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Study of Electromagnetic Shielding for
Reduction of Magnetic Fields Generate by
Underground Power Cables via a Finite
Element Techinique

Hung Bui Duc, Truong Cong Trinh, Minh Quan Duong, Vuong Dang Quoc*

Abstract—Nowadays, with the development of the industries, the electrical types of equipments are used and applied widely
for many different fields and purposes. One of them is the use of power cable systems to transmit and distribute electricity
over long distances, from generator stations to consumers. As we have known, magnetic fields are usually generated by
the presence of a single or three phase current following in power cable systems in general and underground power cables
in particular. Not only causes directly some unwanted effects on the body’s natural equilibrium, but electromagnetic fields
can create the disturbance and cause interference with electronic devices. In this context, to mitigate/reduce distribution of
electromagnetic fields generated by a three phase current of underground power cables, an electromagnetic shielding with the
different materials is proposed to get overcome above drawbacks. The computation of magnetic fields is implemented via a
finite element technique with the development of magnetic vector potential formulations. The developed method is applied to a

practical problem.

Index Terms—Electromagnetic shieldings; magetic fields, underground power cables; finite element approach; magnetic

vector potential formulations.

1. Introduction

HE influence of health due to magnetic fields is a big

matter, which needs to be greatly concerned. Re-
cently, many research activities and laboratory studies
have been deeply discussed about underground power
cables, such as [1]- [4]. In [1], authors have proposed a
protective solution for underground power cables for an
actual distribution grid according to IEEE standards. In
[2]- [4], the papers studied the effection of the magnetic
fields on the human body. They have shown that the
tissues of the body are able to protect and therefore mit-
igate the affects of electric fields. But, the tissues cannot
shield the magnetic fields, and thus do not decrease
their effects. , the direct effection of electromagnetic
fields to the body is presented by the electric current
density (A/m?) with the different values. When the
current density (J) (mA/m?) is defined as 1 < J <
10, 10 < J < 100 and 100 < J < 1000, the symptoms
that may appear respectively are minor effects, possible
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symptoms on the nervous system, tissues stimulation:
possible risks, symptoms extrasystoles and fibrillation
[5]. Hence, researchers have been still studying and
finding possible techniques to reduce magnetic fields.
There are many types of sources of magnetic fields,
and it is still a big challenge for researchers to manage
these fields. One of these sources is the underground
power cables, what are often used for electrical systems
in general and industrial in particular. Several methods
have been proposed to reduce the magnetic fields, that
is, “intrinsic methods” and “extrinsic methods” [6]-[8].
In the both of two methods, the cable parameters are
arranged in a suitable way for mitigation of electro-
magnetic fields. Or external shieldings can be made
of ferromagnetic or conductive materials and grids of
insulated conductors [8]- [14]. All the techniques have
advantages and drawbacks, but this paper will focus
on extrinsic techniques by using multi-layered shielding
for underground power cables. To achieve the best
shield configuration, some cases are proposed and com-
pared. A finite element method (FEM) is extended with
the development of magnetic vector potential formula-
tions to investigate and analyse the magnetic field dis-
tributions generated by underground power cables with
several cases. The obtained results will be shown that
the influence of arrangements of the electromagnetic
shieldings with different materials on the magnetic field
distribution due to underground power cables. Reduc-
tion factors of their proximities are also considered in
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this paper.

2. Electromagnetic shielding

The influence of magnetic fields due to the sources
on public health is concerned. A number of design
solutions has been proposed to reduce the magnetic
field in a certain region. Depending on the protection
purposes, they could be classified into two categories:
shielding a subject and shielding a source. In some
places such as laboratories, and some kinds of the fac-
tory where equipment needs the high accuracy, they can
be shielded individually. Protecting a subject contains
the implementation of some kind of shield to decrease
the magnetic field of outside field sources in some
comparatively small volume. Meanwhile, a source is
shielded when we place a shield in the surrounding
source area to reduce the magnetic field that leaked
to the outside. However, in most cases, a shielding
source, which is the underground power cables, is more
general and cost-effective. In this paper, electromagnetic
shields are made of two different materials with the
high electrical conductivity and magnetic permeability
are used to achieve the mitigation of the magnetic flux
density. For the material with high electrical conductiv-
ity, it becomes the site of the eddy current due to the
magnetic field distribution, whereas the material with
high magnetic permeability is the site of magnetic field
concentration. For that, it will shield the influence of
magnetic fields in the around areas. In addition, the
combination of the magnetic and conductive materials
is considered as good shielding capacities [5]. In order
to evaluate and compare the magnetic field reduction
ability of different types of electromagnetic shields, this
paper uses a reduction factor (or shielding factor) (RF),
which is the ratio of magnetic flux density without the
shield (By) to the magnetic flux density with the shield
(Bs). Thus, the RF can be defined as:

By

RF =5 1)
From the expression (1), we have seen that the bigger
the RF value is, the better the magnetic field reduction.
In this paper, the material with high electrical conduc-
tivity is copper and the material with high magnetic per-
meability is M-6 CARLITE [15]. The simulation results

are then compared with the data from [5].

