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Abstract: In this paper, a strategy for reducing the electromagnetic interferences induced by power
lines on metallic pipelines is proposed and numerically investigated. The study considers a set of
steel conductors interposed between the power line and the pipeline. Different shapes of conductor
cross sections and different magnetic permeabilities are considered, to identify the solution exhibiting
the greatest mitigation efficiency for the same amount of material. The investigation is carried out
by means of a quasi-3D finite element analysis. Results show that the main mechanism responsible
for the mitigation is constituted by the currents induced in the screening conductors by the power
line. Hence, a high magnetic permeability can have a detrimental effect since it reduces the skin
depth to values below the size of the screening conductor. In this case, a reduction of the screening
current and in the mitigation efficiency is observed. Nevertheless, the study shows that the use of
strip-shaped screening conductors allows the employment of cheaper magnetic materials without
compromising the mitigation efficacy of the screening conductors.

Keywords: AC interference; metallic pipelines; mitigation; screening; corrosion; finite element
analysis; circuital analysis

1. Introduction

The problem of protecting metallic pipelines from electromagnetic induction due to
nearby power lines or substations has been extensively studied in the last decades [1–6].
These kinds of structures are widely employed for tasks such as water, oil, and gas trans-
portation, and suffer from the effects of both DC and AC electromagnetic interference.
These can lead to corrosion, damage to the insulation systems, and also electrical shock
for workers working in contact with the metallic structure, depending on the levels of
the induced voltages and currents [7–9]. Hence, given the high costs and large sizes as-
sociated with these structures, accurate predictions of the electromagnetic phenomena
involving metallic pipelines constitute a fundamental step for the appropriate design of
pipeline–power line corridors and mitigation measures for existing configurations [10–14].

Existing numerical methodologies for the analysis of such interference cases include
analytical methodologies based on transmission-line theory and the computation of the mu-
tual impedance between earth-return conductors [15,16]. Finite element analysis (FEA) and
combinations between FEA and circuital methods and neural networks [17] are employed
as well.

The quasi-3D methodology introduced in [18] is based on the evaluation of the physical
dependencies existing among the different conductors of a given corridor section using a
series of 2D finite element simulations. The obtained physical information can therefore
be embedded in an equivalent electrical circuit, to enforce appropriate constraints on the
electromagnetic quantities. This allows complementing the physical assumptions made
when the 2D FEA is performed. In this way, the developed technique allows the assessment
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of groundings or imperfect coatings of the considered metallic conductors in a physically
consistent way, while retaining the advantages granted by the use of a FEA.

A previous work [19] has shown that the assessment of simple geometries with the
quasi-3D methodology leads to results that are fully compatible with those provided by
well-established analytical techniques, such as the one described in the CIGRE Guide on
the Influence of High-Voltage AC Power Systems on Metallic Pipelines [20]. Nevertheless,
the developed numerical methodology also allows an accurate physical description of
complex geometries. These can include any number of buried or overhead conductors, as
well as soil models where the electrical resistivity is an analytical function of space.

In this work, the developed methodology is employed to study different configura-
tions and physical characteristics of screening conductors—buried in the soil above the
pipeline—that can be employed to screen the metallic pipeline from the electromagnetic
field produced by nearby power lines. These screening conductors deviate the magnetic
field lines produced by high-voltage AC (HVAC) power lines, exerting a shadowing effect
on the underlying pipeline.

Previous works by the authors [21,22] have focused on the influence of the screening
conductor’s number, position, depth, and electrical resistivity on their screening efficacy
towards a buried pipeline. The aim of the present work is to investigate—for a given cross
section of the screening conductors—how the produced mitigation effect is affected by
two other factors: the perimeter to cross-section ratio and the magnetic permeability of
the conductors. For this reason, the depth of the screening conductors, their distance with
respect to the pipeline, their disposition, as well as the resistivity of the employed material
will be kept constant throughout this work.

In the following sections, after a description of the developed numerical technique, a
typical case of a corridor comprising an HVAC power line and a nearby metallic pipeline
buried in the soil is considered. Then, after evaluating the induced voltages and currents
in the pipeline in absence of mitigation means, a series of parametric simulations are
performed simulating the presence of screening conductors with different shapes and
magnetic properties, to identify the most effective configuration for the same amount of
material.

2. Numerical Methodology
2.1. Mathematical Model

The quasi-3D method described in the previous section is based on the combination
of a 2D FEA and circuital analysis. The FEA is applied to a certain number of 2D cross
sections of the considered corridor. The latter typically includes an overhead power line,
an underground metallic pipeline, and other additional conductors, such as screening
conductors. Each 2D cross section includes the geometrical characteristics of the corridor at
a given position along the power line, i.e., the distances between the considered conductors,
as well as the electric properties of the soil. These, as shown in [18], may include non-
uniformities and stratifications. The employed number of cross sections along the pipeline
path influences the accuracy of the final solution [23]. In addition, the considered sections
are not physically independent from one another. As anticipated, a circuital methodology is
employed to enforce the physical interconnection between these sections. That is, for each
considered cross section, FEA is used to extract the parameters of an equivalent multiport
circuital component, embodying the local physical characteristics of the corridor in terms
of voltages and currents. Finally, the multiport components obtained in this way (one for
each cross section) are assembled to form an electrical network that describes the entire
corridor.

