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I. INTRODUCTION

In many situations, the de-energized work performed on high-voltage (HV) power lines is
subject to phenomena related to electromagnetic induction, which is produced by the HV
and current levels from installations not involved in the work activities. Worldwide, numerous
incidents, including fatal ones, have been recorded, particularly when work is performed on
de-energized lines near active lines, when connections need to be opened, or when aerial
platforms are used. The phenomena that generate electrical risks are often not given adequate
consideration, especially regarding the preparation of the work activities. The issue is well-
known, and the currently applicable technique is the grounding and short-circuiting of the
parts of the installation on which work is being performed, along with the installation of
equipotential connections at points with differing potentials. These solutions are used both
in maintenance activities and in the installation of new lines or the replacement of conductors
and guard wires on existing lines. Despite these techniques being applied for decades, in many
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cases the guidelines are not followed correctly, becoming a cause of accidents. The causes can
be traced to incomplete or absent work preparation, haste, and the inadequate training of
operators, which is why IEC and IEEC documents have been produced on the subject.

This document provides a contribution to the topic by analysing the physical
phenomenon, illustrating some techniques applied in Italy, and discussing the ongoing
regulatory developments, which aim to suggest possible integrations to the exclusive use of
grounding and equipotential bonding. Starting from the international standard EN 50110 and
other relevant international regulations, the issues related to the working technique in
proximity will be developed, with particular attention to the assessment of the effects of
electromagnetic induction on the conductors of high-voltage lines, as well as possible
solutions for managing worksite safety.

The theoretical concepts related to the circulation of induced currents and the
consequences they may cause in circuit interruptions or contact with objects at undefined
potential will be addressed. Real-life situations on HV installations in Italy will be discussed,
presenting the solutions adopted for specific work situations on electrical installations and
lines. Proposals emerging at the IEC level for new regulations concerning conductive clothing
to be used in such work environments will also be highlighted.

II. ELECTRICAL RISK PREVENTION MEASURES CURRENTLY
USED BY TERNA

A. Scope of work: double three-phase configuration HV transmission lines

Terna, the transmission system operator (TSO) in Italy, is responsible for monitoring and
managing the effects of electromagnetic induction on HV transmission lines to ensure the
reliability and safety of the grid. The effects of electromagnetic induction on HV transmission
lines encompass both physical and technical phenomena that could impact the quality of
energy transmission as well as the safety of operational personnel.

The phenomenon of electromagnetic induction on HV overhead lines is particularly relevant
in specific configurations. This article focuses on configurations involving parallelism in a
double three-phase configuration (see Fig. 1).

In the context of maintenance procedures for HV lines, Terna follows the guidelines outlined
in the EN 50110 standard. In the double three-phase configuration, the phenomenon of
electromagnetic induction is examined, which occurs when one circuit remains energized
while maintenance is performed on the other, which is de-energized.

In compliance with applicable international regulations, Terna establishes procedures for
carrying out maintenance work on double circuit supports, with one circuit in operation,
through specific operational instructions. These instructions define the methods for
intervening on the de-energized circuit, identify permissible maintenance activities, outline
operational limits, and specify exclusions.

Exclusions involve activities where the induced potential is transferred away from the work
area on the support, as well as: the installation of the guard wire, lowering to the ground and
reinstallation of the guard wire, interventions on the guard wire that has fallen to the ground,
and work on supports where the circuits are not located on opposite sides of the same
support.
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Fig. 1. Double three-phase configuration HV transmission line.

B. Current procedures and operational requirements

In the double three-phase configuration (with one circuit in service), to ensure safety during
maintenance work on the de-energized circuit, it is essential to correctly identify the part of
the system being worked on. This identification is a prerequisite for undertaking the actions
required to guarantee and maintain safety conditions throughout the work.

In a de-energized work environment, any active parts that interfere with the worksite must
be de-energized and secured. If de-energization is not possible, work-in-proximity procedures
must be implemented.