3. Weak finite element formulations
3.1. General magnetodynamic model

A magnetodynamic model is defined in a domain (2,
where the boundary 012 is defined as 92 = I' = I';, UL,
The Maxwell’s equations with constitute laws are pre-
sented in a studied domain €2 [16]- [17]. The Maxwell’s
equations with constitute laws are presented in a stud-
ied domain 992 [16]- [17].

curl H,, = j,, curl E,, = -9, B,divB,, =0 (2a-b-¢)

B=u,H,J=0cF (3a-b)

Where:

e H: the the magnetic field (A/m),

e B: the magnetic flux density (T),

o J: the electric current density (A/m?2),
e E: the electric field (V/m),

o 0 the electric conductivity (S/m).

e u: the relative permeability.

The boundary conditions (BCs) are determined on v,
that is,

’I’L-BFE:O7’I’L><H|Fh:0,

(4a-b)

where n is the unit normal exterior to € [16]. The
domain §2 is divided into two parts, i.e., 2. and an,
where (), is the conducting region and 2, is the non-
conducting region. The equations (3a) and (3b) are
solved with the BCs already given from (4a-b) taking
the normal and tengential components of B and H
into account. The local fields of H,B,FE and J are

determined to satisfy Tonti’s diagram [16], [17].

3.2. Weak form of magnetic vector potential formula-
tions

Based on the set of Maxwell’s equations (2a-b-c)
and the constitutive laws (2a-b), the magnetic vector
potential weak formulation is written as

B =curl A, (5)

In order to exactly satisfy the Ampere’s law (2a) and
the behavior law (3 a), the fields of H and J belong
to the function spaces Hp (curl;§2), Hp(div;Q2)). This
means that the field b belongs to Hj,(curl;(2), ie. B €
H,(curl;Q).

By substituting the equation (5) into equation (5c),
the field of E is presented via an electric scalar potential

o, ie.
E=—jwA =grad¢ 6)

From the equations (4), (5) and (6), the weak formula-
tion is defined via the Ampere equation (2a) and the
constitutive law (3 a). Hence, one has

fmlB-curlAdQJrf oE - A'dQ.+
Q Q

/ nx H-Adly, = f J,-AdQ,, A’ € Hj (curl;Q)
Iy Q
@)
By substituting (5) and (6) into (3.2), one gets [17]

7{ pteurl A - curl A'd§Q) + jwjg cA-AdQ.+
Q Q
jw% ograd ¢ - A'dQ. +/ nx H-Adl), =
Q Fh
74 Js-AldQ, A’ € Hy(curl ;) 8)
Ja

Note that the function space H7,(curl ;Q) containing
the test function A’ and basis functions a is a defined in
Q.
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3.3. Field discretizations

In (3.2) and (3.2), the field a is discretized by node
and edge elements, i.e. [16]

A= Z AeSe + Z Qe Se- 9)
c€E(QC)\e(090) e€E(Qe)
bs= Y. ¢n (10)
neN(Ty)

The elements E({2. and E(Q2¢ in (9) and (10) are the set
of edges of (), s, is the basis function of edge, and a. is
the circulation of a along the edge e. The element N (T'},)
in (refeql10) is all the nodes of the BCs. By substituting
(3.2) and (9) into (10), one is rewritten as:

%(U Z GeSe - grad ¢5)dQ+
Q

e€EE(Q,)
f (o Z GeSe - grad ¢g)dQ+
? ceB(Q9)\e(090)
jw]{ (o Z grad ¢,, - grad ¢, )dS2
Q neN(Ty)

= jf J, - AldQ,, A’ € Hj(curl;Q) (11)
Q

4. Numerical simulation

The test problem is shown in Fig. 1. It consists of
an electromagnetic shielding located above the under-
ground power cables. The length of the shielding plate
is 1000 mm, the phase-to-phase distance is 125 mm,
and the distance between the shielding plate and power
cables is 200 mm. The values of balanced current and
frequency are given 100 A and f = 50 H z, respectively.

