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Abstract: This paper investigates the influence of harmonic content on the root mean square value
of electromagnetic fields emitted by overhead power lines. The paper presents a methodology
to assess the intensity of electric field and magnetic flux density, incorporating both fundamental
frequencies and harmonics. The results of our calculations indicate that harmonic distortion in
current waveforms can significantly increase the RMS value of magnetic flux density but its effect on
electric field intensity is minimal. Additionally, our findings highlight a potential increase in induced
voltages on buried or overhead steel pipelines in the vicinity of OPLs, which could pose risks such as
pipeline damage and increased corrosion. This underscores the importance of considering harmonic
content in EMF exposure evaluations to address both health risks and potential infrastructure
impacts comprehensively. Effective harmonic management and rigorous infrastructure monitoring
are essential to prevent potential hazards and ensure the reliability of protective systems.

Keywords: harmonics; magnetic flux density; intensity of electric field; overhead power lines; root
mean square; health

1. Introduction

Overhead power lines (OPL) produce electromagnetic fields (EMF) at low frequencies.
These EMFs have a typical power frequency of 50 Hz or 60 Hz [1] and are classified as
extremely low-frequency fields (ELFs). In general, ELF are categorized as a field within the
range of 0 Hz to 300 Hz [2]. There are two main reasons why it is necessary to quantify ELF
from OPL:

*  Possible health effects on the human body and potential interference of these fields
with medical devices.

¢  Technical aspects of the issue. ELF causes inductive and capacitive coupling between
objects, which ultimately results in induced voltages and currents in the surround-
ing infrastructure, such as pipeline networks and metallic telecommunication lines.

These voltages and currents pose a potential danger upon contact for workers or the

public [3].

The potential health risks associated with exposure to Extremely Low Frequency (ELF)
fields from OPL have generated debate. While ELF is classified as non-ionizing radiation
and generally deemed safe by regulatory bodies, some studies suggest a possible link to
childhood leukemia, though the evidence remains inconclusive and disputed [4]. Research
into ELF association with other cancers, such as brain tumors and breast cancer, has also
produced mixed results [5,6].

Despite uncertainties, regulatory bodies like the International Commission on Non-
Ionizing Radiation Protection (ICNIRP) have set exposure guidelines to minimize the
potential risks [7]. A notable concern is the interference of ELF fields with Active Implanted
Medical Devices (AIMD). The European Union’s Directive 2013/35/EU and its 2015 guide
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highlight that electric fields greater than 5 kV/m, common under Extra High Voltage (EHV)
lines with low ground clearance, may pose risks to workers with AIMD [8-11].

Several countries and organizations have created their own exposure limits and refer-
ence values for the public and workers. These reference levels of exposure to ELF can vary
according to international standards. An extensive comparison of international policies on
electromagnetic fields including power frequency and radio frequency fields can be found
in [12]. The reference levels for the Slovak republic are shown in Table 1 [13].

Concerns over health risks have prompted the establishment of new design standards
for power lines. Electromagnetic field effects are now a critical factor in the construction
of transmission lines [14]. As operational safety around OPL gains importance, more
comprehensive project planning is required.

As shown in Table 1 and illustrated in the graphs in Figures 1 and 2, the exposure limits
vary across different frequencies. The included graphs and tables show the dependence of
the limits on frequency only for low frequencies, for which the possible values of higher
harmonics are clearly defined by the qualitative standard EN 50160:2022 [15] and IEEE Std
519-2014 [16]. It is suggested that these exposure limits are designed to shield individuals
from the energy levels present within the field. Nevertheless, many situations occur where
the field is not produced by a perfect sine wave. In fact, the predominance of fields
is characterized by a lack of pure sinusoidal nature. The foundational exposure limit
individually assesses the frequencies through their root mean square value (RMS).

Table 1. Reference levels in Slovak republic for exposure to time-varying electric and magnetic fields
(unperturbed RMS values) for distinct frequencies.

Intensity of Electric Field Magnetic Flux Density By
Frequency Hz E,e [KV-m—1] [ T]
50 5.000 100.0
150 1.666 33.33
250 1.000 20.00
550 0.454 9.090
1000 0.250 6.250
3000 0.087 6.250
5000 p
4000 |}
El ‘:
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Figure 1. Graph showing the dependency of exposure limit E; ;s from frequency.