Identifying the part of the system to be maintained includes, among other considerations,
locating the disconnection points of all possible power sources and assessing the presence of
nearby energized or de-energized systems.

After identifying the corresponding electrical systems, a sequence of five fundamental
safety prescriptions must be followed (unless there are significant reasons to act differently),
as outlined below:

* Disconnect the part of the system involved in the work

* Implement measures to prevent the premature re-closing of disconnection devices
* Verify that the system of interest is de-energized

* Ground and short-circuit the disconnected parts of the HV system

* Provide protection from any adjacent energized parts

The disconnection of the part of the system involved in the work ensures that the section
is isolated from all potential power sources by opening disconnection devices.
The disconnection must ensure a sufficient level of isolation to guarantee its integrity
under all operating conditions, including possible overvoltage phenomena.
Premature re-closing of disconnection devices is prevented through measures such as:
* Mechanical locks with key devices to prevent operation of the disconnectors
* Barriers to unauthorized personnel accessing areas, rooms, or switchgear containing the
disconnections
* Surveillance actions to prevent improper operations

Subsequently, it is verified that the system is de-energized. The detection of de-

energization should be conducted towards the ground on all active parts of the system that
have been disconnected, as close as possible to the work area.
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Following the verification of de-energization of the system, the grounding and short-
circuiting phase is initiated. This phase involves grounding and short-circuiting all parts of the
system that are to be worked on. Grounding and short-circuiting equipment must be visible,
if possible, from the worksite; otherwise, they should be applied as close as reasonably
possible to the work area.

During the work activity, it may be necessary to disconnect or join conductors. In these
cases, to prevent potential differences, it is essential to implement appropriate safety
measures, such as the use of equipotential bonding and/or grounding, propetly dimensioned,
before proceeding with the disconnection ot joining of conductors.

Finally, the last sequence involves the necessary actions to clearly delineate and identify
which circuit is operationally de-energized [1], [2].

C. Safety principles and training

Before performing any activities on HV transmission lines, a risk assessment is conducted to
define the operational procedures, safety measures, and precautions required to ensure a safe
working environment. The risk assessment forms the basis for accident prevention in the
workplace, a responsibility shared by both the employer and the personnel carrying out the
tasks. It is a preventive and documented analysis aimed at identifying the necessaty prevention
measures to address the risks associated with the activity.

In the context of risk prevention and mitigation, the previously described procedures align
with those currently in force, through which Terna defines maintenance operations on HV
transmission lines in a double-circuit configuration, intervening on a de-energized circuit.
Furthermore, to significantly reduce the electrical risk associated with electromagnetic
induction phenomena in such scenarios, Terna adopts a policy focused on advanced operator
training, based on the requirements of the current EN 50110 standards.

To this end, operators assigned to carry out maintenance activities in these scenarios
undergo an advanced, specialized training program with a duration of 14 weeks. The training
program includes theoretical classroom courses, followed by practical training, simulations,
and on-the-job mentoring. All training activities are documented and accompanied by
assessments of the results achieved.

The training is structured as a series of initiatives designed to enable the individual to
acquire the knowledge, skills, and abilities necessary to carry out the activities safely. It
includes not only the acquisition of theoretical knowledge but also the development of
organizational, evaluative, decision-making, and interpretative skills, as well as the acquisition
of practical and executional abilities [2].

