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Abstract — Carefully planned magnetic shielding can L — .
protect objects and beings from the influence of Magnetic field inside the sphere €r < rj) is also

magnetic fields in the whole frequency spectrum. In the homogeneous and less thidg actually it is H+ H;,
paper it is shown that the most efficient magnetic The scalar magnetic potential can be written:
shielding can be performed by a sphere of more _

ferromagnetic layers with non-magnetic material in ¢ =~(Ho +Hy) rcos? @
between, which reduces the quantity of ferromagnetic

material to minimum. Magnetic scalar potential for the outer space: (1)

can be written on the basis of the analytical sofut

Keywords: electromagnetic fields, ferromagneticsas:
shielding. p cos?

¢, =—Hgrcosd+ (2

2
1. INTRODUCTION ATty ¥

. . wherep is a dipole magnetic moment of a magnetic
Many O.f el_ectror_nagnetlc equipment generate St.rogghere taken analoguely to a dielectric sphere:
magnetic fields in the environment. Therefore,sit i '

often necessary to protect electrical appliances, a U 3

well as human beings from such strong fields [1]. p ‘m‘lm Ho (3)
The efficient electromagnetic shielding is perfodme ! 2

by placing a conductive material of the certaiDirection of a homogeneous magnetic figld is the
thickness around the object that has to be pradectdirection of the dipole magnetic moment.

The shield thickness depends on frequency of t
electromagnetic energy and on the conductivityt®f i
material. The appropriate magnetic shielding
achieved exclusively by ferromagnetic materialst N
only diverse electrical appliances, but also hum
beings have to be protected when exposed to v
strong magnetic fields. The most efficient protewcti
can be ensured by a spherical shape but also using
some other closed surfaces.

The exact solution of a ferromagnetic sphere in a
homogeneous magnetic field is calculated in [2] and|_|
that of an ellipsoid and cylinder in [3]. The saduts 0
are based on Laplace equatigfp = 0, whered is
scalar magnetic potential.

The ferromagnetic sphere in a homogeneous
magnetic fieldH, behaves like a magnetic dipole [4].
The sphere divides the space in two parts, eadn wit

their own permeability; andp, (Fig. 1). Fig.2: Hollow feromagnetic sphere in a homogenous
magnetic fieldH,.

l‘Ilﬁe exact solution of a hollow ferromagnetic sphiere
homogeneous magnetic field is given in [3,2]. Of

gourse, if the approach with the dipoles is applied

jll result in the same solution. The protectioctéa

)pther closed objects can be calculated.

The hollow magnetic sphere divides the space usth i
shells in three parts, with permeabilities P, andp;
(Fig. 2). The hollow sphere consists of two condent
layers; its behaviour can be seen as a superposifio
the two adjacent layers. This means that the both
spheres become dipoles, when influenced by the oute
magnetic field. Their dipole moments gue and p,.

So, in the area 1, with < ry, the homogeneous
Fig.1: Feromagnetic sphere in a homogenous magnetic field has the value bf, + H; + Hy; in the
magnetic fieldHo. area 2, where; < r < r, the magnetic field i#ly + H,

H2 /,/

Ho

21222



Annals of the University of Craiova, Electrical Engineering series, No. 30, 2006

with the superposition of the field of the dipolgsof field H, polarizes the concentric spheres so that they
the inner sphere. In the area 3, wheter, the field is begin to behave like magnetic dipoles. As it iatty

the sum of the homogeneous fi¢ld and the fields of shown by equation (4), the field in the boundary
the dipoleg, andp, of the both spheres. sphere consists of a homogeneous field as welf as o
dipole field of all the spheres, that are inside th

Scalar magnetic potentials for the three areagiaem observed sphere.

as follows:

¢1:—(HO+H1+H2)rco&9 ,r<ry (4a)

p, cosd
2

$, =~(Ho+H,)rcosd +
ATyr

, I1<r<r, (4b)

(pl + pz)cos’9
47W3r2 ’

In order to determine the assumed quantitigH,, p;

andp,, the boundary conditions valid en=r; andr =

r, have to be enforced. The chosen bound
conditions refer to the equality of the normator example, in thi-th layer the total field is a sum of

components of the magnetic induction[{:[0¢/0r ), a homogeneous field, and of homogeneous field$

as well as of the tangential components of tidl the k-th to n-th spheres, as well as of the dipole
magnetic field §#/rdd) on the both sides of thefields of all the inner spheres (from 1 te10).