The limitations on OPL ELF values were established primarily to protect health.
However, it is the technical aspects, particularly the hazardous and disruptive effects such
as induced voltages on conductive objects and discharge currents passing through a person
in case of contact with such an object that pose the greater risk. Depending on whether an
object near an OPL is subject to capacitive, inductive coupling, or a combination of both,
various issues can arise. Additionally, the problems differ based on whether the line is
experiencing a fault condition or is in steady-state operation:
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Fault conditions of OPL: Individuals in direct contact with pipes that have induced
voltages are at risk. The standard EN 50443 defines the maximum allowable induced
voltages depending on the duration of the fault [17].
e  Steady-state operation of OPL: Although these induced and current voltages are
typically low, their persistent nature can cause misfunctions in cathodic protection
systems for pipelines. Standard EN 50443 sets a limit of 60 V, while Standard EN ISO
18086 adjusts this value to 15 V for proper operation of protection systems [18]. In
practice, the ratio of induced voltage to the pipe to e potential, E,;;, must be considered.
Eon is the potential measured while the cathodic protection system is operating. Safe
values in such scenarios are typically in the range of a few volts, and even slight
increases over time can significantly reduce pipeline lifespan.
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Figure 2. Graph showing the dependency of exposure limit B;;s from frequency.

In general, many articles and studies have greatly covered the topic of ELF emitted
by OPL lines in recent decades. The comparison and methodology for the calculation of
electric field intensity and magnetic flux induction for typical HV and EHV OPL config-
uration can be found in [11,19-23]. Approaches for optimization using advanced genetic
and particle swarm algorithms are shown in [24]. The basic theory for calculation is well
described in [25] and CIGRE brochures. The research comparing the ELF generated by a
110 kV double-circuit OPL through measurements and numerical simulations is presented
in [26]. However, the impact of harmonics content in currents and voltages on the values of
ELF is presented in very few of the studies. A paper by Mujezinovi¢ et al. from 2022 high-
lights the significance of accurately determining the contributions of individual harmonic
components to the total magnetic flux density, showcasing the practical application of the
proposed calculation method in analyzing overhead line configurations. Their results show
that magnetic flux density can increase by 5% for 110 kV lines by including harmonics in
the calculation [27]. The effects of VSC-HVDC harmonics from converter stations on OPL
are analyzed in [28]. The influence of harmonics in current on the magnetic flux density
for a double circuit EHV line is analyzed in [29]. Their results show that harmonics can
increase the RMS value of the field in order of percent up to 4%, depending on the THD
(total harmonic distortion) of current. Another approach to the problem of harmonics is

presented in a paper from 2019, which presents a model for analyzing power line harmonic
radiation in the ionosphere [30].

The aim of this article is to analyze potential increases in ELF values due to higher
harmonics in voltage and current during the steady-state operation of OPL. Our study
examines the maximum possible increases in the RMS values of magnetic field induction
and electric field intensity around 110 kV lines. This maximum increase is directly attributed

to the consideration of higher harmonic limits as defined by EN 50160:2022 for HV OPL [15],
and IEEE Std 519-2014 for current distortion [16].
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Novelty of the Work

This paper presents a novel approach by consolidating and synthesizing methodolo-
gies for assessing ELF fields from OPL, which are typically fragmented across various
studies and standards. It introduces a unique method for calculating the maximum RMS
values of E and B fields, considering the maximum harmonic distortion caused by voltage
and current, strictly adhering to standards such as EN 50160:2022 and IEEE Std 519-2014.
Additionally, the paper discusses the potential consequences of ELF fields on human health
and surrounding infrastructure, providing a holistic view that is crucial for developing
effective safety guidelines and design standards. This comprehensive and precise approach
represents a significant advancement in the field, addressing both health risks and technical
impacts.

The following paper is organized as follows. Section 2 describes the basic methodology
for EMF from OPL evaluation. Section 3 details the ELF calculation produced by the specific
110 kV OPL. Section 4 analyses the results and compares the field’s total RMS values with
base power frequency field values. Section 5 discusses the current THD values magnetic
flux density increase over base frequency.

2. Materials and Methods

In the following part, the basic terminology used for the evaluation of EMF for differ-
ent frequencies is described. All fields analyzed in this paper are referred to as quasi-static.
Time-varying EMF is considered quasi-static when the temporal changes in EMF propaga-
tion can be considered negligible at finite speeds [31,32].