2.2. Finite Element Formulation

As previously stated, the FEA constitutes one of the main tools employed to obtain
the results described in this work. The developed finite element solver is based on a
quasi-magnetostatic formulation, where the physical contributions of the displacement
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current to the magnetic field are neglected. Introducing the magnetic vector potential
→
A,

such that: →
B = ∇×

→
A (1)

the current density
→
J can be expressed as:

→
J = −σ

∂
→
A

∂t
− σ∇ϕ (2)

where ϕ is the electric scalar potential and σ is the electrical conductivity. In the given
assumptions, the magnetic vector potential is governed by the diffusion equation:

∇×
(

1
µ
∇×

→
A
)
= −σ

∂
→
A

∂t
− σ∇ϕ, (3)

where µ is the magnetic permeability. The strong preferential direction characterizing
the distribution of the current densities in the investigated system allows a 2D approach.
That is, in a reference system where the power line is directed along the z-axis of Figure 1,
the current density and the vector potential are directed along z as well, and all the

electromagnetic quantities are assumed to be independent of z. Hence,
→
J = Jz(x, y, t)ẑ,

and
→
A = Az(x, y, t)ẑ.
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Figure 1. Sketch of a generic corridor involving an HVAC power line, a metallic pipeline buried in
the soil, and several screening conductors, buried in the soil above the pipeline.

In addition, it is assumed here onwards that the magnetic field produced by the
power line conductors allows the effects caused by the nonlinear magnetic characteristic of
materials having µr > 1 (i.e., magnetic saturation) to be neglected.

The whole system is assumed to operate in sinusoidal steady state, and the materials
are considered to be isotropic as well as linear. These assumptions allow us to reformulate
Equation (3) with the following stationary complex expression [18]:

−∇·
(

1
µ
∇Az

)
= J0,z − jωAz (4)

In Equation (4), Az represents the phasor associated with Az(t), while J0,z = −σ∇ϕ =
σV/L accounts for the impressed current densities due to externally applied per-unit-
length voltages, i.e., V/L, along the z direction. Equation (4) is discretized by means of a
finite element method [24]. Considering a given triangular mesh of the calculation domain



Energies 2021, 14, 3855 4 of 18

Ω, the unknown complex function Az is approximated by a piecewise polynomial function
{N}T{Az

}
, where {N} and

{
Az
}

are the arrays containing the shape functions and the
nodal values of an array containing the shape functions and values of Az. A Galerkin
approach yields the following linear algebraic system:

[K]
{

Az
}
=
{

f
}

(5)

The coefficient matrix in Equation (5) is a complex matrix defined as:

[K] =
∫

Ω

1
µ
[∇ N]T [∇ N]dΩ + jω

∫
Ω

σ{N}{N}TdΩ, (6)

where [∇N] is a matrix formed by the components of the shape functions’ gradient. J0,z and
the boundary condition enforced on the magnetic vector potential are taken into account in
the right-hand side of Equation (5), which is defined as:{

f
}
=
∫

Ω
{N} J0,z dΩ +

∮
∂Ω

1
µ
{N}

∂Az

∂n
d(∂Ω), (7)

Thus, the solution of Equation (5) yields the nodal values of Az as a response of the
forcing terms (i.e., the impressed current densities J0,z). In this respect, Equation (5) repre-
sents the dependence of the electromagnetic behavior of a corridor section as a function of
the voltage applied in the z direction. Thus, Equation (5) is used to extract the parameters
defining an n-port circuital component, which embodies the dependencies existing among
all the conductors (i.e., power line, OGWs, earth, . . . ) in a given corridor section. In this
framework, the employed circuital technique allows the physical interactions between
the various sections along the power line to be modeled. The effects of non-longitudinal
(i.e., that are not directed along the z direction) currents can be taken into account as well,
connecting the different conductors with appropriate impedances.

2.3. Equivalent Circuit

A generic routing of the pipeline with respect to a power line (i.e., where the two
structures are not necessarily parallel) can be approximated by splitting the pipeline into a
sequence of sections. In the generic section, all the conductors are assumed to be parallel to
the power line (directed along ẑ), so that the aforementioned assumption on the direction
of the magnetic vector potential and the current densities (A = Az(x, y), J = Jz(x, y)) holds
for each section. As mentioned before, the FEA is employed to evaluate the current density
distribution on the cross section corresponding to each subdivision of the routing. With
reference to the schematic representation in Figure 2, the obtained current density Jz in
a given cross section of the routing, Jz can be integrated over the generic conductor h to
obtain the electric current Ih.