@3 =—Hyrcosd + r=rp (4c)

YYYYYYYY

Fig.3: Multilayered ferromagnetic sphere in a
aWmogenous magnetic fiekd.

boundary. Therefore, the scalar potential of tkeh layer can be
Thus, the unknown quantities bify, H,, p; andp, are written as:
given: k-1
* sl ) : 5
_ T} Hs\Ha —H4 o = —(HO +> H; Jr cosd +—= COSY, Me1<I<ry
i _3H0(r1] D (5a) = dmr?
)
3
r Let the permeabilities of the layers be differdvatying
- )| 2 2u,)-2
(ke u3)[( rlj (er +2115) = 2t +/11)1 indices of the outer boundary sphere. The equ&fipn
H, =-H, 5 (5b) is valid for all the layers from 1 1o, as well as for the
space beyond then-th layer. The unknowns are
whereD is magnetic field$H; and dipoleg; (fori = 1,...n).

; 3 In order to determinerRunknowns, it is necessary to
D= [_ZJ (1 + 24, 1ty + 2113) = 21, = 11\t - 113) ~ s0lve 2 equations, which are given from the boundary
n conditions at all n boundaries:

andV, is the outer sphere volume 0¢ 0@,

(8a)
_4n 4 rogd  rod
V, = ?rz 06 Y
: _ _ i — = fiq —2 (8b)
If we letr; — 0, i.e. that the inner sphere dissappears, or 0
then the result for alone sphere is obtained. with r =r,.

The n linear equations thus obtained can be written in

2.MULTILAYERED FERROMAGNETIC .
the matrix form [5]

SPHERE IN A HOMOGENEOUS MAGNETIC

FIELD A Bl [H 0

. sonprecoon_ 18 ¢/15 L1
It will be shown that the most efficient protectifsom P
the magnetic fields is the layered shielding. The . N N _
efficiency of the protection is proven by an apgiicn The matricesA=|a,| and C =|c,| are diagonal
of multilayered concentric spheres (Fig. 3). Sphefgatrices of the-th order with diagonal terms
shells 1,2,3n represent boundaries between
ferromagnetic layers. Outer homogeneous magnetic
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NV, Uy My ferromagnetic layers is the same and very lajge (
Ak = U — U (10) >>1). In this case the equations can be simplified,
ko Pl because for the odd-layered sphetes (,3,5,..,2-1)
-2 (11) permeabilityp, = Ho, and for all the even layerell £
Cu = G
kk 3V, (llk ‘llk+15 2,4,6,...,2) the permeability igy, = ' Ho.

Thus, the diagonal members of &eatrix (16) are
where Vi is a volume of thek-th sphere, u g (16)

permeability of the layer in thk-th sphere angly.; s = 1+2u
permeability of the layer out of theth sphere. K™

k=135, ..., B-1)

The matrixB is also triangular matrix of theth order

+2
with the terms Sy =2 (k=2,4.6, ..., B) (18)
Bk = He by =1(0j >k),by =0(0j<k)  with the unchanged other membesg) (of the matrix
He = Hea (16).
(12)

N For example, in the case of one ferromagnetic |ayer
Matrix B is a transposed matri there are two boundary spher¥s and V,, so the
_ L L 1 N equation (14) can be written as
Matrices H =|Hk|n; p=|pk|n: 1=|1k|n: 0=|0k|n

are vectors withn components. The elements of 1+ 2'Lll H; 1
vectorsH andp are unknown homogeneous magnetic 1-u , =-H, (19)
fields (H;) and unknowns magnetic dipoles)( By _M pH2 ) 1
solving equation (9) the following is given vV, y-1

p=-B'AH (13) By combining (19) and (17) with the conditign >>

1, the magnetic protection factor for the sphemp (e

SH=-H,1 (14)  17) with one ferromagnetic layer is given
where 9 1
- VSRR, €0
S=B-CB'A (15) Ha-0t

V2
the auxiliary quadratic matrix oFth order ) )
Sphere with two ferromagnetic layers of the same