2.1. Terminology

Marking used in the following text:
E  vector is represented by an arrow
E  phasor is represented by a hat over the character
E,ms  root mean square value of the quantity
En  magnitude of quantity
En,  magnitude of a quantity in a specific x direction
E; (t) time-dependent value of a given quantity in the x direction,

The quasi-stationary nature of the field stems from its low frequency, allowing for the
separate calculation of each component of ELF. This simplifies calculations, utilizing basic
electrostatics to compute the intensity of the electric field and magnetostatics to determine
the magnetic flux density. The voltage and current sources of these fields are represented in
phasor form [25].

The following relations represent the mathematical description of magnetic flux density
and intensity of electric field for a single frequency in an n-conductor system. These relations
are valid only in the case of a quasi-stationary field. The extension of this description to higher
harmonics is provided in Section 2.5 The superposition of E and B involves adding the fields
generated by individual charges Q and currents I, Equations (1) and (2) [31,32].

E=E(Q1)+Ex(Q) + +En(Qn) 1)

B = Bi(h)+By(L) + - - + Bu(ly) )

The EMF field near the OPL is described in this paper using phasors and vectors. A
vector is characterized by a magnitude and an angle in space or by three spatial components,
Equation (3) [1].

E= [Ex; Ey; Ez} (3)

Phasor is a quantity with a sinusoidal time variation described by a magnitude and a
phase angle, Equation (4). Angle ¢ describes phase shift [1].

E; (t) = Em,cos(wt + ¢px) = Ey, = En, Z¢x (4)
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The root mean square representation is as follows:

A E

Ermsx - %44)95 (5)
Three perpendicular vector components can be phasors, each having different magnitudes

and phase angles. These components are referred to as the phasor-vector, Equation (6) [33].

Erms = [Ermsx;érmsy;érmsz] = [Ermsxlﬁbx;Ermsylﬁby} Ermszlﬁbz] (6)

The same equation follows for magnetic flux density B.

The predominant approach for characterizing the harmonic field is through scalar
quantity. The scalar RMS value of the field can be derived from the phasor-vector definition
as follows:

Eims = \/Re{ﬁrms}z + Hm{Erms}z (7)

— — — 2 — — — 2
Erms = \/Re [\/E%msx + E%msy + E%msz:| + Im [\/E%msx + E%mSy + E;gmsZ (8)

2.2. Position of Calculation

In determining EMF, various methods and locations can be considered. For the sake
of simplicity in this paper, the field is computed along the horizontal axis perpendicular to
the axis of a symmetrical span Figure 3, positioned at a height of 1.8 m above flat terrain.
The conductors are assumed to be infinitely long and positioned at the lowest point of their
actual sag.

Figure 3. Illustration of position of EMF calculation, red line perpendicular to span axis.

Consider point P as the observation point where we intend to evaluate the electric field
intensity. Vector 7, points from the origin to P. Vector 7; points from the origin to conductor
element. The vector 7 originates from an element of the conductor d/ and extends toward
the observer P. The positions of the vectors in relation to P are shown in Figure 4.

7 can be expressed as follows:

F= (?p — 7o) )

where 7, denotes the vector from the origin of the coordinate system to observer P, and 7y
indicates the vector from the origin of the coordinate system to the element of conductor dI.
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Figure 4. The positions of the vectors 7, 7, 7 around catenary curve in relation to the observer P.

2.3. Intensity of Electric Field

The calculation of E is based on Coulomb’s law. The analytical expression of Coulomb’s
law, after substituting Equation (9), is as follows:

_, - 1 Tdl
E:/dE: / _TE 3,7 10
/ 47T€ol |(Vp—r0)|3( p=7o) (10

where 7 is the linear charge density and €( the permittivity of the free space. In a 2D space
where the conductors’ cross-section lies in a plane, this solution can be simplified to the
following:

1 T

E= S
47‘[60 |(l’p — 7”0)|3

(Fp — 7o) (11)

The electric field arises from charges in both the conductors and the terrain with a
boundary potential ¢ = 0. The distribution and density of charges on this plate are uneven.
This problem is solved using the method of image charges.