This allows us to obtain a linear relationship linking the array {I}, i.e., the currents
I1, I2, . . . , In crossing the conductors in the considered cross section, and the forcing term

array
{

Jz,0

}
. The entries of

{
Jz,0

}
are the impressed current densities Jz,0,1, Jz,0,2, . . . , Jz,0,n

on the conductors. The derived linear relationship is written as:

[I][M] =
{

Jz,0

}
. (8)

The matrix [M] in Equation (8) is defined as the characteristic matrix, and it is the
output of the FEA for each considered cross section of the routing. The generic entry mh,k of
[M] depicted in Figure 2 is the current Ih induced in the h–th conductor when a unit current
density J0,z,k is enforced on the k–th conductor. For the given cross section, the characteristic
matrix [M] is computed by running n instances of the developed finite element solver. For
each run, a unity current density Jz,0 = 1 A/m2 is enforced on a different (single) conductor.
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The values along the k–th column of [M] correspond to the obtained currents on the n
conductors when Jz.0.k = 1 A/m2.

If σk is the electrical conductivity of the k–th conductor, and if Ls is the length in the z
direction associated with the given section, the forcing term can be expressed as

Jz,0,k = σkVk/Ls, (9)

where Vk is the voltage applied to the conductor along its length. Thanks to Equations (8)
and (9), the generic characteristic matrix [M] can then be regarded as the constitutive
relation of an n-port circuital component. Each n-port is then inserted into a cell of an
equivalent circuit representing the whole corridor. The process is shown, for a general
configuration consisting of n conductors, in Figure 3. In this way, every cell features several
per-unit-length admittances, connecting the earth-return conductors (such as the pipeline
or the overhead ground wires, OGWs) to the soil. Finally, the numerical solution of the
equivalent circuit is performed by means of the tableau analysis technique, as detailed
in [19].
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Figure 3. General topology of an equivalent circuit; each characteristic matrix is extracted by
performing 2D FEA on a single cross section of the corridor. For the sake of readability, only the
terminal impedances of the k–th conductor and the admittances between the k–th conductor and the
remaining ones have been represented.
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3. Simulation of a Nonparallel Pipeline–Power Line Routing

This section is devoted to the numerical simulation of mitigation methodologies that
can be employed to reduce voltages and currents induced in pipelines by nearby HVAC
power lines. In particular, the methodology described in Section 2 is employed to compare
the effectiveness of different shapes and physical characteristics of the employed screening
conductors (the term mitigation wires is also commonly employed by other authors and
sources). The study is performed by comparing the magnitudes of the pipe-to-soil voltage
(i.e., the voltage between a given point of the pipeline and earth) and the pipeline current
induced by the HVAC when different shapes and values of relative magnetic permeability
of the screening conductors are employed. This section is subdivided into two main
parts. The first part is dedicated to the description of the studied configuration; the
geometrical and the electrical characteristics of the modeled conductors are discussed from
the perspective of their role in the equivalent network, built using the physical information
extracted via the FEA. In the second part of the section, the results of the performed
parametric simulations are presented and compared to a reference case, where no screening
conductors are employed.

3.1. Configuration Description
3.1.1. Pipeline–Power Line Routing

The screening conductors, buried in the soil above the pipeline, follow the pipeline
route depicted in Figure 4. In the same picture, the numbers 1 to 27 indicate the different
cross sections of the corridor that have been considered in the FEA. The pipeline path
crosses the HVAC power line two times, with different crossing angles. This nonparallel
configuration represents a more general case with respect to parallelisms. Further details
on the discretization of the studied configuration, the numerical implementation of the
methodology, and the adopted boundary conditions can be found in Appendix A.
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Figure 4. Pipeline horizontal displacement with respect to the HVAC power line center along the
length of the corridor; the screening conductors follow the pipeline path, and are buried in the soil at
a constant depth; the numbers from 1 to 27 denote the different 2D cross sections of the geometry
used in the FEA.

A schematic representation of a generic corridor section is shown in Figure 5. The
position of the power line conductors is reported alongside with (constant) pipeline burial
depth. As can be observed in Figure 4, the pipeline horizontal displacement with respect
to the power line is between −3 m and 45 m, depending on the considered section. This
is reported in Figure 5, and it applies to the screening conductors, too. The 27 sections in
Figure 4 are obtained by displacing (horizontally) the pipeline and the screening conductors
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(if present), while the position of the power line conductors is retained throughout all the
different sections.
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Figure 5. Generic 2D section of the pipeline–power line corridor; position of the power line conduc-
tors and pipeline depth; the interval [−3, 45] refers to the pipeline horizontal displacement with
respect to the power line center throughout the different sections (see Figure 4) employed to discretize
the corridor; details on the shape and positioning of the screening conductors are provided in a
dedicated figure.