D. Experiences

In Italy, Terna has carried out numerous studies to evaluate the current values associated with
the effects of electromagnetic induction on double-circuit 380 kV transmission lines. The
objective of these investigations is to precisely assess the current values generated by the
parallel operation of two lines during maintenance on one circuit, while the other remains in
normal operation. Among the various measurement campaigns conducted by Terna, this
article aims to focus on the measutrements taken. These lines are part of a 380 kV HV
transmission system that spans a total length of 94 km.
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III. MATHEMATICAL MODEL

A. Geometry of the lines

This study investigates the electromagnetic characteristics of a high-voltage power
transmission system owned by Terna on lines 311 and 312 Lacchiarella-Trino 2, located in
northern Italy. As indicated in the previous paragraph the system consists of a double three-
phase configuration, in which each phase is composed of bundled conductors arranged in a
triple configuration. The analysis is focused on a specific one-kilometer segment of the lines,
where the supporting pylons are tubular monopoles, schematically represented in Fig. 2. The
geometric configuration of the line exhibits symmetry with respect to the axis of the central
pylon, which supports a single guard wire (GW). All the conductors are assumed to be perfectly
straight and parallel to the ground and their average heights above ground level, as well as their
respective horizontal distances from the central pylon, ate summarized in Table 1.

The numbers presented in Section III.A and IILB refer to the specific configuration in
which the line on the left in Fig. 2 is energized by imposing a three-phase current with root

mean square (RMS) values of |I RMS|=950A, while the right line is grounded at both

terminals. In this situation, each current flowing in the energized conductors generates a
magnetic field, in accordance with Biot-Savart’s law [3], [4]. Meanwhile, the grounded lines
and the GW form closed loops to which the magnetic field couples, generating fluxes that
produce electromotive forces (EMFs) and, thus, currents in the passive conductors [5]—[8].
The primary goal of the following two Sections is to estimate the amplitudes of the induced
currents in the passive line, the GW and the ground (GND).

Table 1. Geometrical values of the line represented above.
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Fig. 2. Schematic representation of the geometry of the tubular monopoles.

Mean height Horizontal distance
from the central pylon
[m]

[m]

GW 48.00 0.00
R/ 4S 36.60 4,73
T /12T 29.80 4.86
S/ 8R 23.00 5.00
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B. Carson Method

The transmission line is modelled using a lumped parameter approach, where the linear
resistances and inductances are determined using Carson’s method [9]. The effects of
capacitance are neglected, as their contribution is considered negligible for a short line. The
Carson approach consists of two different steps: firstly, the line parameters are estimated by
using the method of images, under the hypothesis of a perfectly insulating ground; secondly,
the corrections are computed, allowing to treat a ground with finite resistivity.

The Carson corrections to the total line impedances are quantified through the evaluation of
the following integral:

(B +hy )

AZ, = j—wrw cos(x,A)e "
0 Qe JAR + joul p (1)
where x,is the horizontal distance between the i-th and k-th conductor, &, and 4, are the
average heights from GND listed in Table 1, @ =27f is the angular frequency for
S =50Hz, u=p,p, is the magnetic permeability of the ground with u =1and
p =100Qm is the value assumed for the ground resistivity. The integral (1) lacks a

straightforward analytical primitive, and considerable efforts and various approximations
have been explored in the literature [10]—[22]. In this study, the real and imaginary parts of
(1) are computed numerically, and the results have been compared with the approximate
method based on the single-logarithmic approach [22], which does not require any integral
routine to obtain the solution, yielding highly consistent results. The values of the line
parameters from the numerical integration are reported in Table 2 and Table 3; the same
quantities obtained from the approximate method differ by at most 0.2%.

The model reconstruction from the lumped parameters in Table 2 and Table 3 provides
the following values for the currents flowing in the induced lines:

15" [ 82 A, @
IS [124 A, €)
IS U108 A, “
15500 [ 41 A, ©)
IS (12 A, ©)

Although the calculation was performed on a 1 km section of the power system, it is
worth noting that the results (2)-(6) are independent of the length of the section considered.
LetE,, be the induced EMF over 1-km passive transmission line, assuming negligible
capacitive effects. The circuit behaviour is governed by the following ordinal differential
equation (ODE):

)

lm

dl,
E =R [ +[, “ind,
m km ™ ind dl

where R, and L,,, represent the resistance and inductance of 1-km-long transmission line.
The general expression for an induced EMF is given by:

- (] )
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where A is the total area coupled with the magnetic field, and i, the unit vector normal to

this surface. For perfectly parallel conductors, the loop area coupled with the magnetic field
generated by the energized lines is proportional to the total line length. Consequently, when
considering a transmission line of length, instead of just 1 km, the following relationships

hold:

E’Zat = ﬁtotEkm 4 (9>
Rtm‘ = € tot ka ’ (1 O)
Ltor = ﬁtothm' (11)

Since /,,acts as a common scale factor that cancels out, the ODE governing a

transmission line of length £, , remains equivalent to (7), i.e., the current in a 1-km-section, is

tot

identical to the current flowing through a line of arbitrary length /

tot *

Table 2. Line resistances and self-inductances calculated by applying the Carson method.

GW R/4S | T/12T | S/8R

R [Q/km] 0.496 0.0337 0.0339 0.0342

L [mH/Kkm] 2.378 1.778 1.775 1.773

Table 3. Mutual inductances between lines calculated by applying the Carson method.

Mutual inductances [mH/km]
48-12T 48-8R 48-R 48-T 48-S 48-GW
0.996 0.856 0.931 0.887 0.815 0.880
12T-8R 12T-R 12T-T 12T-S 12T-GW
0.994 0.887 0.923 0.881 0.794

8R-R 8R-T 8R-S 8R-GW
0.815 0.881 0.915 0.733
R-T R-S R-GW
0.996 0.856 0.880
T-S T-GW
0.994 0.794
T-GW
0.733

C. Finite Element Method Simulation

In addition to the Carson method, an independent approach is employed to determine the
induced currents on the passive lines. A simulation using the finite element method (FEM) is
conducted with COMSOL Multiphysics software [23]. The Free Space node is used for all

conductors, as the materials are characterized by a relative permeability £, =1 and a dielectric
constant &, = 1. Conversely, the Ampere’s Law in Solids node is applied to the ground, which

is modelled with g, =l and ¢, =10.
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The FEM simulation solves Maxwell’s equations in the quasi-static harmonic regime for
the magnetic field

VxH=J (12)
and computes all the fields by employing the following identities:
B, (13)
Pecek, 4
B=VxA. (15)
Fe—jod (16
J=0E+ joD. an

The Coil node is used for all the phase conductors. For the energized lines, the current is
imposed, while for the passive lines, the loop condition of 0-Voltage is enforced. At the
domain boundaries, the Magnetic Insulation condition is applied. The simulation employs the
parallel solver MUMPS and a boundary layer mesh is adopted to accurately resolve the field
variations neatr the conductors.

Fig. 3 illustrates the magnetic field B obtained from the FEM simulation. By looking at
the induced lines, it is evident that the magnitude of the magnetic field in the central phase
12T is lower if compared to the lines 8R and 4S. This phenomenon is a direct consequence
of the system’s geometric configuration of the system. The spatial arrangement of the
structure dictates the distribution of the magnetic field lines, which subsequently affects the
induced currents. Consequently, the current in the central induced line is lower than in the
upper and lower lines. The RMS values of the currents induced in the passive lines, as
simulated by the FEM, are as follows:

™M1 88 A (18)
ITM 126 A 19)
IEM U 96 A (20)
ISM 0 46 A 1)
IEM 1A, (22)

The Finite Element Method is a highly versatile and accurate technique, providing great
efficiency in solving problems of the type addressed in this work, as it directly solves
Maxwell's equations for the fields within the defined geometry. A key advantage of FEM is
its ability to extract lumped parameters without relying on numerical integration or
approximate methods. However, it requires specialized software and a certain level of
expertise in mesh management, which can be considered a limitation.
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Fig. 3. Magnetic flux density resulting from the FEM simulation.
IV. EXPERIMENTAL DATA

Terna has previously conducted experimental measurements on the power system analysed
in this study, with the measured RMS current values reported below.

