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Analysis of Magnetic Shielding Effect of Layered
Shields Based on Homogenization

Hiroshi Waki, Hajime Igarashi, and Toshihisa Honma

Graduate School of Information Science and Technology, Hokkaido University, Hokkaido, Japan

This paper describes a nonlinear analysis of magnetic field based on homogenization. The analysis of a magnetic field is time-con-
suming when the problem includes magnetic substance with fine structure. Simplification of the fine structure by homogenization makes
it possible to analyze them efficiently. The authors have introduced a homogenization method to estimate effective permeability of mag-
netic composite structure for a static field. This method can be applied not only for linear problems but also nonlinear ones. In this paper,
the magnetic shielding effect of layered nonlinear material is analyzed by using the homogenization method, and the applicability of this

method is discussed.

Index Terms—Effective permeability, homogenization, magnetic shielding, nonlinear analysis.

I. INTRODUCTION

AGNETIC fields generated by direct current (DC)
M power lines such as feeders along electric railways
sometimes interfere with electronic instruments, for example,
cathode-ray tubes and electron microscopes, and so on. Mag-
netic shields composed of steel rods and steel plates are
expected to attenuate the magnetic fields. Numerical analyses
of the magnetic fields are necessary to study the optimum
arrangement of the steel rods and the steel plates for magnetic
shielding. The magnetic shielding effects can be analyzed in
theory by using the finite element method (FEM), etc. However,
the analyses become time-consuming, because the magnetic
shields have a fine structure.

Simplification of the structure of the magnetic shields by ho-
mogenization makes it possible to analyze them efficiently [1],
[2]. A lot of homogenizing methods have been introduced in
order to estimate the effective material parameters of composite
materials and mixtures so far [3]. The homogenization has also
been studied in fields of remote sensing [4], [5]. The most well-
known and standard rules employs the Maxwell-Garnett for-
mula [6], [7]. In recent years, Sareni et al. have introduced a
homogenization method in which the effective permittivity is
obtained on the basis of the potential [8].

The authors have introduced a homogenization method to es-
timate the effective permeability of the composite structure [9].
In this method, the structure of the magnetic shields is assumed
to be periodic, and the unit cell is defined, in which the effec-
tive permeability is determined from consistency of magnetic
energy. This method is more accurate than the conventional
models [9], and it can be applied not only for linear problems
but also nonlinear ones [10].

In this paper, the magnetic shielding effect of the layered non-
linear material is analyzed by using the homogenization method,
and then the applicability of this method is discussed.
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Fig. 2. Homogenization of cell. Both cells are immersed in equivalent field.

II. NONLINEAR EFFECTIVE PERMEABILITY

Fig. 1 shows a two-dimensional composite material, which
includes cylindrical steel rods with isotropic magnetism. In
the homogenization method, the structure of the magnetic
composite materials is assumed to be periodic, and the unit cell,
which is the minimum volume to represent the overall statistics,
is defined. Here, it is assumed that one cylinder is located in
the center of the cell, and the cell has also structural isotropy.
The unit cell is regarded as a homogeneous magnetic substance
with the effective permeability as shown in Fig. 2. The effective
permeability is defined on the basis of magnetic energy balance
in the unit cell: it is assumed that the original cell and the
homogenized cell include equivalent magnetic energy when
both unit cells are immersed in equivalent magnetic field.

In an actual estimation, the solution of the Laplace equation
is computed by FEM. In this analysis, vector potentials are un-
knowns, and assuming the applied field is unidirectional at least
in the cell, say, in the x-direction, the boundary conditions are
set as
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A= A3 on Fgrlg 1—‘homo (2)
0A
% =0on F(2)r1g7 Férlg? 1—‘homoa“ndrﬁomo (3)

where A represents the vector potential, n the normal vector to
Lo OF I'f om0 The boundary conditions are equally set to both
cells, and the applied field B, is determined, which is equal to
the magnetic flux density in the homogenized cell By, y,0. These
vectors have only z-components. Thus, for simplicity, the index
x will be omitted hereafter. When the homogenization method
is applied to nonlinear magnetic materials, the magnetic field in
the unit cell is evaluated by the Newton-Raphson technique.

The magnetic energy in the original cell is represented as
follows:

orlg ap / / Horlg dBOI‘lgdSOI‘Ig (4)
where B, represents the magnetic flux density, H,i; the
magnetic field, Sq.;g the area of the original cell. The magnetic
energy in the homogenized cell is represented as follows:

Uhomo(Bap) = Shomo/ Hhomochomo (5)
B

homo

where Hyomo represents the magnetic field, Stomo the area of
the homogenized cell. In the homogenization method, it is as-
sumed that the magnetic energy in both cells is equivalent, there-
fore a relation of the energy balance

Uorig(Bap) = Uhomo(Bap) (6)

is organized. For the linear problems, from (4), (5), and (6), the
effective permeability is given as follows:

(Bhomo)ZdShomo
fshonlo
fSorig Borig ' Horigdsorig

which is held for any applied field [9].
For the nonlinear problem, the applied field is increased in
the following form:

Heft = )

(G=0)