+ 2y . 2N (. - itsatrix is:
S = Hi + 2H L sy :1(Dj p k), Sk = k (Dj < k) material has four boundary spheres, s&itsatrix is:

He — Hen A r . 7
1+2
(16) Koo 1 1
1-u
Vi andV; are sphere volumes. _ﬁ U'+2 1 1
The unknown quantities of the field and dipoles are g—| Y2 H-1 . 21)
calculated by solving equations (13) and (14). The M A, v
magnetic field protection factor is defined as t@oraf V, V, 1=y
the homogeneous field inside the sphere and outer AN, N, N u+2
homogeneous fielt,: vV, v, v, wu-1
Z=H, +Zn: Hi/H 0 (17) The protection factor for the two ferromagneticelesy
=] can be calculated in the same way as before, Wwéh t
itiom' >>
The inner space is the one that has to be protec?ggqe conditiom 1
from the outer strong magnetic figtt. 9 2 1
2= [5) v, Y. V). V (e2)
3. FERROMAGNETIC LAYERED SPHERE 1--L|1-21-=2

The Iayereql sphe(e consists . of ‘more cont_:entpipom (22) it can be seen that the efficient magneti
ferromagnetic spherical layers with air in betwegin. protection can be performed by ferromagnetic

assumed that the relative permeability of all th@ious that the layers thicknesses influence the

10
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protection. If the magnetic protection in the hullo deficiency can be avoided by several ferromagnetic
one-layered sphere should be improved, then the nlewers. It is shown through a calculus that in orige
ferromagnetic layers with air in between should kechieve the same degree of protection factor, the

added.
If the same ratio of the neighbouring spheresi liadi
assumed

h_f2_Is

frp I3 Iy

then the protection factor can be written as

()
2257 =3
21') k

with thek as a ratio constant

k:l—ﬁ: —V_2— —V3

(23)

(24)

(25)

For example, if the outer field in a sphere wittiva
r; = 250 mm should be decreased to 1 % of its value Hill, New York, 1941.

by a ferromagnetic material of a relative permégbil

W = 1000, one-layered sphere of a thickndss 55
mm is needed. The layer thickness, which implies

amount of material, could be smaller by takin

expense of needed ferromagnetic material is
considerably less for two layers. The magneticldhie
are also more efficient at higher frequencies bseau
the penetration depth is decreasing with increasing
permeability.

The protection can be also performed by other diose
shapes or surfaces, not only sphere, but all theeth
dimensions should be equal related to the sphere
diameter.

References

[1] K. L. Kaiser, Electromagnetic ShieldingCRC
Press, Boca Raton, 2005.

[2] J. D. Jackson(Classical Electrodynamigslohn
Wiley & Sons, New York, 1998.

[3] J. A. StrattonElectromagnetic TheoryMcGraw-

[4] H. Kaden,Wirbelstréme und Schirmung in der
NachrichtentechnikSpringer, Berlin, 2006.

] E. Kreyszig, Advanced Engineering Mathema-
tics, John Wiley & Sons, New York, 1999.

ferromagnetic material of a higher permeabilitys@|
reduction of a material can be achieved by a two-
layered ferromagnetic spheres. For the same piaect
factor and for the same material with the assumptio
(23), the ratio constaikt= 0.1266. The total thickness
of the both membranes is 24.2 mm, instead of 55 mm
and the volume of the used magnetic material i8 2.4
times less than in the first case.

Ferromagnetic materials are also very applicabte fo
the electromagnetic fields protection at higher
frequencies, because the penetration depth is
decreasing with increasing relative permeability
Thus, for the required relative permeability= 1000,
radius [ = 250 mm and electric conductivity= 1.5 x

10" S/m the penetration depth at frequency of 50 Hz is
1.83 mm. If the same field should be decreased%o 1
of its value, the ferromagnetic material thickness
should be around 8.4 mm.

4. CONCLUSIONS

Magnetic shields are used for the protection of esom
electrical appliances and human beings from tlengtr
magnetic fields. One of the most efficient object
protection is achieved by shields shaped like @&isph
The recommended sphere consists of several
ferromagnetic layers made from highly permeable
magnetic materials. Combination of ferromagnetid an
air (non-magnetic) layers can reduce magnetic dield
inside the sphere, as required. If a ferromagnetic
material is not a highly permeable enough, this
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