Transient Electromagnetic Interference on Buried
Pipelines Caused by Double Circuit Overhead
Power Lines

T. A. Papadopoulos, A. G. Martins-Britto, A. 1. Chrysochos

Abstract—Analysis of the electromagnetic interference (EMI)
between overhead lines (OHL) and nearby buried pipelines
requires the accurate calculation of the self and mutual electrical
parameters of all conductors in the arrangement. This becomes
more important when investigating high-frequency (HF) EMI.
Common approaches presume that the impact of the mutual
capacitive coupling as well as the frequency-dependent soil char-
acteristics can be disregarded. However, such approximations
may result into estimates that overlook critical interactions. In
this article, a recent formulation for calculating both the mutual
impedance and admittance between overhead and underground
conductors is adopted to investigate HF EMI on a pipeline caused
by lightning strikes in a double-circuit OHL. Wave propagation
characteristics and transient responses are computed using both
frequency-dependent and constant properties soil models to
evaluate the importance of the proposed approach on EMI
studies; significant differences are observed. Comparisons are
also carried out with approximate earth formulations, where the
influence of the dispacement current is disregarded. In addition,
the impact of the pipeline burial depth is examined.

Keywords—Earth conduction effects, electromagnetic tran-
sients, mutual admittance, overhead lines, pipelines, underground
conductors.

I. INTRODUCTION

NDUCED voltages due to electromagnetic (EM) coupling

between overhead power lines (OHLs) and neighboring
metallic facilities, such as pipelines has long been recognized
as a significant challenge in shared right-of-way corridors. The
growing use of joint energy corridors, aimed at minimizing
environmental impact and optimizing space, has intensified
the need for accurate electromagnetic interference (EMI) as-
sessments. Such interference results from the coupling of
electric and magnetic fields, inducing voltages and currents
in adjacent metallic structures that can compromise the safety
and integrity of infrastructure, particularly pipelines [1]-[3].
High induced voltages may lead to safety hazards, including
electric shock, insulation degradation, and corrosion, thus
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impacting both personnel safety and the longevity of the
pipeline infrastructure [4]-[8].

Past studies have primarily addressed EMI under steady-
state and fault conditions, focusing on low-frequency (LF) sce-
narios and employing classical methods such as Carson’s equa-
tion [9] and its subsequent extensions, including Pollaczek’s
impedance formulas for underground systems [10]. These
models, however, do not represent properly high-frequency
(HF) effects, where frequency-dependent (FD) soil characteris-
tics and displacement currents become more pronounced [11]-
[15]. A recent work has shown that as EMI studies extend
into the HF spectrum, the currently employed approximations
often produce estimates that may overlook critical interactions,
particularly when poorly conductive soils are involved [7],
[12].

One common assumption in EMI modeling of OHL/pipeline
configurations is the presumed negligible impact of mutual
capacitive coupling, often due to the perceived shielding effect
of the conductive earth [16], [17]. Recent formulations indicate
that, contrary to prevailing beliefs, mutual admittance plays a
non-trivial role in accurately characterizing HF-induced volt-
ages on pipelines [18], [19], even in the cases where coupling
occurs between overhead and underground conductors [20].

In a previous work [20], the authors introduced new ex-
pressions for calculating the mutual impedance and admit-
tance between OHLs and buried pipelines, demonstrating that
mutual admittance can be significant in HF EMI scenarios
and must not be disregarded. Building on this foundation,
the present study extends the investigation to a double-circuit
OHL configuration, examining the complex impacts of FD soil
properties on transient-induced voltages. A detailed case study,
where an underground pipeline shares the same right-of-way
with a 110 kV double-circuit OHL, is presented.

This paper further elucidates how the soil frequency-
dependence contributes to transient EMI responses, particu-
larly regarding displacement current effects involving overhead
and underground conductors (i.e., OHL in close proximity
with a buried pipeline). The influence of soil resistivity and
conductor depth in the power line modes are analyzed with a
focus on the propagation characteristics across different soil
conditions. The impact of earth displacement current and even-
tually of the mutual capacitive coupling is also demonstrated
with transient induced voltage calculations on the pipeline.
This study advances EMI research by providing new insights
on mode characterization of double-circuit lines under EMI
conditions, and introduces a refined approach for transient



analysis in shared energy corridors.

