio-Visacro model [20] and the Longmire and
Smith (LS) model [21]—and are thoroughly discussed in the
literature [22]–[24]. According to [25], both σg and εr are
significantly influenced by frequency. This is due to various
phenomena that occur within the frequency range of lightning
currents, such as electronic polarization, ionic polarization,
conduction, and loss mechanisms. This study considers the
frequency-dependent behavior of soil’s electrical parameters
using the model recommended by CIGRE 781, given by:

ρg (f) = ρ0
{
1 + 4.7 · 10−6 · ρ0.730 · f0.54

}−1
(11)

εr (f) = 12 + 9.5 · 104 · ρ−0.27
0 · f−0.46 (12)

where ρ0 is the low-frequency soil resistivity in Ω·m, and f
is the frequency Hz.

IV. MODAL PARAMETERS FOR UGTL
The number of elements that can be energized or induced

by others defines the order of the series impedance matrix and
the shunt admittance matrix. In this context, since the study
focuses on a single-circuit UGTL with ECC, the matrix order
will be seven. Modal parameters are used to represent the
UGTL in a domain where there is no coupling between the
metallic elements. In other words, the goal is to transition from
the phase domain to the modal domain. For that purpose, a
transformation matrix is required, which is calculated using
the series impedance matrix (Z) and the shunt admittance
matrix (Y ), for each frequency value. Based on the theory
of eigenvalues and eigenvectors, it is possible to decouple the
product of the Z and Y matrices into a diagonal matrix [26].

D = T−1
i .Y.Z.Ti (13)

where Di contains the eigenvalues of the matrix product Y .Z
and Ti is the matrix of eigenvectors. For calculating the modal
matrices, Zm and Ym, is necessary to solve the linear system:

[Y.Z −DkI]Ti,k = 0 (14)
where Dk represents the kth eigenvalue of the matrix product,
I is the identity matrix and Ti,k denotes the kth column of
the modal matrix. The solution of this linear system can be
solved by different methods such as Newton Raphson (NR)
method [27] or Sequential Quadratic Programming (SQP)
[28]. In this paper, we considered the Levenberg–Marquardt
(LM) algorithm [24], [29], [30] due to its robust convergence,
accuracy, and efficiency in this type of problem. Then, the
modal matrices Zm and Ym are calculated as a function of
the matrix transformation Ti, so that later the elements of
the diagonal modal propagation matrix (γk), which contains
the phase velocity (βk) and the attenuation constant (αk), are
calculated by (15), where k represents the diagonal element.

γk = αk + jβk =
√
Zm,kYm,k (15)

V. RESULTS

In this section, the wave propagation characteristics and
transient response, by step source of 1 kV and lightning
current waveform, are analyzed for a single-circuit UGTL at
220 kV in a triangular configuration, considering the SPB
method with the ECC, where its position is at the center
of the triangular configuration to avoid ECC transposition
[5]. Both classical and extended TL approaches are examined
in detail for each analysis, with particular emphasis on the
response of the ECC. In addition, the extended approach with
frequency-dependent characteristics of the soil was included.
The extended approach includes the effect of displacement
current and earth-return admittance. For this study, three
different soil electrical resistivity values are considered: 100,
1000, and 2500 Ω·m. Table I presents the primary data
required for the study. The cable used is a single-core 1600
mm2 with core, sheath, and XLPE insulation, while the ECC
is a single-core 185 mm2 with XLPE insulation [31].

A. Modal Analysis

Two key variables that describe the wave behavior in the
modes are the phase velocity (υ) and the attenuation constant
(α).



TABLE I: Input data of the UGTL

Description Unit Value
Inner core radius, r1 mm 0.00
Outer core radius, r2 mm 24.70

Insulation XLPE radius, r3 mm 50.10
Sheath radius, r4 mm 52.68

Outer insulation radius, r5 mm 57.78
Core resistivity DC a 20 °C, ρc Ω.m 2.16x10−8

Sheath resistivity DC a 20 °C, ρs Ω.m 5.33x10−8

Inner insulation relative permittivity - 2.75
Outer insulation relative permittivity - 2.3
Ground relative permittivity, ϵgr1 - 12

Depth installation at the center of the configuration, h m 1.502
Separation distance between cables, S m 0.35

Inner core radius of ECC mm 0.00
Outer core radius of ECC mm 8.1

Core resistivity DC a 20 °C of ECC, ρecc Ω.m 1.72x10−8

External radius of ECC mm 12
Outer insulation relative permittivity of ECC - 2.3

With the inclusion of the ECC in the triangular duct
arrangement, electromagnetic coupling occurs between the
phase cable and the ECC, increasing the number of cables
in the duct from 3 to 4. Thus, to decouple these cables and
analyze the modes, the Levenberg-Marquardt algorithm was
used, resulting in four distinct modes: coaxial, intersheath,
ground, and ECC mode. The latter alters the natural behavior
of the other modes. The propagation characteristics of the
mode as a function of frequency, for a soil resistivity of 1000
Ω·m, are presented in Fig. 1.