3.1.2. Screening Conductors

Figure 6 shows the five different shapes and configurations of screening conductors
considered in this work. The first configuration (cyl)—also studied in [21,22]—is composed
of 4 equispaced cylindrical conductors, with a radius rcyl = 8 mm. This shape of the
screening conductors has the advantage of being easily accessible, since it is typically
employed for reinforcement steel bars in the construction industry. The centers of the four
cylindrical conductors are distributed following a horizontal segment of 3.2 m.

The second configuration is composed of four equispaced square conductors (sqr),
with the same cross section of the cylindrical screening conductors. Hence, the edge of
these square conductors is Lsqr = 14.18 mm. As a consequence, even if the cross section of
the sqr conductors is the same as cyl, the perimeter-to-area ratio is higher in this second
case.

The third (rect) and the fourth (strip) configurations are obtained by further increasing
the perimeter, while keeping the same cross section. In the rect configuration the four
conductors are rectangular, with width wrect = 28.36 mm and height hrect = 7.09 mm,
while for the strip configuration wstrip = 402.12 mm and hstrip = 0.5 mm.

The fifth configuration (slab) features a single screening conductor, with wslab = 3.2 m
and hslab = 8 mm. The slab has the same width as the whole 3.2 m segment to which the
centers of the conductors belong in the first four configurations. Hence, the slab is character-
ized by a considerably larger cross section compared to the other described configurations.
The cylindrical, square, rectangular and strip screening conductor configurations have
been obtained using an equal cross section criterion. Since the same material is considered,
this criterion yields an equal weight of the employed material for the aforementioned four
configurations. The slab configuration is an exception, since it features a considerably
larger cross section. Differently from the other four screening conductor shapes, the idea
behind the slab is not to provide a realistic technical solution, but rather showing a limiting
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case that is used as a reference. In this way, the results yielded by the slab configuration
show how close to an ideal case the results obtained with the other configurations are.
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Figure 6. Screening conductors’ arrangements employed in the study; Configurations strip and slab
are not to scale; r = 8 mm, L = 14.18 mm, wrect = 28.36 mm, hrect = 7.09 mm, wstrip = 402.12 mm,
hstrip = 0.5 mm, wslab = 3.2 m, and hslab = 8 mm; the screening conductors follow the same routing
as the pipeline, and are buried 0.25 m below the soil surface.

3.1.3. Equivalent Circuit, Electrical, and Geometrical Data

The application of the methodology described in Section 2 to the described pipeline–
power line routing leads to the construction of the equivalent network depicted in Figure 7.
The figure shows the first two cells of the equivalent network, embodying the corre-
sponding characteristic matrices, extracted via FEA of the first two corridor cross sections
indicated in Figure 4. The equivalent network includes the power line conductors, i.e., the
three-phase conductors, and an overhead ground wire (OGW). The OGW is connected to
the soil at both ends of the domain by means of two equal terminal impedances ZOGW−s.
The OGW is also connected to each power-tower grounding system, represented by an
admittance YOGW−s between the OGW and the soil in each cell of the circuit. The same
reasoning is applied to the pipeline. The pipe-to-soil voltage phasor is indicated in blue
in the drawing, while the pipeline (longitudinal) current is marked in red. It should be
highlighted that Vp−s, the pipe-to-soil voltage, can also be obtained as the voltage drop
due to the (transversal) current flowing through the pipeline coating (Yp−s) at each cell of
the circuit. The network in Figure 7 has been employed to obtain all the numerical results
that will be presented and discussed in the next sections of this work.

The electrical and geometrical characteristics of the considered physical configuration
are reported in Table 1. Unlike the other metallic conductors, for the sake of simplicity, the
screening conductors are assumed to be perfectly insulated from the soil within the routing,
giving y′SC = 0, where y′SC is the per-unit-length admittance of the screening conductor to
earth. The physical impact of non-negligible admittances to soil on the screening conductor
currents will be discussed in a future work.
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Table 1. Geometrical data and material properties adopted in the simulations.

