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Abstract: Protection against the electromagnetic fields around high-voltage transmission lines is an
issue of great importance, especially in the case of buildings near power lines. Indeed, the developed
fields can be harmful for the habitants and electrical/electronic devices, so the implementation of
appropriate measures to address the above electromagnetic interference issue is necessary in order
to ensure the safety of both human beings and equipment. Several practices have been proposed
to reduce the electric and the magnetic fields around overhead and underground transmission
lines (minimum distance, shielded cables, anechoic chamber etc.). In this context, the scope of the
current paper is the use of highly permeable magnetic sheets for shielding purposes, along with the
development of an appropriate procedure, based on finite element analysis (FEA) for the efficient
design of passive shielding. The simulation results are compared with laboratory measurements in
order to confirm the adequacy of the proposed methodology. The good agreement between the FEA
outcomes and the experimental results confirms that the developed FEA tool can be trustfully used
for the design of the shielding means in the case of overhead or underground power lines.

Keywords: electromagnetic shielding; electric steel; power lines

1. Introduction

There are several cases for which electromagnetic shielding is needed in domestic
and industrial applications [1-3]. The most important issue is related to the effect of
electromagnetic fields on humans and animals [4-6]. Several medical studies have been
reported, related to people living close by overhead or underground power lines, with
contradictory results [7-10].

Apart from this serious problem, electromagnetic interference on electronic systems
is a well-observed and explainable issue [11]. The high amplitude 50 Hz electromagnetic
field and the corresponding harmonics interfere with power supplies and low-frequency
electronic circuitry, affecting their operation [12]. An interesting publication discussing
these issues and the related standards is given in [13].

One of the most apparent problems is related to existing illegal constructions, such
as houses being closer than 25 m to power transmission lines. Apart from the rising legal
issues, the effect of the electromagnetic field on habitants and the related instrumentation
are important engineering problems that must be sorted out properly.

International and national standardization and engineering institutions have studied
the maximum acceptable amplitudes of interfering electric and magnetic fields, and they
have concluded via international and national standards on proposals/suggestions for the
highest allowable amplitudes of these fields. In several cases, these proposals/suggestions
have been adopted as national laws. Accordingly, in the European Union, the maximum
allowable amplitudes of electric fields are in the order of 5 kV/m and 10 kV/m concerning
living and working places, respectively, while the maximum allowable amplitudes of
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magnetic fields for living and working places are 100 puT and 200 uT, respectively. Sev-
eral international organizations such as the ICNIRP and IEEE proposed exposure limits
linked to acute effects on the central nervous system (CNS). Based on ICNIR (1998) and on
IEEE (2002), the guidelines for the general public and for personnel are presented in Table 1.
The differences between the ICNIR and IEEE guidelines can be explained by the use of
different adverse reaction thresholds, different safety measures and different transition
frequencies. A working group on non-ionizing radiation was founded in 1974 by the In-
ternational Radiation Protection Association, which analyzed protection-related problems
against different types of non-ionizing radiation (NIR). A few years later in Paris, this
working group was renamed the International Non-Ionizing Radiation Committee (INIRC).
A cooperation between INIRC and the World Health Organization (WHO) followed, and
various health criteria documents on NIR were established. Exposure limits were based
on those health criteria. In 1992, INIRC became ICNIRP. The committee’s purpose is to
analyze the hazards that may be linked to the various types of NIR, to publish international
guidelines on NIR exposure limits and to review all perspectives of NIR protection.

Table 1. Electric and magnetic field limits in different organizations.

General Public Occupational Groups
ICNIRP (1998) 50 Hz 5kV/m, 100 uT 10 kV/m, 500 uT
ICNIRP (1998) 60 Hz 42kV/m, 83 uT 8.3kV/m, 420 uT
IEEE (2002) 60 Hz 5kV/m, 904 uT 20kV/m, 2710 puT

To date, several practices and technologies have been developed to face this elec-
tromagnetic interference problem. The most usual and rather obvious solution is the
obligation of a minimum distance between power lines and living and working places.
This solution has been law for several countries around the world.