I U 81A, 23)
ISP [ 21A, 24)
I U 86 A. (25)

The original transmission line comprises 263 pylons, including 168 tubular monopoles, 6
next-generation Dutton-Rosental pylons and 89 lattice towers. For the purposes of this study,
the geometry of all pylons was assumed to match the schematic representation in Fig. 2.
Additionally, the conductors were idealized as being perfectly parallel to the ground, which
does not fully reflect the real geometry of the system. Despite these simplifications, the
computed results provide a good approximation of the actual induced currents. If higher
accuracy were required, which is beyond the scope of this work, the entire line could be
modelled as a sequence of tubular monopoles, next-generation pylons, and lattice towers,
incorporating their specific geometries into the analysis. It is plausible that such refinements
would enhance numerical precision without significantly altering the conclusions presented
here.

V. THE NORMATIVE FRAMEWORK

Issues of induced voltages and induced currents related to electric and magnetic fields caused
by nearby energized AC lines have been an object of study and research for several years
although the production of standards on the matter is currently not as extensive as one might
expect.

To manage induced voltages and currents in power systems, major standards focus on
surge protection, electromagnetic immunity, and the effects of lightning and power-frequency
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induced currents. These standards provide guidelines for protecting equipment, maintaining
power quality, and ensuring power system reliability through effective management of
induced currents.

Another set of regulations addresses how to safely operate and work on or in proximity
of power systems that operate at voltage levels ranging from very low to high voltage.

Some examples of noteworthy standards include IEEE 1159-2019 and EN 50110.

IEEE 1159-2019 defines recommended practices for monitoring the electrical
characteristics of single-phase and multi-phase AC power systems. It provides consistent
descriptions of conducted electromagnetic phenomena in power systems, detailing nominal
conditions and deviations from these conditions, which may originate from the source of
supply or load equipment, or from interactions between the source and the load. Additionally,
it covers power quality monitoring devices, application techniques, and the interpretation of
monitoring results [24].

EN 50110, the reference standard with European validity, provides general guidance on
the operating methods for work activities on electrical installations, connected to them, and
in their vicinity. This standard applies to activities performed at voltage levels ranging from
very low to ultra-high voltage. It covers installations for the generation, transmission,
transformation, distribution, and use of electrical energy. The standard is applicable to both
electrical and non-electrical work, such as construction work near underground power lines
or cables [25].

On the other hand, regarding the protection of operators against the hazards of incidents
due to induced voltages and currents involved in the installation and maintenance of power
lines, the regulatory framework has recently seen the introduction of a technical report. We
are referring to a guideline for the installation of transmission and distribution line conductors
and carth wires, with a particular focus on stringing equipment and accessories, which was
published in 2023 as a technical report, IEC TR 61328:2023. This document outlines general
tension stringing methods for transmission and distribution line conductors. Given the
hazards associated with stringing near energized lines, the document presents the concepts of
electrical and magnetic induction along with safe application methods for earthing equipment.

The process of installing conductors on transmission and distribution lines exposes
personnel to both electrical and mechanical risks. Electrical worksite hazards include induced
voltages and currents from energized adjacent lines, as well as the accidental energization of
the conductors being installed. Personnel protection can be achieved through proper work
methods, specialized training, and the correct application of adequate protective earthing
systems.

Given these risks, the primary intent of this document is to provide state-of-the-art
methods in an informative manner, recognizing the various procedural variations within the
industry. Additionally, it acknowledges the existence of multiple standards and regulatory
jurisdictions that prescribe methods and requirements beyond the scope of the Technical
Report itself [20].

Within this regulatory framework, we must also recall the 10 kV/m limit established in
the ICNIRP (International Commission on Non-Ionizing Radiation Protection) guidelines.
This limit refers to the maximum electric field intensity to which the general population can
be exposed without significant health risks. This threshold has also been adopted by Directive
2013/35/EU to protect public health from potential harmful effects of electromagnetic
fields.