Quantity Value Units

II—phase I current 1500∠0◦ A
II I—phase II current 1500∠120◦ A

II I I—phase III current 1500∠240◦ A
σsoil—soil conductivity 1× 10−3 S/m

σp—pipeline conductivity 5.5× 106 S/m
σOGW—OGW conductivity 3.77× 107 S/m

σSC—screening conductor conductivity 5.5× 106 S/m
Rp—pipeline external radius 0.4 m
rp—pipeline internal radius 0.375 m

ROGW—OGW radius 6× 10−3 m
µr,soil—soil relative magnetic permeability 1 -

µr,OGW—OGW relative magnetic permeability 1 -
µr,p—pipeline relative magnetic permeability 250 -

µr,SC—screening conductors’ relative magnetic permeability [1, 1500] -
y′p−soil—P.U.L. pipe-to-soil admittance 1 3× 10−4 + j9× 10−6 S/m

y′OGW−soil—P.U.L. OGW-to-soil admittance 2 5× 10−4 S/m
zp−s—pipe-to-soil terminal impedance 3 Ω

zOGW−s—OGW-to-soil terminal impedance 1 Ω
1 Evaluated with the expression in [20], assuming a 5 mm thick bituminous coating with resistivity ρc = 2× 106

Ωm and relative dielectric permittivity εr = 5. 2 Obtained by distributing the admittance to soil of a power tower
and its grounding system (0.1 S [25,26]), assuming that a power tower is installed each 200 m of the power line.

3.2. Simulation Results
3.2.1. Induced Voltage and Current in Absence of Screening Conductors

In order to provide a reference case for the evaluation of different shapes and charac-
teristics of the screening conductors, the configuration described in the previous section is
firstly assessed assuming the absence of any mitigation measures. Hence, in this case only
the soil exerts a screening effect towards the induced voltage and current on the pipeline.
Figure 8a,b show the obtained pipe-to-soil voltage (Vp−s) and longitudinal pipeline current
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(Ip) along the length of the simulated corridor. These results are yielded by the network
analysis of the equivalent circuit shown in Figure 7, without the screening conductors.
At this point, it is worth highlighting that—even if the term network analysis is used for
the sake of conciseness—the tableau analysis is carried out using physical information
extracted through FEA of the discretized domain, as described in Section 2. The obtained
results show that both the induced voltage-to-soil and current reach considerable values,
requiring the employment of mitigation means [27]. As one can see, a dual behavior can
be observed in the induced current and voltage profiles, i.e., the zones with large values
of Ip correspond to low values of Vp−s, and vice versa. This can be explained considering
that—as anticipated in Section 3.1.3—with reference to Figure 7 Vp−s can be regarded as the
voltage drop due to the (transversal) current flowing through the pipeline coating (Yp−s) at
each cell of the circuit.
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Figure 8. Induced pipe-to-soil voltage (a) and current (b) along the corridor when no screening conductors are employed
(reference for voltage mitigation effectiveness).

3.2.2. Parametric Analysis of Electromagnetic Screening Effectiveness

In the previous section, the routing described in Figure 4 was simulated without any
screening conductor. Hence, the results in Figure 8 represent the unmitigated voltage and
current induced in the pipeline by the currents flowing through the nearby HVAC power
line.

In this section, the same pipeline–power line corridor is simulated adding—in turn—
one of the five different sets of screening conductors shown in Figure 6. The set of simula-
tions is then repeated four times, to cover a range of relative magnetic permeability of the
steel screening conductors, from 1 to 1500.

3.2.3. µr,SC = 1

Figure 9 shows the induced voltage-to-soil (a) and current (b), for the five different
screening conductor configurations, when the (relative) magnetic permeability of the steel
screening conductors is set to unity, µr,SC = 1. The comparison with the unmitigated results
(grey continuous line) shows that a marked reduction of both Vp−s and Ip is achieved with
all the tested configurations. Still, mitigation obtained with the slab configuration is
considerably higher than that obtained with the previous configurations.

This is expected, since the cross section of the slab is larger than the other config-
urations, leading to a higher induced current on the screening conductor, exerting in
turn a more pronounced mitigating effect by screening the pipeline from the power line
electromagnetic field.

Focusing on the results obtained using the remaining four configurations (with the
same cross section), the induced voltage and current obtained when cyl, sqr, and rect are
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employed are almost identical, so that a single dashed line has been used to represent the
three results for the sake of readability. This can be explained considering that the skin
depth at a frequency of 50 Hz for steel (σSC = 5.5× 106 S/m) is δµr,SC=1 = 30.4 mm. The
induced current density for the three configurations can therefore be reasonably considered
as uniform. Given that the cross section is the same, an approximately equal current must
flow through cyl, sqr, and rect yielding the observed similar mitigating effect.