Another solution, particularly for underground power lines, is the fabrication and
use of shielded cables, being an expensive but well-operating solution. In most cases,
these cables use copper shielding for eddy current-based shielding and magnetic rib-
bons/films/wires for magnetic field absorption, accompanied by anti-corrosive polymeric
substrates. Eddy currents oppose the transmitted magnetic field, while magnetic materials
absorb this magnetic field. According to our understanding, magnetic field absorption
is far better, concerning the 50 Hz field shielding, for several reasons, provided that the
magnetic material is highly permeable and correspondingly non-expensive.

Another solution, especially useful for industrial and research environments, is ane-
choic chambers, equipped with metal films (usually aluminum) for eddy current generation
and field cancellation for higher frequencies, as well as with magnetic metal films (usually
permalloy) for field trapping/absorption. These chambers are a relatively expensive so-
lution and offer passive field shielding, while in some cases, they implement active field
cancelation by applying an opposing magnetic field to the field transmitted inside the
volume of the anechoic chamber. For this reason, the employment of ultra-low carbon
steels or electric steels offers a sustainable solution due to the relatively low cost and high
levels of magnetic permeability (permeability for short).

The motivation of this paper is the use of highly permeable magnetic sheets for
magnetic shielding purposes, namely low-cost electric steels or highly permeable ultra-low
carbon magnetic sheets as shielding means, as well as the establishment of an algorithm
allowing for the correct design of passive shielding based on finite element analysis (FEA),
together with a corresponding experimental proof of principle. The comparison and the
resulting good agreement between the specific FEA tools and the experimental results
allow for the trustful use of the specific FEA tool selected after the proper determination of
the uncertainties involved in the monitored magnetic field. Therefore, this FEA tool may
well be the design tool for shielding means for the case of air or ground power lines.

In the following chapter (Section 2), the shielding materials are illustrated, while in
Section 3, the finite element analysis (FEA) based on the soft magnetic properties of the
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shielding material is presented. Correspondingly, in Section 4, the experimental results
and the comparison between the FEA results and the experiments are provided. Finally,
in the Discussion, the developed algorithm is proposed, together with some important
applications of the method related to house shielding and other applications.

2. The Shielding Material

The shielding material should be a highly soft magnetic material in order to maximize
the trapping effect of the magnetic lines and, therefore, optimize the shielding process [14].
The most important highly soft magnetic materials are permalloys [15], amorphous and
nano-crystalline ribbons and wires [16] and electric steels [14].

Permalloys, consisting of the NiyFe;_, composition, offer excellent soft magnetic
properties with maximum permeability levels in the order of 10°. However, their high cost,
in the order of 100 EUR/kg, makes them rather non-usable at a large scale.

Amorphous and nano-crystalline ribbons and wires have similar properties to permal-
loys with maximum permeability in the order of 10°~10°. However, nano-crystalline
ribbons and wires suffer from a high level of fragility, thus prohibiting them from being
manufactured for shielding applications. In addition, amorphous ribbons and wires cannot
be welded and manufactured, becoming crystalline and, therefore, losing their excellent
soft magnetic properties.

However, single-phase ultra-low carbon steels and electric steels offer maximum
permeability from 10* to 10°, maintain their properties after some welding processes and
maintain a relatively low price in the order of 1000 EUR per ton. Finally, the repeatability of
the magnetic, electric and mechanical properties of electric steels permitted their exclusive
use as the proper shielding material for our studies.

The composition of electric steels is mainly Fe with a small percentage of Si (1.5-3%),
as well as other elements, such as C and S (less than 10 ppm each). They are one of
the most well-studied and explored families of soft magnetic materials. The method of
their production is mainly hot extrusion, with subsequent heat treatment and magnetic
annealing, thus controlling their microstructure and, therefore, their magnetization loop
and magnetic losses. Different metallurgical processes may result in grain-oriented (GO)
and non-oriented (NO) steel sheets [17], with the main difference being the presence of
single-domain grains or multiple-domain grains. This way, their applications may vary
from transformers to electric motors, chocks etc.

For the purpose of our applications, ultra-low carbon steel, or electric steel, is re-
quired in order to achieve high levels of magnetization. The proper development of these
steels should result in a low level of residual stresses, or a low dislocation density, which
would give the possibility of high permeability values. Thus, the need for non-destructive
methods able to perform the determination of the magnetic permeability along the length
and the width of the ultra-low carbon steel or the electric steel became a necessity [18].
Therefore, the single-sheet testing (SST) method [19] and the electromagnetic yoke (EMY)
method [20] were adopted in order to achieve such two-dimensional permeability char-
acterization. These results were achieved by monitoring the magnetization loop and,
therefore, the magnetic permeability. The typical response of the magnetization loop and
the corresponding magnetic permeability are illustrated in Figure 1.