II. MUTUAL IMPEDANCE AND ADMITTANCE FORMULAS

The configuration shown in Fig. 1 represents an overhead,
i, and an underground conductor, j. The EM parameters of
air, namely, permittivity, permeability and conductivity are €,
Lo, 0o, and of the homogeneous earth are denoted as €1, pq
and o;. In this aspect, the propagation constants of air and
earth with respect to w = 27 f are defined as:

Ve = Viwnr(ox + jwer). (1
with the subscript k£ taking values 0 and 1 for air and earth,
respectively.
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Fig. 1. Parallel thin conductors located in the air and earth.

The formulas for the mutual impedance and the mutual po-
tential coefficient between the overhead and the underground
conductors are in the general form of (2) and (3), respectively
[20]:
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where, a = \/A? +7; + k2 and k, = 0. The complex semi-
infinite integrals of (2) and (3) are evaluated numerically via
the vectorized adaptive quadrature method [21].

Considering multiconductor configurations, the total
per-unit-length (pul) impedance, Zi,¢, and admittance,
Yiot = ijt_Otl, matrices are formulated on the basis
of [19], including proper terms regarding the skin effect
and the coated conductor insulation. Note that, P is the
total potential coefficient matrix. In particular, regarding
the influence of earth, the earth impedance and potential
coefficients of conductors located in air are calculated on the
basis of [13], [22] and those buried underground by means of
[23]. Eventually, Z;,; and Yot are obtained by assembling
the self and mutual terms of the air and earth media, as well
as their mutual couplings [20].

III. CASE STUDY
A. OHL-pipeline system configuration

A 110 kV double-circuit OHL/pipeline interference case
study [24] is investigated to evaluate the propagation charac-
teristics and the transient induced voltages on the pipeline. The
cross-section of the system is illustrated in Fig. 2. The under-
ground pipeline shares the same right-of-way with the OHL,
with a separation distance of 25 m. A detailed description
of the electrical and geometrical parameters of the OHL and
the pipeline can be found in [24]. The OHL/pipeline parallel
routing (¢) is variable, equal to 100 m or 1000 m. The burial
depth (d) of the pipeline in the homogeneous soil also varies
taking values of 0.5 m, 1 m and 3 m.

B. Circuit modeling

All conductors are assumed to extend outside the parallel
region without EMI exposures and groundings; this in terms of
circuit analysis refers to an OHL/pipeline system being nearly
matched [3], [4], [11], [25]. The system matching is im-
plemented by applying characteristic impedance terminations,
namely, 600 €2 impedances at phase conductors, 660 € at the
shield wire and 80 €2 at the pipeline. Considering the above,
the resulting equivalent circuit model of Fig. 3 is defined.

C1: Circuit 1, phase a
(C2: Circuit 1, phase b
C3: Circuit 1, phase ¢
C4: Circuit 2, phase a
C5: Circuit 2, phase b
C6: Circuit 2, phase ¢
C7: Shield wire

C8: Pipeline

17.2

25

Fig. 2. Lateral view of the OHL/pipeline configuration under study; all
dimensions given in meters unless specified otherwise.

The OHL/pipeline system is energized with a 1.2/50 us
double exponential voltage source of 1 p.u. amplitude, to
simulate lightning surges. The source is applied to the sending
end of the OHL phase a conductor at + = 0 s, as shown
in Fig. 3. The transient responses are computed using the
frequency-domain transmission line model of [26].

C. Soil models

Several models have been proposed for the prediction of
the frequency-dependence of soil electrical properties, €,; and
o1 with excitation frequency [27]-[29]. In this study, the
Longmire and Smith (LS) [29] and the CIGRE (CG) WG
C4.33 [28] soil models are examined.

For the LS soil model, the variation of ¢, and o; with
respect to frequency is predicted by [29]:
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Fig. 3. Equivalent circuit of the parallel routing under study.
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where €,1 o is the HF relative permittivity of soil (equal to 5
according to [29]), a,, are coefficients given in [29], and f,
are scaling coefficients calculated as a function of the DC soil
conductivity, 01 pc -
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For the CG model the corresponding expressions are [28]:

er1(f) =124 9.5-10%0)77% f 704, (7

o1(f) = o1or +4.7- 1070075 054, (8)

where 01 1 = 1/p1 LF is the soil conductivity at 100 Hz.