The intensity of the electric field E at the observer point P is the sum of electric
intensities created by each conductor k, including both real and mirrored conductors
(subscript with apostrophe).

E=E +..+E+E+..+E (12)

Linear charge density can be calculated from known line-to-ground voltages and
the geometry of the system. For an infinite straight conductor, the linear charge density
can be calculated by Equation (13), where [7;] is the vector of linear charge densities
in the conductors k, [P] is a 2D matrix of the maxwell potential coefficients, [Uy] is the
vector of voltages. The diagonal components [P] Py are the self-potential coefficient of the
conductor k and the non-diagonal components P; are the mutual potential coefficients of
the conductors k and j.

(5] = [P]1[Uy] (13)

The components of the [Py] are computed as follows

1 2y

P = 271eg In (Rik) (14)
1 D’

Pij = 271eg In (Dik]> (15)
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where I is the height of the conductor element k above ground, Ry is the radius of the
conductor k, Dk]- is the distance between the elements of the conductors k and j, D’k]- is the
distance between the element of the conductor k and the mirror element of the conductor ;.

When computing the harmonically oscillating field with the intensity E represented as
a phasor-vector, we utilize the RMS phasor of the line-to-ground voltage of each conductor
Urmsk as input. Equation (13) can be rewritten as follows:

[Trmsi ] = [Pkkrl[armsk] (16)

The intensity of the electric field under the OPL consisting of k conductors is then
calculated:

aath
3
3

k|4 A
= Z [Ermsk + Ermsk/] (17)
k=1

2.4. Magnetic Flux Density

The computation of magnetic flux density relies on the Biot-Savart law [34,35] where
dTrepresents the vector element of the conductor. The path integral is determined along the
path of the conductor. Here, iy denotes the permeability of free space, while I represents
the current flowing through the conductor.

5_ I 1d1 x (7, — 7o)
art Ja |((Fp —70))3]

By simplifying the computation for an infinitely straight conductor in a 2D plane, we

(18)

obtain the following equation, where Trepresents a unit vector perpendicular to our 2D
plane.

m Il x (?p — ?0)
4 |((Fp = 70))°|

When magnetic flux density is generated by multiple conductors, the outcome is the
superposition of fields at every point observed from each conductor k. Similar to the case
of the intensity of electric fields, we represent the current in the form of the phasor, and we
obtain the following:

B= (19)

_ i _ 2 ]/l() I}’mSk (? ?Ok)
= rmsg] = 7 — 7,
k=1 . k=1 ((Fp = To))?|

o
3
"W

(20)

2.5. Root Mean Square of Waveform

Let us assume that the harmonic content of the waveform is known. We will use the
current waveform for the explanation consisting of the frequencies of # harmonics.

Hwt) = I(wt) + L2wt) + ... + Iy (nwt) (21)

The total RMS value of the given waveform is as follows:

Irms = \/Ilrm52 + IZrms2 + u-Inrmsz (22)

The same principle can be applied to each individual component of the phasor-vector,
as well as to voltages in a similar manner.

3. Calculation

A calculation of the total RMS value of magnetic flux density and intensity of the electric
field has been performed to demonstrate the influence of harmonics in the current and voltage
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waveform. The EMF was calculated for a 110 kV double system (2 x 110 SUDOK, vertical
phase system configuration), which is a typical HV OPL. The parameters of the system are
listed in Table 2, and the geometry and phase configuration are detailed in Table 3. These
parameters represent the typical 110 kV line in the Slovak Republic [11]. The chosen phase
configuration, with the same phase in each arm, maximizes the overall value of the EMF
components. The calculation was conducted at the center of the line, with the ground clearance
of the lower conductors set to be 6 m. Additionally, the calculation was performed on a line
perpendicular to the axis of the line at the height of 1.8 m above the flat ground.

The stated current values (700 A in this case) are not commonly achieved in practice
and depend on the current load of the line, which changes dynamically over time. Never-
theless, legislation requires the calculation of EMF for the worst-case scenario of conductor
loading and at the lowest possible height of the bottom conductor above the ground for
which the OPL is designed.

Table 2. Calculation parameters.

Type of tower SUDOK
No. of systems 2
No. of ground wires 1
Phase to phase voltage 121 kV
Current per phase 700 A
Type of phase conductor ACSR 445/74
Type of phase conductor ACSR 180/59
Ground clearance 6m

Table 3. Geometry of the tower and phase configuration.