The solid lines correspond to the classical TL approach
based on the Pollaczek formula (P.F), whereas the dashed
lines represent the extended TL approach employing the Xue
formulation (X.F). Finally, the x-lines indicate the extended
TL approach that incorporates the frequency-dependent
characteristics of the soil (X.F(f)).

As expected, the coaxial mode shows no difference in
phase velocity or attenuation constant between approaches,
as these depend solely on the cable’s internal properties.
Above 10 kHz, the phase velocity remains constant, and all
three coaxial modes exhibit similar propagation characteristics
due to the triangular arrangement of the single-core cables
within the duct. On the other hand, noticeable differences
are observed between approaches in the attenuation constant
and phase velocity for the intersheath, ground, and ECC
modes at high frequencies. The ECC mode has a higher phase
velocity than the intersheath and ground modes; however, its
attenuation is lower than these modes. In general, accounting
for the frequency dependence of soil electrical properties in
the extended TL approach reduces the attenuation constant and
phase velocity compared to the frequency-independent case
across the ground, ECC, and intersheath modes. Significant
differences in propagation characteristics—especially for
the ground and intersheath modes—between classical and
extended approaches have been reported in [11], [32], with
the influence of frequency-dependent soil parameters further
emphasized in [23].

To provide a physical understanding of each mode, the
real part of the eigenvector matrix, Ti, at 1 MHz is
presented in (16), when the extended TL approach with
frequency-dependent grounding properties is used. Columns
1 to 3 of Ti represent the coaxial mode for each phase, where
currents flow exclusively between the cores and the sheaths,

with no current flowing into the ECC or the ground. Columns
4 and 5 represent the intersheath mode, where currents flow
only into the sheaths without affecting the ECC. Column 6,
representing the ground mode, shows currents flowing into the
sheaths into the ECC, and finally, in the ECC mode, currents
flow into both the sheaths and the ECC. In the literature,
studies like [6] present the ECC mode as an intersheath ECC
mode because, in the flat configuration used, the ECC is not
positioned at the center of the duct bank, allowing currents to
flow into the ECC in the intersheath modes. However, in the
present study, where a triangular configuration with the ECC
centered in the duct bank is considered, no current flows into
the ECC when the intersheath modes are analyzed.

Ti =



0.41 −0.50 −0.29 0 0 0 0
−0.41 0.50 0.29 −0.71 −0.41 0.57 −0.29
0.41 −0.01 0.58 0 0 0 0
−0.41 0.01 −0.58 0 0.82 0.57 −0.29
0.41 0.5 −0.29 0 0 0 0
−0.41 −0.5 0.29 0.71 −0.41 0.57 −0.29

0 0 0 0 0 0.14 0.87


(16)

Moreover, to quantify the influence of the displacement
current and the earth-return admittance, normalized
propagation parameter p1norm

is analyzed [24], [30],
while, for quantify, besides the displacement current and
earth-return admittance, the frequency-dependence of the soil
electrical characteristics, the normalized propagation p2norm

is used. The normalized propagation parameter, p1norm
,

is the ratio between the extended TL and the classic TL
approach; while p2norm

is the ratio between the extended TL
approach with frequency-dependence of the soil electrical
characteristics and the classic TL approach, as shown in (17)
and (18), respectively.

p1norm
=

P.characteristicsXue

P.characteristicsPollaczek
(17)

p2norm =
P.characteristicsXue(f)

P.characteristicsPollaczek
(18)

The normalized modes, except for the coaxial mode, are
presented in Figs. 2 and 3, considering three different values
of soil electrical resistivity: 100, 1000, and 2500 Ω·m. The
intersheath mode selected in this study is where the current
flows through the sheath of all three cables. As the soil
electrical resistivity increases, the differences between the
modes become more pronounced, especially starting from
a few kHz. However, these differences are negligible for
frequencies near steady-state conditions. With the extended
TL approach, notable differences in the attenuation constant
emerge at high frequencies, particularly as soil resistivity
increases—most prominently in the intersheath and ECC
modes, though still relevant in the ground mode. Incorporating
the frequency dependence of soil properties reduces these
discrepancies, as resistivity and permittivity decrease with
frequency [23], though the deviations remain significant. The
most prominent differences in phase velocity occur in the
ground mode and grow with higher soil resistivity. These
are notably reduced when frequency-dependent parameters are
considered—for instance, at ρ = 2500 Ω·m, the phase velocity
drops from about six times to 3.6 times the classical TL value.
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Fig. 1: Mode propagation characteristics for ρ = 1000 Ω·m.
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Fig. 2: Normalized modes p1norm . First row are Attenuation constants and second row are Phase velocity, (a,d) intersheath
mode, (b,e) ground mode and (c,f) ECC mode.
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Fig. 3: Normalized modes p2norm
. The first row is Attenuation constants, and the second row is Phase velocity, (a,d) intersheath

mode, (b,e) ground mode, and (c,f) ECC mode.