These results were attributed to the microstructure of the used electric steels. Trans-
mission electron microscopy (TEM) studies illustrated that as-cast electric steel offered
dislocation density in the order of 108 cm~2, while thermal treatment reduced dislocation
density in the order of 10° cm 2, as illustrated in Figures 2 and 3, respectively. The actual
thermal treatment was 380 °C in inert atmosphere (Ar) for one hour, followed by a 24 h
slow-rate cooling process. Thus, it became important to use thermally treated electric steels.
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Figure 1. Typical examples of M-H loop and permeability measurements ata 1 x 1 cm area of electrical steel sample. The
same measurements can be realized along the length and the width of the steel.

Figure 2. TEM micrographs of as-casted electric steel: (a) dislocations forming sub-grains under normal exposure; (b) dis-
locations under dark field monitoring at the same point of measurement; (c) dislocations forming sub-grains at another
point of measurement; (d) typical Kikuchi line in electric steel. The dislocation forests were measured to be in the order
of 108 em 2.

The shielding arrangement was chosen to be single layer, double layer and multilayer
shielding, with the distance between the different layers being controllable and tailored to
the needs of the shielding process. Single layer offers an easy manufacturing method, but
the shielding response should be expected to be relatively poor. The double and multiple
shielding may offer a higher level of shielding at the cost of a relatively more difficult and
expensive manufacturing process.
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Figure 3. TEM analysis of samples annealed at 380 °C for one hour, followed by 24 h cooling in inert atmosphere: (a) typical

form of dislocations; (b) Kikuchi lines at the point of measurement; (c) typical form of dislocation in another tested area;

(d) dark field measurement of dislocation. The dislocation forests were measured to be in the order of 10° cm

-2

Regarding the parametric response/behavior of such a shielding process, taking into
account the distance from the current source, the geometrical details of each arrangement
were the subject of the theoretical studies of this paper implementing finite element analysis
for the magnetic field distribution calculation, as well as the calculation of shielding effects
and experimental studies, by means of monitoring the magnetic field distribution and
shielding effects using proper magnetometers.

3. Finite Element Analysis

The main target of this work is to prove that finite element analysis is an appropriate
tool for the design of proper shielding conditions against low-frequency electromagnetic
fields. The working environment was chosen to be ANSYS Maxwell 2D and 3D, Release
17.1 Academic.

ANSYS Maxwell is a high-output interactive software utilizing finite element analysis
to interpret electric and magnetic field problems. This software solves electromagnetic field
problems of a known model according to materials, limits and source conditions using
Maxwell equations over a limited space region. The Magnetic Field Eddy Current solver
was used for our problem: it estimates the oscillating magnetic field, which appears in
a specified region due to AC current distribution. Furthermore, all eddy current effects
are taken into consideration (involving skin effects) during the calculation of the current
densities. This solver calculates the magnetic fields at a specified sinusoidal frequency. Both
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linear and nonlinear (for saturation effects) magnetic materials can be used. Moreover, eddy,
skin and proximity effects are considered. In order to obtain the set of algebraic equations
to be solved, the geometry of the area under simulation is discretized automatically into
small elements (e.g., triangles in 2D). All model solids are meshed automatically by the
mesher, since the Maxwell routine itself offers an optimum adaptation of the mesh. The
desired field in each element is approximated with a second-order quadratic polynomial to
increase the accuracy of the simulation:

A,(xy) =ap +a;x + ayy + 33X2 + agXxy + a5y2 @)

Field quantities are calculated for six points (three corners and three midpoints) in
2D. The time step methodology was not applied, since it has a negligible effect in the eddy
current solver; usually, it is used in the transient solver. The equations solved were the
Maxwell equations in complex form, while the boundary conditions were determined
as infinite.