The same reasoning can be applied to the strip configuration, which is obtained by
further increasing the perimeter-to-area ratio with respect to rect. As can be observed, the
strip mitigation efficiency for µr,SC = 1 suffers a slight decrease (i.e., higher values of Vp−s
and Ip are obtained) compared to the other cross sections. This result can be explained
by observing that the mitigating effect is mainly due to the currents that are induced by
the overhead power line in the screening conductors. A strip cross-section conductor is
inherently less efficient in producing a magnetic field in the close vicinity of the conductor
itself. Indeed, considering a conductor with a circular cross-section A carrying an electric
current I, the magnetic field on the outer surface of the conductor can be easily calculated as
Hc = I/

√
4πA. Conversely, the magnetic field on the surface of a strip-conductor carrying

the same current I, can be estimated neglecting the end effect as Hs = I/
(
2wstrip

)
where

wstrip is the strip width. Then, the ratio Hs/Hc =
√

πA/wstrip inversely depends on the
width wstrip, implying that the wider the strip, the lower is the magnetic field in the region
exposed to its wide edge. Of course, this difference becomes negligible for large distances
from the screening conductor, but in the proposed study this mechanism apparently plays
some kind of physical role.
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Figure 9. Induced pipe-to-soil voltage (a) and current (b) along the length of the corridor for different shapes of the screening
conductors when the magnetic permeability of the screening conductors is set to 1 (µr,SC = 1); the results obtained the cyl,
sqr, and rect screening conductors have been grouped for the sake of readability; the unmitigated results (grey continuous
line) are marked as ref.

3.2.4. µr,SC = [250; 500; 1500]

The parametric simulation described in the previous paragraph for µr,SC = 1 is
repeated for increasing values of relative magnetic permeability of the screening conductors.
In order to obtain the results in Figures 10–12, the value of µr,SC has been set to 250, 500, and
1500, respectively, to assess the influence of this parameter on the screening effectiveness of
the conductors. Starting from Figure 10, it can be noticed that—while the results yielded
by cyl and sqr are still very close—a noticeable difference can be now appreciated with
the rect configuration. In particular, the latter produces a higher screening effect with
respect to cyl and sqr. This is due to the skin depth (δµr,SC=250 = 1.92 mm), well under the
characteristic length of cyl (Rcyl = 8 mm) and sqr (Lsqr = 14.8 mm). The rect configuration,
having a smaller height (hrect = 7.09 mm), is less affected by the skin effect, leading to
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slightly higher mitigating effects towards both the induced voltage and current. The same
rationale can be applied to the strip, where the perimeter-to-area ratio is further increased
with respect to rect hstrip = 0.5 mm, which is lower than the skin depth for the considered
electrical conditions, granting a higher level of induced current.

Comparing Figure 10 to Figure 9 (where µr,SC = 1, δµr,SC=1 = 30.4 mm), a marked
difference can be found in the results corresponding to cyl, sqr, and rect. However, the
difference between the two plots is more subtle when strip is considered, since in both
cases the reduced height of the conductor allows for an approximately uniform current
density distribution.

The same trend described for Figure 10 can be noticed in the results depicted in
Figures 11 and 12, where the relative magnetic permeability is increased to 850 and 1500, re-
spectively. Consequently, the screening conductor skin depth decreases to δµr,SC=850 = 1.04 mm
and δµr=1500 = 0.78 mm, respectively. The comparison between these results and the ones
in Figure 9 where µr,SC = 1 show that the cylindrical, squared, and rectangular screening
conductors become ineffective for higher values of magnetic permeability.

Energies 2021, 14, x FOR PEER REVIEW 12 of 18 
 

 

3.2.4. 𝜇,ௌ = [250;  500; 1500] 
The parametric simulation described in the previous paragraph for 𝜇,ௌ = 1 is re-

peated for increasing values of relative magnetic permeability of the screening conduc-
tors. In order to obtain the results in Figures 10–12, the value of 𝜇,ௌ has been set to 250, 
500, and 1500, respectively, to assess the influence of this parameter on the screening ef-
fectiveness of the conductors. Starting from Figure 10, it can be noticed that—while the 
results yielded by cyl and sqr are still very close—a noticeable difference can be now ap-
preciated with the rect configuration. In particular, the latter produces a higher screening 
effect with respect to cyl and sqr. This is due to the skin depth (𝛿ఓೝ,ೄୀଶହ = 1.92 mm), well 
under the characteristic length of cyl (𝑅௬ = 8 mm) and sqr (𝐿௦ = 14.8 mm). The rect 
configuration, having a smaller height (h୰ୣୡ୲ = 7.09 mm), is less affected by the skin effect, 
leading to slightly higher mitigating effects towards both the induced voltage and current. 
The same rationale can be applied to the strip, where the perimeter-to-area ratio is further 
increased with respect to rect hୱ୲୰୧୮ = 0.5 mm, which is lower than the skin depth for the 
considered electrical conditions, granting a higher level of induced current. 

Comparing Figure 10 to Figure 9 (where 𝜇,ௌ = 1, 𝛿ఓೝ,ೄୀଵ = 30.4 mm), a marked 
difference can be found in the results corresponding to cyl, sqr, and rect. However, the 
difference between the two plots is more subtle when strip is considered, since in both 
cases the reduced height of the conductor allows for an approximately uniform current 
density distribution. 