Differences in attenuation are linked to the conductance in
the earth-return admittance. Therefore, neglecting the effects

of earth-return admittance, the soil relative permittivity, and
frequency-dependent soil properties can lead to significant



discrepancies in the propagation characteristics.

B. Transient response

To analyze the discrepancy between TL approaches with
different values of soil electrical resistivity, three cable systems
were implemented, and their transient response was analyzed
through energization by a step voltage source (1 kV). The
implemented cable systems correspond to the intersheath,
ground, and ECC modes, whose electrical representations
are shown in Fig. 4. The cable length, including the ECC,
is 600 meters, which is a typical value for smaller-section
UGTLs with SPB. These systems were modeled in PSCAD®,
taking into account the physical significance of each mode, as
analyzed in the eigenvector matrix, Ti.

The analyzed transient response occurs in the sheath of the
phase B cable, where the step source injects the signal, as
well as in the ECC, both at the receiving end of the system.
It is important to note that the ECC will be energized in the
ground and ECC modes. However, in the intersheath mode,
the induced voltage in the ECC will be zero due to its specific
position within the duct bank.

Fig. 5 shows the overvoltages recorded at the receiving
end, measured in the sheath of the phase B cable in the
test circuit corresponding to the intersheath mode, as the soil
electrical resistivity increases. As soil resistivity increases,
discrepancies between modeling approaches become more
evident. The impact of frequency-dependent soil properties
is minimal for low resistivity (e.g., 100 Ω·m). However,
incorporating frequency dependence noticeably reduces the
attenuation constant at higher resistivities. In contrast, the
classical TL approach consistently underestimates attenuation,
potentially misleading the analysis by suggesting limited
overvoltage damping with varying soil resistivity.

Fig. 6 displays the transient response at the receiving end of
the sheath of phase B cable and the ECC when the circuit test
utilized pertains to the ground mode. As it was expected, the
overvoltages presented low velocity but a high attenuation,
as it was shown in Fig. 1. In this case, the difference
between the velocities of the TL approaches increases, and
consequently, the difference in the attenuation constant also
increases. When the soil electrical resistivity is 2500 Ω·m,
the transient response in the sheath and ECC is equal to the
input signal for the extended TL approaches after 500 µs;
in contrast, for the classical TL approach, it will take longer
for the response to attenuate and reach the same value as the
signal sent by the voltage source. Moreover, the overvoltage
calculated with the classical TL approach takes longer to
reach the receiving end. As soil resistivity increases, the peak
difference of the first overvoltage becomes more significant.
When frequency-dependent soil properties are included in the
extended TL model, the reduced resistivity and permittivity at
high frequencies result in a higher first peak than the model
with constant parameters—consistent with the findings in [16].
Finally, Fig. 7 presents the results obtained at the receiver
end for the Phase B cable sheath and the ECC, for the ECC
mode circuit test. The differences in phase velocity between
TL approaches in overall, are minor. However, the attenuation
constant for each TL approach shows a significant differences.

These differences in attenuation increases as the soil resistivity
increases, making it appear from the results that the only
voltage wave being attenuated is the one from the extended
TL approaches. Similar to the overvoltages calculated in
the ground mode, the inclusion of frequency-dependent soil
electrical parameters reduces the attenuation constant, with this
effect becoming more pronounced as soil resistivity increases.

C. Lightning response

This study considered the transition between OHTL and
UGTL at the tower transition, as is shown in Fig. 8. The
electrical parameters for the OHTL were calculated using the
voltage formulation proposed by Pettersson [33], while the
other elements such as insulator string and transition tower
were modeled according to [34]. The atmospheric discharge
current used was obtained from real measurements at the
Morro do Cachimbo (MCS) stations [35], [36], considering
the median current parameters of the first stroke, where the
maximum peak is 43.3 kA . The rating voltage considered for
the sheath voltage limiters (SVL) was 6 kV, with the V-I curve
behavior described in [37]. The bonding leads were simulated
as inductance, considering the formulas indicated in [2].