G=12.)" ®

; 0
A .
Bap = { Biz' 4 AB,,
When the jth magnetic field Bap, which is equal to Bhomo, is
applied to the cells, the magnetic energy in the homogenized
cellis equal to U}/ as shown in Fig. 3, which is equal to sum-
mation of the magnetic energy AU/ Thus, the jth magnetic

homo-

energy in the homogenized cell are represented as follows:

U]

homo

HIZl 4+ H
— Z homo —; homo ABljmmOShomo- 9)
J
The magnetic energy in the original cell is also obtained by this
approach as follows:

He J— 1
orlg orlg J qe
orlg Z Z ABorlgsorlg (10)
e.J e,J =1
ABorlg Borlg - Borig (11)

IEEE TRANSACTIONS ON MAGNETICS, VOL. 42, NO. 4, APRIL 2006

Jj+l
i 7 Uhomo
2 B )
@ homo 7 AB/H!
8 B] T homo
3 homo! U’:om
o]
=
=1
2
=
Q
=i
o0
2
0 -
J J+l ..
"H homo H homo
Magnetic field H

Fig. 3. Estimation of magnetic energy in homogenized cell. This process is
applied for nonlinear problems.

Layers of shield

Fig. 4. Numerical example. The applied field is generated by direct current
I. The error Expcp is evaluated on the area ABCD. The attenuation A is
evaluated at Q.
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Fig. 5. Unit cell of layered shield.

where e represents the element in the original cell. From (6), (8),
(9), (10) and (11), the magnetic field in the homogenized cell is
given as follows:

S, (MGl +HGL) - ABGLSG,
H oo = N S Hoh
AB}mmOShomo
(12)
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Fig. 7. Magnetic flux line in nonlinear problem. The layered shield is
composed of 3 layers. The magnetic flux density 0.01 T is applied to the shield.
(a) Layered shield. (b) Homogenized substance.

The B—H property of the homogenized substance can be ob-
tained from (12), and then the effective permeability is given by
as follows:

_ AB]

homo

AH?

homo

pet(B2,) (13)

III. ANALYSIS OF MAGNETIC SHIELDING EFFECT

The magnetic shielding effect of the layered substance is ana-
lyzed by using the homogenization method. In this example, the
magnetic shield is in layers along the z-axis as shown in Fig. 4,
and the magnetic field generated by the DC current [ is applied
to the shield. Fig. 5 shows the structure of the magnetic shield

0.01

(b)

Fig. 8. Distribution of error. These errors are evaluated by the equivalent
condition of Fig. 7. (a) Nonlinear problem. (b) Linear problem.

and the unit cell. This shield is homogenized by the above-men-
tioned method. The homogenized substance is also applied to
this example as well as the original material.

In this example, the magnetic field for this 2-D problem is
analyzed by using FEM, and then the error on ABCD as shown
in Fig. 4. The error is here defined as

2 2
E= \/Z ‘Biomo —B| S/ ‘Bf,rig Se  (14)
where S° represents the area of the element e, BS,;; the mag-

netic field in case of the original material, Bf_
field in case of the homogenized substance.

The shielding effect is evaluated by attenuation of the mag-
netic field defined as

A =201log(|Bs|/[Bol)

the magnetic

5)

where By represents the magnetic field affected by the magnetic
shield, B the magnetic field in the case of no shield.

IV. RESULT AND DISCUSSION

Fig. 6 shows the B—H property of the shielding material and
the homogenized substance. The curve of the homogenized sub-
stance is evaluated by the nonlinear approach from the magnetic
property of the shielding material. To compare with a linear
problem, the effective permeability in case of a linear mag-
netic material is also evaluated. When the permeability of the
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Fig. 9. Attenuation A of magnetic field by shield in nonlinear problem.
This attenuation is evaluated by the equivalent condition of Fig. 7.
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Fig. 10. Error versus applied field.

shielding material is set to 1000 p, then the linear effective
permeability is estimated to be 103.80 pp by (7).

Fig. 7 shows the magnetic flux line affected by the shield.
The distribution in the case of homogenized substance is nearly
equal to that in case of the original. Fig. 8 shows the error of the
magnetic field. In the nonlinear case, the error near the shield is
relative large. However, the overall accuracy seems satisfactory.

Fig. 9 shows the distribution of the attenuation A. Near the
center of the shield, the magnetic field is attenuated on the order
of several ten decibels. The attenuation increases with the dis-
tance from the shield.

Fig. 10 shows the error versus the applied field. Under low
field, the errors are nearly equal to those of the linear problem.
However, the errors tend to increase with the applied field. In
the homogenization method, the nonlinear magnetic property is
evaluated by integral of the magnetic energy. In this process,
inadequate AB,;, would cause deterioration in the accuracy.

Fig. 11 shows the attenuation at Q. The attenuation decreases
with increasing of the applied field, because the permeability
decreases due to the nonlinear effect.
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Fig. 11. Attenuation versus applied field in nonlinear problem.

V. CONCLUSION

The magnetic shielding effect of the layered nonlinear ma-
terial can be analyzed by using the homogenization method.
Under low field, this method is accurate as well as the linear
problem. The error tends to increase with the applied field. How-
ever, the overall accuracy seems satisfactory. It is future work
to apply the homogenization method to a cell having structural
anisotropy.
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