Position of Conductors on Tower

Configuration Height [m] Displacement [m]
Phase 1 16.2 -3
System 1 Phase 2 20.0 -3.8
Phase 3 23.8 -3
Phase 1 16.2 3
System 2 Phase 2 20.0 3.8
Phase 3 23.8 3
Ground wire 274 0

Harmonic distortion up to the 40th harmonic was analyzed, as shown in Figure 5. The
harmonic spectrum of the voltage represents the maximum allowable harmonic distortion
as defined by EN 50160:2022 for HV OPL [15], with a calculated total harmonic distortion
(THD) of 8.1%. EN 50160:2022 does not specify THD or harmonic spectrum for current.
Therefore, the harmonic spectrum of the current represents the maximum allowable har-
monic distortion defined by IEEE Std 519-2014 for HV OPLs with a maximum demand
current of over 1000 A [16]. The calculated THD of the current is 37.1%.

14 mvoltage distortion

12 B current distortion

ratio to the 1th harmonic [%]

2345678 910111213141516171819202122232425262728293031323334353637383940
harmonics [-]

Figure 5. The levels of harmonic distortion relative to the fundamental frequency of 50 Hz.
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4. Results

The calculation results for magnetic flux density are presented in Figure 6, and for
electric field intensity are shown in Figure 7. From these results, we observe that the
influence of harmonic content on the RMS value of electric field intensity is negligible, even
when considering the maximum allowable voltage distortion defined by EN 50160:2022.
Specifically, the maximum electric field intensity increased from 3.28 kV /m at the funda-
mental frequency to 3.30 kV/m when accounting for the entire spectrum, representing
only a 0.4% increase. This minor increment becomes even less significant when factoring
in the substantial impact of surrounding conductive and non-conductive objects—such as
vegetation, structures, and fencing—on the electric field distribution around the OPL.

2000
000

power frequency

harmonics included

FaWaYaY
\*Aviv)

-20 -15 -10 -5 0 5 10 15 20
d[m]

Figure 6. Results of magnetic flux density calculation for power frequency current, and with consid-
eration of harmonics current distortion.

D
D

'S

power frequency — e —
harmonics included 300
E}
200 | =
u_]‘:
1.00
e
-20 -15 -10 -5 0 5 10 15 20
d[m]

Figure 7. Results of intensity fo the electric field calculation for power frequency voltage, and with
consideration of harmonics voltage distortion.

Conversely, the magnetic flux density exhibits a more pronounced sensitivity to
harmonic distortion in the current spectrum. The RMS value increased by 6.18%, from
22.97 uT at the fundamental frequency to 24.38 uT when including higher-order harmonics.
This substantial rise is attributed to the presence of low-order harmonics, particularly the
third and fifth, which are more prevalent in current waveforms due to non-linear loads and
power electronic devices connected to the grid.

The occurrence and impact of these current harmonics vary across different voltage
levels. Lower voltage levels are more susceptible to higher harmonic distortion because
of the direct connection to numerous non-linear consumer loads, such as computers and
LED lighting. However, these harmonics can propagate upstream to higher voltage levels
through the network, especially if adequate filtering and mitigation measures are not in
place. At medium and high voltage levels, industrial equipment and large-scale renewable
energy sources equipped with power electronic interfaces can also introduce significant
harmonic content into the system.

Due to the linearity of electromagnetic field interactions, a similar proportional increase
can be expected in the induced voltages on buried pipelines located near OPL. Such increases
pose a considerable risk to the proper functioning of cathodic protection systems, potentially
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leading to accelerated corrosion and reduced structural integrity of the pipelines. Therefore,
it is crucial to account for harmonic distortion effects in the design and analysis of OPLs and
adjacent infrastructure to ensure operational safety and compliance with relevant standards.

5. Discussion

The following graph in Figure 8 shows the calculated percentage change in magnetic
flux density as a function of current THD. Due to the linearity of the magnetic flux density
and intensity in the air, the same chart applies to the electric field intensity. From the results,
we observe that in the case of significant current THD levels (50%), the increase in the EMF
components can be up to 10%. This finding can be applied to real measurements of current
THD levels in 132 kV substations as cited in [36].