Fig. 8 shows that the transition tower, the SVL and ECC
are connected to the same grounding system, while the
terminations are connected to the transition tower. For this
study, this grounding system was modeled as an resistance of
5 Ω. The atmospheric discharge simulates a shielding failure,
striking phase A at the transition tower and propagating in five
directions: toward the OHTL behind the tower, the grounding
system, the power cable cores, the sheaths, and the ECC. The
surge arrester blocks overvoltages entering the cores, while
the flow into the sheaths occurs only if the SVL’s operating
threshold is exceeded. The overvoltage on the ECC adopts the
potential of the grounding system. Evaluating this is crucial
to prevent insulation degradation.

Fig. 9 shows the overvoltage measured at the receiver end
of the ECC when the atmospheric discharge hits phase A
(shielding failure) at the tower. Since the ECC is connected
to the tower’s grounding system, an overvoltage will flow
into it. When the classic TL approach is used, there is no
significant difference in the overvoltage as the soil’s electrical
resistivity increases, although a slight decrease occurs. When
the classical TL approach is employed, higher overvoltages
are observed. In contrast, the extended TL approach reduces
nearly 50% in the peak value for a soil resistivity of ρ = 2500
Ω·m. When the frequency dependence of the soil parameters
is incorporated into the extended TL model, a slight increase
in the peak value is observed compared to the extended TL
approach with frequency-independent parameters. Moreover,
both extended TL models yield a faster attenuation of the
overvoltage waveform than the classical TL approach.

In the same way, Fig. 10 presents the Energy Capability
(E.C) of the SVL from phase A, installed in the transition
tower, where it is easy to note that as long as the soil electrical
resistivity increases, the E.C required decreased. However, this
decrease is more notorious when the extended TL approach is
used. These differences in energy are primarily attributed to the
higher attenuation introduced by the extended TL approaches.
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Fig. 4: Cable systems for transient response.

 

(a)
 

(b)
 

(c)

Fig. 5: Intersheath mode: Transient response at the receiving end for cable sheath from phase B (a) 100 Ω·m (b) 1000 Ω·m,
(c) 2500 Ω·m.
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Fig. 6: Ground mode: Transient response at the receiving end (a) 100 Ω·m - Phase B (b) 1000 Ω·m - Phase B, (c) 2500 Ω·m
- Phase B (d) 100 Ω·m - ECC, (e) 1000 Ω·m - ECC, (f) 2500 Ω·m - ECC.
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Fig. 7: ECC mode: Transient response at the receiving end (a) 100 Ω·m - Phase B (b) 1000 Ω·m - Phase B, (c) 2500 Ω·m -
Phase B (d) 100 Ω·m - ECC, (e) 1000 Ω·m - ECC, (f) 2500 Ω·m - ECC.
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Fig. 8: System under analysis - Transition overhead to underground line.
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Fig. 9: Lightning response at receiving end of ECC, (a) 100 Ω·m, (b) 1000 Ω·m and (c) 2500 Ω·m.
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Fig. 10: Energy capacity of the SVL from the phase A (a) 100 Ω·m, (b) 1000 Ω·m and (c) 2500 Ω·m.

Consequently, relying on the classical TL model may result
in overestimating the energy absorbed by SVLs, potentially
leading to their oversizing.

VI. CONCLUSIONS

This article provides a comprehensive analysis of
the transient response in the ECC, focusing on the
impact of earth-return admittance parameters and soil
frequency dependency. The extended TL approach, which
integrates earth-return admittance and soil permittivity, was
employed to achieve this. Furthermore, the influence of the
frequency-dependence of soil characteristics according to the
CIGRE model was incorporate in the extended TL approach.

The results were compared and critically evaluated against
those obtained using the classical TL model, highlighting
key differences and implications. Thus, a modal analysis was
conducted to understand how the ECC impacts the power
cable core and sheath. The results indicate that the ECC
does not interfere with the coaxial and intersheath modes
but significantly affects the grounding mode. An ECC mode
was also identified, which was associated with the cable
sheaths. Although the ECC mode does not alter the physical
interpretation of the intersheath mode due to its central
position in the triangular duct bank configuration, changes
could occur if the ECC were installed in a different position.



Moreover, the results reveal significant differences between
the classical and extended TL approaches, particularly at high
frequencies, in both phase velocity and attenuation constant.
These discrepancies increase with higher soil electrical
resistivity. These differences have a direct impact on the
transient and lightning response, leading to lower overvoltages
at the receiving end of the ECC when either of the extended
TL approaches is used—whether with frequency-dependent or
constant soil parameters. Furthermore, significant differences
were also observed in the energy capability of the SVL. These
differences are attributed to the higher attenuation exhibited by
the extended TL approaches.
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