In this study, six FD and three constant properties (CP) soil
cases are examined. For the CP cases p; = 1/01 = 100 Qm
and 1000 Qm, with €,4 = 15, and €. = 5, respectively.
Accordingly, for the FD LS and CG cases pi,.r = pi. In
Fig. 4 the variation of p; and ¢,; with respect to frequency is
plotted for the LS and CG soil models. It is apparent that,
p1 and €,.; decrease with frequency for both FD models.
Nevertheless, the CG soil model yields a more pronounced
decrease of resistivity with frequency.

IV. MoODAL PROPAGATION CHARACTERISTICS

Wave propagation in a N-conductor arrangement is de-
scribed by the N modes of propagation [30] corresponding
to the eigenvalues of the matrix product Yot Ziot, While T
is the frequency-dependent eigenvector matrix. Thereby, the
six aerial phase conductors and the shield wire along with the
underground pipeline of Fig. 2 are mapped to eight decoupled
modes of propagation, numbered from #1 to #8 [30]. The cal-
culated modal attenuation constant and velocity are presented
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Fig. 4. Soil electrical properties predicted by the LS and the CG soil models.
(a), (b) p1 and €1 for py L = 100 Qm, respectively, and (c), (d) the
corresponding variation of p1 and €1 for p1 7 = 1000 Qm.

with respect to frequency in Figs. 5 and 6, respectively; CP
soil with p; = 1000 Qm and d = 1 m is examined. For the
mode decomposition the Levenberg—Marquardt algorithm has
been used [31].
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Fig. 5. Mode attenuation constant for CP soil model with p; = 1000 Qm.
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Fig. 6. Mode velocity for CP soil model with p; = 1000 Qm.

To identify the nature of the modes with respect to the
OHL/pipeline physical characteristics, the elements of T are
analyzed as shown in Fig. 7. Subplots of Fig. 7 contain
the magnitudes of the elements of the corresponding column
of T;. Indices m and n in the figure legends refer to the
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Fig. 7. Modal transformation matrix magnitude of (a) mode #1, (b) mode
#2, (c) mode #3, (d) mode #4, (e) mode #5, (f) mode #6, (g) mode #7, (h)
mode #8.

rows and columns, of matrix Tj, respectively. Note that the
rows of Tj are related to the conductors of the OHL/pipeline
configuration with the numbering as labeled in Fig. 2, e.g., row
1 corresponds to conductor C1, etc.; the columns are related
with the modes of propagation, enumerated from #1 to #8.
Therefore, each subplot of Fig. 7 can be used to describe the
relation of each mode of propagation with the physical char-
acteristics of the OHL/pipeline configuration. These relations
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mode #1 C8 mode #2 Cs8
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Fig. 8. Source excitation and return currents for propagation modes #1 to
#8 at 10 kHz. Symbol ) denotes unit current flow inwards the plane of the
paper, and () represents the opposite.

are illustrated in Fig. 8, representing the excitation and return
currents predominant in each propagation mode at 10 kHz.

From Figs. 5-8, four main groups of modes of propagation
can be identified. The first group contains modes #4, #5, #6, #7
and #8, that can be characterized as aerial modes presenting
low attenuation and high velocities (see Fig. 5 and Fig. 6)
that approach the free-space speed of light with increasing
frequency. This is also substantiated by Figs. 7(d)-(h), where
these modes correspond to current loops in which the current is
injected into one or more phase conductors and returning from



the rest of them. For modes #4 and #5 a small current flow in
the pipeline (C8) can be also identified. Mode #3 is analyzed in
Fig. 7(c). It shows that particularly for this mode the elements
of Tj are frequency dependent. At the LF region (i.e., below 50
kHz), mode #3 can be characterized as a pure pipeline mode.
As frequency increases the influence of the sky wire becomes
gradually pronounced, converting mode #3 into both a sky wire
and pipeline mode. Mode #2 is energized by injecting current
into the pipeline (C8) and returns from the ground. As a result,
mode #2 can be identified as the ground mode and presents the
highest attenuation and the lowest velocity among all modes
of propagation. Mode #1 is energized by injecting current
into the sky wire (C7) and extracting it from the remaining
conducting media. Therefore, this mode is associated mainly
with the sky wire and presents high attenuation and slow
velocity, particularly at the LF region.