The results from [36] indicate that the maximum distortion in voltage ranges between 0.84%
and 0.68%, with maximum values between 1.07% and 0.92%, and minimum levels between
0.40% and 0.52%. Even with an increase of up to 8%, as specified in EN 50160:2022, the influence
remains insignificant. This influence would be even lower under EHV OPL where the harmonic
levels in voltage are smaller [15]. However, the measurements in [36] showed that high levels of
THD, up to 30% in current, are indeed possible and are often observed.

30

25

0 10 20 30 40 50 60 70 80 90 100
THD [%]

Figure 8. Change in the magnetic flux density RMS value as a function of current THD.

Figure 5 shows the significant difference between permissible harmonic content in
voltages and currents. The logical results from this are that magnetic flux density will
have a higher possibility of increasing above base frequency levels than the intensity of the
electric field. This is also the result of our simulations.

A critical factor to consider is the potential increase in magnetic field induction. This
magnetic field induction, characterized by inductive coupling, directly influences the in-
duced voltages on buried steel pipelines. These voltages arise under steady-state conditions
of the power line, particularly during worst-case scenarios like maximum line load. It is
essential to limit these voltages to ensure the safe operation of the pipelines and minimize
the risk of corrosion, which necessitates proper adjustments to their cathodic protection
systems. Moreover, such calculations should be performed in a 3D context, as they are
significantly more complex than presented here, allowing for a more accurate assessment
of the interactions between the power line and the pipeline network.

6. Conclusions

This paper focuses on the calculation methods and results of extremely low-frequency
electromagnetic fields, ELF around overhead power lines. Our study aimed to understand
how these field levels are influenced by the presence of harmonic distortion in current and
voltage waveforms. Detailed calculations were performed to assess the intensity of electric
fields and magnetic flux density under scenarios involving Total Harmonic Distortion
(THD) levels, in line with standards such as EN 50160:2022 and IEEE Std 519-2014.

The results indicate that harmonic distortion in current waveforms can significantly increase
the RMS value of magnetic flux density by more than 5% when current harmonic distortion
levels approach or exceed the established limits. In contrast, the effect of voltage harmonic
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distortion on electric field intensity is minimal. This is because voltage harmonic distortion

is typically lower and subject to stricter THD limits compared to current. The higher THD in

the current often results from nonlinear industrial loads, which distort the current waveform.

Additionally, system impedance at higher frequencies amplifies these harmonics, whereas

voltage distortion is more effectively managed through filtering and damping techniques.
Implications for Safety:

¢ Health Risks and ELF Exposure—Understanding the influence of harmonic distortion
on ELFF levels is crucial for assessing potential health risks. Our study highlights the
need for careful monitoring and management of EMF exposure, particularly in areas
where harmonic distortions are significant. While the increase in electric field intensity
is minimal, the pronounced effect on magnetic flux density underscores the need for
ongoing vigilance in managing EMF-related health concerns.

*  Infrastructure and Safety—The study reveals that increased magnetic flux density due
to harmonic distortion can affect surrounding infrastructure, such as buried pipelines.
Elevated magnetic flux density can induce higher voltages in these pipelines, which
may compromise the operation of cathodic protection systems and pose safety risks to
personnel. Effective harmonic management and rigorous infrastructure monitoring
are essential to prevent potential hazards and ensure the reliability of protective
systems. Additionally, such calculations need to be conducted in 3D and are much
more complex than presented here, allowing for a more accurate assessment of the
interactions between the power line and the pipeline network.

In conclusion, while the electric field intensity remains largely unaffected by harmonic
distortion, magnetic flux density emerges as a critical factor for measurement and valida-
tion. Future research will focus on the long-term measurements of magnetic flux density
frequency spectra under high and extra-high voltage lines, comparing these results with
simulation data to enhance our understanding and management of ELF in practical settings.
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Abbreviations

The following abbreviations are used in this manuscript:

OPL overhead power line

EMF electromagnetic field

ELF extremely low frequency field
E intensity of electric field

B magnetic flux density

RMS root mean square

WHO World health organization
EHV extra high voltage

HV high voltage

ICNIRP  International Commission on Non-Ionizing Radiation Protection
AIMD active implanted medical devices

THD Total Harmonic Distortion

VsC Voltage Source Converters

HVDC High Voltage Direct Current
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