The simulation was realized for a long circular current conductor, fed by a 50 Hz
current from 100 to 1200 A. At a given point, a short electric steel rectangle of 30 x 30 cm
with a thickness of 0.2 mm was used to shield the electromagnetic field from the circular
current conductor. The short electric steel rectangle was set at distances from 0 cm up
to 80 cm from the current conductor, while the magnetic field was monitored above the
rectangle at distances from 0 cm up to 80 cm. Apart from the single rectangle electric steel
sheet, a double electric steel sandwich was also implemented, where the distance between
the two electric rectangles was 38 and 100 mm. The schematic used by ANSYS is illustrated
in Figure 4.

Figure 4. The ANSYS schematic used for simulations. The circular line and the rectangle at the right
part of the figure demonstrate (a) the power line and (b) the shielding material, respectively. The
(c) line on top of the rectangle illustrates the points where the magnetic field was calculated.

The simulation of the magnetic field as a function of the distance from the surface
of the circular current conductor is illustrated in Figure 5a. Figure 5b-h illustrate the
calculated field distribution in space for a single electric steel rectangle at 0, 100, 200, 300,
400, 500, 600, 700 and 800 mm distances from the current conductor for a 786 A current.
Figure 6 illustrates the calculated field distribution in space for a two-layer sandwiched
electric steel rectangle of 5 mm distance between shielding layers at 0, 100, 200, 300, 400,
500, 600 and 700 mm distances from the current conductor for a 577 A current. Figure 7
illustrates the calculated field distribution in space for a two-layer sandwiched electric steel
rectangle of 38 mm distance between shielding layers at 0, 100, 200, 300, 400, 500, 600 and
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700 mm distances from the current conductor for a 777 A current. Figure 8 illustrates the
calculated field distribution in space for a two-layer sandwiched electric steel rectangle
of 100 mm distance between shielding layers at 0, 100, 200, 300, 400, 500, 600 and 700 mm
distances from the current conductor for a 1055 A current. Note that simulation results for
more current levels are also available, and they will be included in future works.

B [uTesla)

30000000
Izm‘uow

Figure 5. Cont.
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Figure 5. Magnetic field distribution in space (a) without shielding and for a single electric steel rectangle at a (b) 0, (c) 100,
(d) 200, (e) 300, (f) 400, (g) 500, (h) 600, (i) 700 and (j) 800 mm distance from the current conductor for a 786 A current.
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Figure 6. Cont.
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Figure 6. Magnetic field distribution in space for a two-layer sandwiched electric steel rectangle of 5 mm distance at a (a) 0,
(b) 100, (c) 200, (d) 300, (e) 400, (f) 500, (g) 600 and (h) 700 mm distance from the current conductor for a 577 A current.
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Figure 7. Cont.
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B [uTesla]
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Figure 7. Magnetic field distribution in space for a two-layer sandwiched electric steel rectangle of 37 mm distance at a (a) 0,
(b) 100, (c) 200, (d) 300, (e) 400, (f) 500, (g) 600 and (h) 700 mm distance from the current conductor for a 777 A current.

It can be seen that the dependence of the magnetic field on the distance from the
shielding electric steel is not monotonic. This is due to the trapping of magnetic lines from
both sides of the magnetic materialfield. Thus, the field distribution at the outer part of the
electric steel sheet decreases up to a point that magnetic lines are driven to be trapped by
the electric steel sheet, whereas above this, the contribution of the magnetic field from the
whole conductor offers an increase in the field distribution.

The main proof of the validity of the simulation process is the comparison of these sim-
ulation results with the corresponding experimental results, illustrated in the next chapter.
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Figure 8. Magnetic field distribution in space for a two-layer sandwiched electric steel rectangle of 100 mm distance at a (a) 0,
(b) 100, (c) 200, (d) 300, (e) 400, (f) 500, (g) 600 and (h) 700 mm distance from the current conductor for a 1055 A current.

4. Experiments

Figure 9 depicts the experimental set-up used for the evaluation of the finite element
analysis simulation. The experimental process followed the theoretical studies/calculations
of the magnetic field. A current transformer (CT) with a range of 0-6000 A was used to
provide the required value of the current (500 to 1100 A). A medium voltage cable (MVC)
(1 x 240 mm?) was connected to the secondary side of the transformer. The variation of
the produced current was controlled by a variac (VC), which was connected between the
low-voltage network and the primary of the transformer. The current of the cable was
measured during each cycle of measurements with a calibrated clamp meter (CM). The
variation of the current was less than £0.5% during each measurement. The magnetic field
generated by the medium voltage cable was measured with a suitable sensor (BS) and a
field meter (FM).