V. INFLUENCE OF THE BURIAL DEPTH

The influence of the burial depth on the pipeline propagation
characteristics is investigated, by assuming pipeline burial
depths of 0.5 m, 1.0 m and 3.0 m. The CP soil model with
p1 = 1000 Qm is considered. In Fig. 9 the attenuation constant
and velocity of modes #2 and #3 are presented as according
to the analysis of the previous section; the influence of the
pipeline characteristics is mainly identified in these modes.

It is shown that mode #2 attenuation constant and phase
velocity decrease with respect to the burial depth. Differences
between the three burial depth cases are marked for frequen-
cies higher than 100 kHz. This behavior of mode #2 is the
result of the combined effect of the EM characteristics of
the imperfect soil and the pipeline coating [32]. Note that,
less substantial variations in the propagation characteristics are
identified in mode #3.

The above remarks are also verified in the transient re-
sponses of the OHL/pipeline, computed for the different burial
depths. In Figs. 10 and 11, the induced voltage at the pipeline
receiving end is presented for 100 m and 1000 m parallel
routing, respectively. Evidently, the induced pipeline voltage
decreases with the burial depth. Differences in the peak of
the waveforms are more pronounced for the short parallelism
length of 100 m. This is attributed to the fact that as the
length of the parallelism decreases, the frequency context char-
acterizing the transient response shifts to higher frequencies,
where differences in mode #2 propagation characteristics for
the different burial depths are higher, as shown in Fig. 9
[27], [33]. Moreover, the shorter the parallelism length the
narrower the pulse becomes, due to the higher frequency
context. Results also show that for increasing length of paral-
lelism, the magnitude of the induced voltage increases driven
by inductive coupling, which is generally the predominant
coupling mechanism [11].

VI. INFLUENCE OF SOIL PROPERTIES

To demonstrate the impact of the soil properties on the
OHL/pipeline propagation characteristics, comparisons are
carried out considering the soil cases described in section
III, namely 100 Q2m and 1000 Q2m. The modal propagation
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Fig. 9. Modal attenuation constant and velocity of (a), (b) mode #2, and (c),
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O><10 :
1k .
2k 4
_3F 1
=
S
o 4T )
=]
g
=-5r n
aQ
g
:3_6, 4
TR 4
—0.5m
-8 —1m ]
—3m
_9 Il Il Il Il Il Il Il I

Il
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

time (s) %107

Fig. 10. Transient induced voltages at the pipeline receiving end of a 100-m
OHL/pipeline parallel routing for different burial depths; p1 = 1000 Qm.

parameters, i.e., attenuation constant, «( f), and velocity, v(f),
of the two FD soil models, p(f)rp soil model, are normalized
with respect to the corresponding of the CP soil model results,
P(f )P soil model» as follows:

p(f)FD soil model
norm = 9
p(f) p(f)CP soil model ( )

The normalized propagation characteristics for modes #2
and #3 are summarized in Figs. 12 and 13, respectively, with
respect to frequency.

Results for the three soil models are essentially equal at
the LF spectrum range. However, as the frequency increases,
discrepancies between the FD soil models and the CP one be-
come more marked for increasing resistivity values, especially
for the estimation of the attenuation constant, «(f) [7], [27].
This is because the decrease of the soil resistivity and the in-
fluence of displacement currents (and eventually €,1) are more
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Fig. 11. Transient induced voltages at the pipeline receiving end of a 1000-m
OHL/pipeline parallel routing for different burial depths; p1 = 1000 Qm.

enhanced with increasing frequency in such soil cases. Con-
versely, for highly conductive soil cases (p1,r = 100 Qm),
earth behaves as a conductor and conductive currents prevail;
thus the effect of €,; on the propagation characteristics is
minimal.

Comparing the results obtained with the two FD soil models,
it is shown that the LS and the CG soil models yield generally
similar results in the examined frequency range. A slightly
increased influence of the CG model is observed at the HF
region of the frequency spectrum, due to the lower resistivity
values predicted by this soil model (see Fig. 4).
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Fig. 12. Normalized mode #2 (a) attenuation constant and (b) velocity for
different soil models and electrical properties.