In line with the guidelines indicated by IEC TR 61328:2023 for the protection of
personnel involved in the installation of conductors on transmission and distribution lines,
the Italian TSO Terna has adopted a similar approach focused on risk assessment, training,
and the strict application of good work practices. These practices are based on two key
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concepts: the creation of an equipotential working zone (EPZ) and the application of
temporary protective grounding (TPG). This approach, along with a consistent training
program of the specialized teams, has so far ensured that expert personnel involved in
maintenance work on de-energized lines in proximity to live parts of AC electrical installations
can work in total safety and without incidents.

Unfortunately, when we widen our view to other economic operators in other countries
around the world, we are sadly forced to record a series of incidents—some of them even
fatal—that have happened to operators involved in power line installation and/or
maintenance work when performed in the vicinity of live parts of AC electrical installations.

In response to the demands of economic operators who are looking for additional and
innovative solutions to complement the existing good work practices (EPZ and TPG), which
they consider insufficient to protect workers from the risks of AC induction, the scientific
community, together with the manufacturers of personal protective equipment (PPE), has
recently turned its attention to equipping operators with special garments. These garments
are intended to be life-saving measures in the event of an incident during work activities
whether due to human error, improperly functioning grounding, or any other unforeseen
event.

In the regulatory field, ASTM International, a globally recognized organization that
develops and publishes voluntary consensus standards to ensure the quality, safety, and
efficiency of products across various industries, through its Committee F18 on Electrical
Protective Equipment for Workers and Sub-Committee F18.65 on Wearing Apparel, started
in 2019 a new draft standard, Work Item WK70226 titled “Conductive Clothing for Industry
Applications.” In addition to defining the electrical performance parameters and requirements
for conductive clothing typically used in live-line work activity with barehand method, Work
Item WK70226 aims to establish similar electrical performance parameters and requirements
for the same type of conductive clothing intended to provide protection against AC electric
fields and the hazards of induced voltages and currents that may occur during line
maintenance and/or construction wortk on a transmission system in the vicinity of live parts.

The draft of ASTM WK70226 represents a dual innovation in that it proposes a garment
for dual use in two diametrically opposed work environments—Ilive and de-energized. These
environments employ completely different work methods—barchand and temporaty
protective grounding—but share the common principle of creating an equipotential working
zone.

The same approach has recently been adopted by the IEC Technical Committee 78 for
Live Working, in response to a proposal to create a spin-off of the currently in-use IEC
standard for conductive clothing, IEC 60895:2020. This new standard, still at its preliminary
stage, aims to prescribe requirements for conductive clothing specifically designed to protect
workers from the hazards of induced voltages and currents when working near live parts of
AC electrical installations. Additionally, it aims to shield operators from electric fields, in
accordance with the Faraday cage principle.

VI. CONCLUSIONS

This study analysed the electromagnetic behaviour of a high-voltage transmission system,
focusing on a 1 km section of the line. Two main methods were used to determine the induced
currents: Carson’s method and Finite Element Method (FEM) simulation. The first method
allowed for the rapid extraction of the lumped parameters by simply modifying the geometric
parameters of the pylons. In particular, the single logarithm method proved even simpler than
numerical integration, enabling the solution to be obtained without the need for complex
integration routines, ensuting high computational efficiency.
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The approach presented is easily extendable to transmission lines of any configuration,
with the only requirement being the adjustment of the specific geometric parameters for each
type of pylon. Although the geometry of the line was simplified in this study, the results still
provide a good approximation of the induced currents.

The good level of accuracy achieved confirms that the proposed model can be reliably
used to extract the parameters required for circuit simulations. These simulations, currently
in progress, offer eatly insight into key electrical quantities, allowing for the identification of
potential risks in various induction scenarios. This predictive capability supports the
assessment of conditions related to live wire operations and contributes to improving overall
safety across different working environments.
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