The 30 x 30 cm single and double electric steel layers were composed of six orthogonal
pieces with a width and length of 10 and 15 cm, respectively (Figure 10). In the same figure,
the testing field meter is also illustrated. The field meter (FM1) with the suitable sensor
(BS1) (NARDA /EFA 300 with 100 cm? probe) was calibrated at 2021, offering a typical
uncertainty less than £3%. The main parameters of the uncertainty were the accuracy
of the field sensor, the variation of the injected current, the repeatability and the non-
uniform magnetic field. During the measurements, the temperature was 22 °C + 1 °C,
and the relative humidity was 44% = 4%. The sensor operated in the magnetic mode. The
minimum distance of the sensor from the conductive surface was less than 1 mm. However,
the sensor sensing surface was as large as several cm. Therefore, it averaged out the field
within the sensing surface, which was vertical to the surface of the soft magnetic sheet.

Figure 11 illustrates the measured and calculated field distribution in space for a
single electric steel rectangle set at 0, 100, 200, 300, 400, 500, 600 and 700 mm from the
current conductor. Figures 12-14 represent the measured and calculated field distributions
in space for two-layer sandwiched electric steel rectangles separated at 5, 37 and 100 mm,
respectively, at a 0, 100, 200, 300, 400, 500, 600 and 700 mm distance from the current
conductor. In these figures, the agreement between the FEA calculated values and the
experimental results is qualitatively clear. No fitting of the experimental results was
tried, since the purpose of the comparison was the agreement between the calculated
and experimental results: the clear agreement between the experiments and calculations
permits the use of FEA based on the ANSYS codes to design, calculate and predict the
shielding effect of given highly permeable magnetic steels. Importantly, the same non-
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monotonic dependence of the field on the distance was observed in both the calculated field
values and the experimental results. The explanation of the non-monotonic response is the
field trapping in the vicinity of the highly permeable magnetic sheet: magnetic lines are
trapped in the magnetically soft sheet, and, therefore, the field is reduced in its vicinity. In
order to determine the uncertainty and the error of the measurements, the total uncertainty
of the measurements was determined. Such uncertainty is due to the following;:

e  The uncertainty of the sensor: the combined standard uncertainty was determined to
be 3.09% at its latest calibration.

e  The uncertainty of current supply: the monitored maximum uncertainty of the current
transmission was determined to be 3 A per 1 kA, resulting in 0.3% uncertainty. Taking
into account the uncertainty of the Ammeter, which was determined to be 1.5% at its
latest calibration, the total uncertainty due to current transmission was 1.8%.

e  The uncertainty of the position of the shielding material and the uncertainty of the
positioning of the magnetic field sensor. Each one of these uncertainties was deter-
mined to be 1 mm in a range of 10 cm (100 mm), resulting in a relative uncertainty
misplacement of 2%.

Figure 9. The experimental set-up.
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Figure 11. Shielding effect of the small soft magnetic rectangle. The graphs illustrate measured and calculated magnetic
field distributions in space for a single electric steel rectangle at 0, 100, 200, 300, 400, 500, 600 and 700 mm distances from the
current conductor: (a) 532 A; (b) 786 A; (c) 1025 A. Continuous lines refer to FEA calculated values, and points indicate the

measured field values.
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Figure 12. Shielding effect of the small soft magnetic rectangle. The graphs illustrate measured and calculated magnetic
field distributions in space for a two-layer sandwiched electric steel rectangle of 5 mm distance set at 0, 100, 200, 300, 400,
500, 600 and 700 mm distances from the current conductor: (a) 577 A; (b) 777 A; (c) 1055 A. Continuous lines refer to FEA
calculated values, while points indicate the measured field values.
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Figure 13. Shielding effect of the small soft magnetic rectangle. The graphs illustrate measured and calculated magnetic
field distributions in space for a two-layer sandwiched electric steel rectangle of 37 mm distance set at 0, 100, 200, 300, 400,
500, 600 and 700 mm distances from the current conductor: (a) 577 A; (b) 777 A; (c) 1055 A. Continuous lines refer to FEA

calculated values, and points indicate the measured field values.
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Figure 14. Shielding effect of the small soft magnetic rectangle. The graphs illustrate measured and calculated magnetic
field distributions in space for a two-layer sandwiched electric steel rectangle of 100 mm distance set at 0, 100, 200, 300, 400,
500, 600 and 700 mm distances from the current conductor: (a) 577 A; (b) 777 A; (c) 1055 A. Continuous lines refer to FEA
calculated values, and points indicate the measured field values.