First, the problem is tested without a shield. The
magnetic flux density measurement points are at the
height of 300 mm, 400 mm, 500 mm, 600 mm, and 700
mm from the cables as presented in Fig. 1 (bottom). The
simulation result for different points is pointed out in
Fig. 2.
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Fig. 1: 2D-Geometry model [5].

Next, the cases are simulated to measure
pare the results between them.

and com-

Casel: The shield with high electrical conductivity
facing the source In this case, the total thickness of
the shield is equal to 4.7 mm with layers having the
following features (3).

e 1st layer: M-6 steel composed of two overlaid
plates each 0.35 mm: thick.
e 2nd layer: copper with the thickness of 4 mm.

The magnetic vector potential distribution is pre-
sented in Fig. 4, for the permeability of the copper
shield (i), ptn = 1,2566.10° H/m. It can be seen that
the flux lines are deflected when they first come into
contact with the surface of the shield. The flux density
is measured at different points as mentioned above. The
distribution of eddy current in the shielding is indicated
in Fig. 5. Its value is very high at the corner due to
the skin effect. Fig. 6 shows the flux density value
computed along the lines which have the length equal
to the shield at the height of the measurement points.
The results of the reduction factor with the simulation
and measurement are presented in Fig. 7. The errors on
two methods are lower than 5%.
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Fig. 2: Distribution of magnetic flux densities along the lines at the
different measuring points without a shield.

Steel M-6

T

Copper

Fig. 3: Electromagnetic shielding with copper facing source.
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Fig. 4: Flux line distribution on magnetic vector potential.
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Fig. 5: Eddy current density distribution in the shield.
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Fig. 6: Distribution of magnetic flux densities along the lines at the

different measuring points without the shield.
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Fig. 7: Reduction factors with the FEM and measured method.

Case 2: The shield with high magnetic permeability
facing the source The overall thickness of the shield is
still equal to 4.7 mm, but the positions of the layers
are reversed for each other. The layer with steel M-6
faces the source as shown in Fig. 8. In the same way, the
distribution of flux line on magnetic vector potential is
pointed out in Fig. 9 with a affects of properties of the
shielding. The eddy current density distribution in the
shield is also presented in Fig. 10. Its value is very big
at the shielding end.

In addition, for this case, it can be seen that because
the steel M-6 plate faces the source, the majority of the
flux is absorbed, especially at the part near the two
ends of the shield. Thus, the current density at those
positions is larger. By comparing the two cases, the
current density value in case 2 is 25 times the one in
case 1. Hence, it is clear that the field configuration in
case 2 is better. This is further clarified when comparing
the results of the flux density and the reduction factor
between the two cases. The flux density distributions
at different measurement points is presented in Fig.
11. The values are the smallest with the distance of

measured point of 700 mm, and the larggest with the
distance of measured point of 300 mm. In the same
way to case 1, the reduction factors with the FEM and
measured method is shown in Fig. 12. The errors be-
tween two methods are lower than 7%. The results of the
actual measurement from [5] concluded that the shield
configuration in case 2 can reduce the magnetic field
better than the one in case 1 as pointed out in Fig. 7. In
addition, in case 1, the maximum reduction factor value
is just 40, whereas it is 75 in case 2. As mentioned above,
the data from the simulation is quite different from the
actual measurement data. This is due to the difference in
the materials used and the simulation software can not
consider the external conditions that affect the actual
measurement.
Copfer

Steel M-6

Fig. 8: Electromagnetic shielding with the steel M-6 facing source.
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Fig. 9: Flux line distribution on magnetic vector potential.
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Fig. 10: Distribution of eddy current density in the shield.
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Fig. 11: Flux density distributions at different measurement points.
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Fig. 12: Reduction factors with the FEM and measured method.

5. Conclusions

In this paper, based on the finite element technique
with the development of magnetic vector potential, the
authors have successfully proven the better configura-
tion of the shield to reduce the magnetic fields. With
the same materials, the electromagnetic shielding with
the steel M-6 plate facing the source can absorb the
magnetic field better than the one with the copper plate
facing the source. For the obtained results, they can help
the manufacturers and researchers to give the suitable
choice of the electromagnetic shielding configuration for
other applications of the underground power cables.

For the obtained results from the proposed method,
this is a good agreement for extending to the magnetic
field intensity formulations for the future work.
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