The same trend described for Figure 10 can be noticed in the results depicted in Fig-
ures 11 and 12, where the relative magnetic permeability is increased to 850 and 1500, 
respectively. Consequently, the screening conductor skin depth decreases to 𝛿ఓೝ,ೄୀ଼ହ =1.04 mm and 𝛿ఓೝୀଵହ = 0.78 mm, respectively. The comparison between these results 
and the ones in Figure 9 where 𝜇,ௌ = 1 show that the cylindrical, squared, and rectan-
gular screening conductors become ineffective for higher values of magnetic permeability. 

  
(a) (b) 

Figure 10. Induced pipe-to-soil voltage (a) and current (b) along the length of the corridor for different shapes of the 
screening conductors when the magnetic permeability of the screening conductors is set to 250  (𝜇,ௌ = 250); the unmit-
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Figure 10. Induced pipe-to-soil voltage (a) and current (b) along the length of the corridor for different shapes of the
screening conductors when the magnetic permeability of the screening conductors is set to 250 (µr,SC = 250); the unmitigated
results (grey continuous line) are marked as ref.
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Figure 11. Induced pipe-to-soil voltage (a) and current (b) along the length of the corridor for different shapes of the
screening conductors when the magnetic permeability of the screening conductors is set to 850 (µr,SC = 850); the unmitigated
results (grey continuous line) are marked as ref.
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4. Discussion

In order to provide a quantitative description of the different mitigation efficacies
obtained in the results reported in the previous section, the mitigation rate can be defined
for both the induced pipe-to-soil voltage and pipeline current. Considering for example
the voltage migration rate, the figure of merit can be defined as:

MRV =

(
1−

max
(
Vp−s

)
max

(
Vp−s,0

))× 100, (10)

where max
(
Vp−s,0

)
is the maximum value of pipeline-to-soil voltage in the considered

corridor when no mitigation means are considered.
The computed mitigation rates for both the induced voltage and current, obtained with

all the different screening conductor types and values of magnetic permeability described
in the previous section, are reported in Figures 13 and 14, respectively.

The mitigating effect of a screen is attributable to two different mechanisms. The first
one is due to the electric currents that are induced by the main time varying magnetic
field, created by the power line. The currents induced in the screening conductors, in
turn, produce a reaction magnetic field that opposes the inducing field. In this respect,
an increase of the screening conductor’s magnetic permeability is potentially detrimental,
since it causes a skin depth reduction. This may reduce the portion of the conductor
crossed by the current, significantly impairing the mitigation rate. The conductor cross-
section shape also affects the distribution of the magnetic field produced by the conductor
itself. Considering the same current and cross-section area, the magnetic field in close
proximity to the conductor is higher for the conductor with the smallest outer perimeter.
That is, the same current provides the most efficient local shielding when flowing in a
cylindrical conductor, which exhibits the lowest ratio between the outer perimeter and
cross-section area. This explains the slight reduction in the mitigation rates observed in
Figures 13 and 14 for the strip configuration, with respect to the cyl, sqr, and rect ones,
when µr,SC = 1. Indeed, this is the only case where the current density in the screening
conductors is approximately uniform, due to the large skin depth.

A second mechanism exploits the magnetic properties of the material constituting
the screen [6]. Indeed, a high-permeability screen constitutes a preferential path for the
magnetic field produced by the power line, diverting it away from the pipeline. The
obtained results show that—in the cases presented in this paper—the latter mechanism
plays little role, since the small size of the screening elements does not reduce significantly
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the reluctance of the magnetic flux tubes. An exception can be found by observing the
behavior of the strip configuration, where an increase of the magnetic permeability does
not cause any change in the current induced in the conductor. Still, the voltage mitigation
rate slightly increases from 28.1% for µr,SC = 1 to 28.5% for µr,SC = 1500. In this case, the
improvement in screening efficiency can be ascribed to the way in which the magnetic
properties of the shielding material affect the distribution of the magnetic field lines.

Apart from this case, the screening efficiency is generally dominated by the electric
current induced in the screening conductors. As a result, while the voltage and current
mitigation rates of the strip screen type do not vary significantly when different values of
µr,SC are considered, marked differences are obtained for the cyl, sqr, and rect configura-
tions. As previously mentioned, this is due to the strip geometrical height, hstrip = 0.5 mm,
being smaller than the skin depth in the whole range of relative permeability values.

Conversely, the observed physical behavior changes when a single large slab of steel
is employed as a single screening conductor instead of four strip type screening conductors.
In particular, as can be observed in Figures 13 and 14, both MRV and MRI show a decrease
for increasing values of µr,SC, just like the cyl, sqr, and rect configurations, but for overall
higher values of mitigation rate (due to the markedly larger area of the conductor). This
behavior is expected, due to the height of the slab, hslab = 8 mm being larger than the skin
depth when µr,SC 6= 1.