Thus, the total estimated uncertainty of the measurements was determined to be 6.89%.
Note that the sources of the uncertainty of the magnetic field taken into account for the
analysis were described in Annex C and Table D.1 of the standard IEC 61786-2:2014 [21].

The average deviation between the experimental data and the calculated field values
was determined to be 7.2%, which seems to be reasonable within the limits of the exper-
imental set-up. However, a maximum deviation of 9.5% between the experimental and
calculated results was determined, particularly in the case of the close placement of the
shielding material to the current conductor. This large deviation is attributed to the mechan-
ical vibrations of the electric steel sheets contributing to the response of the magnetometer.

These measurements and their agreement with the calculated field values are the
actual proof that the ANSYS finite element analysis is sufficiently appropriate for the
calculation of the magnetic field in the given conditions of shielding. Thus, the ANSYS
finite element analysis can be considered as a trustful shielding design tool.

5. Discussion

The results, obtained from both the simulation and experimental works, illustrate that
the proposed methodology for designing the shielding process by finite element analysis
provides accurate results, as it is certified by the qualitative and quantitative agreement
between the simulation and experiments. The most profound result was the prediction of
the non-monotonic dependence of the magnetic field on the distance from the surface of
the shielding electric steel sheet. Quantitative disagreements are due to the actual level of
residual stresses of the used electric steel sheets, as well as the fact that the electric steel
sheet was made from pre-cut pieces of electric steel instead of a continuous sheet. However,
there was no experimental and simulation result where the two curves crossed over each
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other, thus suggesting that finite element analysis was proven to be a trustful tool for the
design of the proper shielding system.

It is suggested that the thin magnetic shielding sheets are placed together with alu-
minum sheets for two reasons: the first one is to avoid the stretching of the magnetic sheets,
which would decrease their magnetic permeability; the second reason is the additional
eddy current-based shielding in high frequencies, offered by the aluminum sheets.

The experimental and the simulation processes reveal that the best conditions for
a low-frequency electromagnetic field are achieved by a double layer of electric steel
sheets, even if these sheets are pieces or ribbons of steel arranged in a way to simulate a
continuous shielding surface. The distance between the two shielding layers appeared to
not be so important, with a small optimum presentence of the case of the 100 mm distance
between the two shielding layers. However, such a distance is pretty large, not allowing
for universal application.

Furthermore, the simulation and experimental works were restricted to a single-phase
excitation and not a three-phase one. Concerning three-phase excitation, the effective field
interference may be rather smaller because of the averaging due to the 120 o phase shift of
the three phases. However, in cases of close vicinity between the area that needs shielding
and the power transmission lines, especially in the case of 400 kV, the distance between
consequent power lines is about 7.5 m, thus requiring single transmission line behavior for
shielding between consequent phases just below the transmission lines. In addition, it is
safe to design field shielding for single-phase transmission lines in order to avoid problems
in case of phase failure.

Therefore, the proper algorithm to obtain the optimum shielding for low-frequency
fields is the following:

First, the area to be shielded has to be designed with respect to the power transmission lines.
Consequently, the shielding structure has to be arranged with respect to the surface(s)
closer to the power transmission lines. Such shielding has to have a double layer
with an in-between distance from 10 to 100 mm. Actually, the shielding based on
electric steel sheets can be based on thermal insulating foams (polyurethane etc.),
which usually have a thickness from 38 to 100 mm. Note also that those separating
foams can also serve as thermal insulating means.

e  Then, the finite element analysis illustrates the shielding effect and the minimum
distance from the shielding, permitting the presence of human beings (or electronic/
electrical instrumentation).