The impact of the soil models is also illustrated in the
transient responses of Figs. 14-17, where the induced voltage
at the pipeline receiving end is presented for different parallel
routing lengths and soil resistivities, employing all soil models.

From Figs. 14 and 15, it can be deduced that the CP
soil model presents higher induced voltage compared to the
two FD ones. The effect of the latter is more pronounced
in Fig. 15 compared to Fig. 14, yielding almost double
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Fig. 13. Normalized mode #3 (a) attenuation constant and (b) velocity for
different soil models and electrical properties.

induced voltage, which is justified by the increased resistivity
value. The impact of the parallel routing length is also evident
in Figs. 14-17. Generally, for longer parallelism lengths, the
soil models exhibit small differences and only for high soil
resistivity values as shown in Fig. 17. Conversely, for shorter
lengths, characterized by higher frequency context, differences
are observed for both soil cases.
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Fig. 14. Transient induced voltages at the pipeline receiving end of a 100-m
OHL/pipeline parallel routing for p; = 100 Qm.

VII. EFFECT OF EARTH DISPLACEMENT CURRENT

The transient responses in Fig. 18 provide further analysis of
earth displacement currents considering the three FD models
under discussion. A comparison is made between the gener-
alized earth admittance formulation described in (3) and the
“classical transmission line (TL)” approach, i.e., e = 0 and
P.;; = 0, meaning that earth displacement current is neglected
and the conductive earth is assumed to shield the underground
pipeline from mutual capacitive couplings with the overhead
conductors [16].
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Fig. 16. Transient induced voltages at the pipeline receiving end of a 1000-m
OHL/pipeline parallel routing for p; = 100 Qm.

It can be generally noted that in both earth formulations,
the FD models introduce consistent fast-front peak attenua-
tion compared to the corresponding CP counterparts, which
is in line with the expected behavior when resistivity and
permittivity are reduced, as Fig. 4 confirms. However, there
is a noticeable early arrival of the dominant peaks across all
“classical TL” cases, with a steeper rate of voltage drop in the
generalized formulation, and more gradual returns to the initial
conditions. Overall, when the mutual capacitive couplings are
represented, the outcomes show greater differentiation between
soil models (CP, CG, LS) than in the classical approach. This
suggests that properly accounting for displacement currents
amplify the effects of soil model selection, making the choice
more critical in practical engineering studies towards safety in
transmission and pipeline systems.

VIII. CONCLUSIONS

The wave propagation characteristics and the transient per-
formance of underground pipelines caused by a nearby double-
circuit OHL has been investigated. A generalized formulation
for the calculation of the mutual impedance and the mutual
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Fig. 17. Transient induced voltages at the pipeline receiving end of a 1000-m
OHL/pipeline parallel routing for p; = 1000 Qm.
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Fig. 18. Effect of the earth impedance formulation on induced voltages at
the pipeline receiving end of a 100-m OHL/pipeline parallel routing for p1 =
1000 Qm.

admittance between the overhead conductors and the under-
ground pipeline has been adopted to investigate EMI in a wide
frequency range up to 1 MHz. Computations were performed
by examining constant and frequency-dependent soil electrical
properties, considering two widely used frequency-dependent
soil models proposed by Longmire and Smith and CIGRE WG
C4.33.

Modal analysis has been applied to analyze the
OHL/pipeline wave propagation characteristics. Eight
decoupled modes of propagation have been identified and
their characteristics were related to the physical properties
of the configuration. This type of analysis enhances and
facilitates further parametric studies to reveal the impact of
different parameters.

In this sense the impact of the pipeline burial depth has
been also investigated. It was shown that the burial depth
has a slight impact on the propagation characteristics and the



induced voltages at the pipeline when transients are present
on the OHL.

From the comparison of propagation characteristics and
transient responses with the FD soil models against those of
the CP soil model, it was shown that the FD electrical proper-
ties of the soil are important at higher frequencies, especially
for high resistivity values and shorter lengths of parallelism.
The latter is related to the higher frequency context, leading to
higher frequency components. Hence, FD soil models should
be taken into account in HF EMI investigations of buried
pipelines involving such cases. This is especially true when
considering the generalized formulation taking into account
the mutual coupling between the OHL and the underground
pipeline, as the classical TL approach shows a less pronounced
sensitivity to the dispersion of the soil electrical properties.
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