At this point, it its worthwhile to focus on the different behavior yielded by the
different screen conductors in relation to the employed magnetic permeability. Figure 15
shows the obtained pipe-to-soil voltage and pipeline current when cylindrical mitigation
wires are employed, for different values of the relative magnetic permeability. The results
are compared to the unmitigated case (marked in grey color). The figure shows that—
for this particular shape—the magnetic permeability exerts a significant influence the
mitigation efficacy of the screening conductors. This is somehow an expected result, since
(at 50 Hz) even for µr,SC = 1 the penetration depth (δµr,SC=1 = 30.4 mm) is comparable
to the conductor radius (rcyl = 8 mm). Therefore, if µr,SC is increased the consequent
reduction of the penetration depth leads to lower currents in the mitigation conductors
due to a correspondingly increased impedance.
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The comparison between the above discussed results and the ones for the strip shape
shows two opposite situations. Indeed, in this second case the penetration depth is
considerably smaller than the strip height (hstrip = 0.5 mm) in the whole range (1–1500)
of magnetic permeability, leading to the observed independence between µr,SC and the
mitigation rate.

As a general note, the results discussed in this work have been obtained by simulating
a power line characterized by a symmetric (spatial) disposition of the phase conductors.
Assuming equal power line currents—an asymmetric disposition of the conductors would
lead to higher magnetic fields and hence higher levels of induced currents and voltages on
the power line. Nevertheless, the mitigation efficiency in Equation (10) has been defined as
a relative quantity. Hence, the result in terms of screening efficacy would not be affected
by the magnitude of the inducing magnetic field, provided that the levels of the induced
magnetic fields are low enough to allow the assumption of linearity of the magnetic
materials formulated in Section 2.

Finally, the practical consequence of the results reported in this work is that—in
general—in order to maximize the mitigation rate non-magnetic steel should be employed
for the construction of electromagnetic screens such as the ones considered in this work.

Nevertheless, retaining the same area and electrical conductivity for the screening
conductors, the adoption of strip-like shapes, i.e., conductors characterized by a height
smaller than then the skin depth, allows the employment of cheaper magnetic steels, while
retaining the same mitigation performances that can be obtained using non-magnetic steels.
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Figure 15. Induced pipe-to-soil voltage (a) and current (b) along the length of the corridor for different values of relative
magnetic permeability (µr) of four cylindrical screening conductors (cyl in Figure 6); the unmitigated results (grey continuous
line) are marked as ref.

5. Conclusions

In this work an investigation aimed at highlighting how the shape and magnetic
properties of a shielding conductor affect its mitigation efficiency was presented. The
considered application is the mitigation of electromagnetic interference induced by a
high-voltage power line on a metallic pipeline sharing the same corridor.

The numerical study was conducted through a quasi-3D finite element analysis. Miti-
gation was achieved using four steel conductors, buried at a fixed depth above the pipeline.
Keeping the same cross-sectional area, different shapes and magnetic permeabilities have
been considered, and the obtained shielding performances have been compared and dis-
cussed.

Results have shown that the magnetic properties of the material used for the screening
elements do not directly produce any substantial modifications in the distribution of the
magnetic field lines. The mitigation efficiency is mainly determined by the currents that are
induced in the screening conductors. As a result, an increase of the magnetic permeability
causes a decrease of the active cross section of the cylindrical, square, and rectangular
conductors, determining a performance decay. Conversely, the increase of the magnetic
permeability does not negatively affect the performance of the strip-shaped conductors,
their height being smaller than the skin depth in all the considered conditions. This
suggests that an appropriate choice of the screening element cross section allows the use
of cheaper magnetic steel, keeping the performance of the device unaltered. Hence, in
general, higher values of magnetic permeability are expected to produce lower screening
efficiencies unless, as suggested by the strip configuration results, an appropriate choice is
made for the screening conductors shape, i.e., maximizing the perimeter-to-area ratio.
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Appendix A

Each of the 27 corridor sections marked in Figure 4 has been discretized by means of a
2D triangular mesh, obtained using the GMSH software [28]. Each section has a circular
shape, with the boundary condition Az = 0 enforced on the outer edge. The top part
of the mesh contains the aerial power line, whereas the bottom part corresponds to the
soil, containing the pipeline and the screening conductors. In this study, the soil electrical
conductivity has been set to σsoil = 1·10−3 S/m, yielding a skin depth of δs = 2.25 km. The
mesh radius has accordingly been set to 10 km.

For what concerns the implementation of the proposed methodology, the 2D finite
element solver employed to extract the characteristic matrices from the sections of the
corridor was implemented by the authors in Fortran 90 language. The code employs the
Intel MKL PARDISO library to solve the sparse complex linear system stemming from the
magnetic vector potential equation discretization over 2D triangular meshes. The tableau
analysis routine—used to solve the equivalent circuit embodying the physical information
extracted with FEA—has been implemented in MATLAB, since the computational load is
considerably lower compared to the finite element solver.
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