This simple process may enable engineers to design shielding for buildings (houses or
working areas) in the vicinity of power transmission lines. As an example, a simulation
of the shielding effect concerning a single power line and a flat surface at a 1 m distance
from the power line was tried. The closest surface of the building was arranged to be
a flat cement surface of 10 m length and width, resulting in a 100 m? total surface. The
actual conditions of electromagnetic interference were that a single power line transmits a
field that is shielded by a single or double electric shield sheet layer. In fact, the shielding
material comprises electric steel sheets of 0.2 mm thickness, 1500 mm width and length
dependent on the actual needs. In other words, the electric steel sheet is offered in the
form of steel coil, which covers the surface under the shielding. Figure 15 illustrates
the field distribution without shielding, with single and double shielding layer electric
steel sheet. Double shielding was simulated for polyurethane of 100 mm thickness. The
simulation illustrated that the optimum shielding design refers to the double shielding, as
expected. The safe distance from the shielding surface was dependent on the amplitude of
the transmitted alternating current. For a 1 kA current, which consists of the most powerful
condition, the minimum allowable distance of a human being, in order to experience
less than 100 mT field, was 3 m away from the shielded surface, suggesting that it is
preferable that such living places should be inhabited 4 m below the power transmission
line, provided that the proper (double) shielding means are used. In the case of a single
layer shielding means, this distance has to increase to 10 m.
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Figure 15. Simulation of the magnetic field distribution below a single-phase power transmission

line, set on top of a living space, with a flat roof at a distance of 1 m from the power line. Field

distribution without shielding (al, a2), with single shielding layer (b1, b2) and double shielding

layer (c1, c2).
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A major issue for the proper operation of the shielding ability of the highly permeable
magnetic sheet is the protection against residual stresses, which may affect its shielding
ability. Stresses on these soft magnetic sheets may decrease their permeability dramatically.
The use of a mechanically soft separation layer between the two magnetic sheets is one
prerequisite to ensure the absence of stresses on these magnetic sheets, with the other one
being an additional protecting/packaging mechanically soft layer outside the magnetic
sheet sandwich. These three stress-protecting layers may be of mechanically soft polymeric
foam, such as polyurethane, offering the additional need of thermal insulation.

In addition, bearing in mind the difficulty of using finite element analysis, it is interest-
ing to develop a lighter software application to perform a quite similar simulation process.
Any modern application software and language can serve this purpose. As an example,
the Python language is referred to as having developed a corresponding routine. Work on
such an algorithm is scheduled for a future publication.

Finally, the described shielding method can be used as an inexpensive method of
transforming overhead transmission lines to underground ones. This can be realized by
excavating surface tunnels in the areas that electric power has to be transmitted, then
coating the existing aluminum lines with a proper polymeric coating and placing them in
plastic tubes. Then, after filling the tunnel with soil, the single or double layer magnetic
shielding is set on top of the soil, before covering it with additional soil. Considering that
the electric steel sheets have to demonstrate anticorrosive properties, these electric sheets
have to be coated with a proper polymeric coating, practically thicker than the classic
micron-thick coating they have from the corresponding manufacturing line. This is actually
another scheduled work for a future publication.

6. Conclusions

In the present study, a method for the efficient electromagnetic shielding of high-
voltage transmission lines is introduced. The current paper deals with the development of a
procedure, based on FEA, for the appropriate design of an efficient passive shielding, using
electric or highly permeable sheets. It is worth mentioning that the primary goal of this
work is to demonstrate FEA as an efficient tool for the design of proper shielding conditions
against low-frequency electromagnetic fields. The computations obtained from the finite
element analysis are compared with laboratory measurements in an effort to examine the
adequacy of the developed procedure. The good agreement between the theoretical and
experimental outcomes establishes the presented methodology as a useful and efficient
tool for the design of a proper shielding configuration against low-frequency fields. Indeed,
both the qualitative and quantitative convergence between the FEA computations and the
laboratory measurements confirms the accuracy of the results provided by the developed
procedure, enabling engineers to design shielding for buildings (houses or working areas)
in the vicinity of power transmission lines. Moreover, the presented analysis highlights
that a double layer of electric steel sheets offers the most convenient conditions for low-
frequency electromagnetic fields, since the distance between the two shielding layers is
proven to not be a significant parameter. Future work will include the development of a
lighter software application, considering the difficulty caused by the FEA constraints, as
well as a detailed presentation of a method to transform overhead power lines.
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