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Magnetic Field Computation in a Physically Large
Domain With Thin Metallic Shields
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A three-dimensional edge element procedure is presented to analyze the magnetic field around thin shields embedded in a physi-
cally large domain. The shield region is eliminated from the computational domain and coupled boundary conditions named impedance
network boundary conditions are imposed on the new boundary surfaces to take into account the field discontinuity produced by the
eliminated shield. An experimental setup is built and the measured magnetic fields are compared to the results obtained by the proposed

procedure.

Index Terms—Coupled boundary conditions, edge elements, finite-element method (FEM), impedance network boundary condition

(INBC), physically large domain, shielding.

1. INTRODUCTION

IMULATION of physically large domains in the presence
S of thin layers of conductive materials is very complicated
from a numerical point of view. As example, the characteriza-
tion of the extremely low frequency (ELF) magnetic field in-
side a train with alternate current (ac) electrification is quite
difficult by traditional three-dimensional (3-D) finite-element
method (FEM) codes due to the relevant dimensions of the train
(Iength of 25-30 m for each railway vehicle) with respect to the
small dimensions of the aluminum walls of the train carriage
with a thickness of 2-3 mm [1]. In the past, many authors have
carried out formulations to solve the problem of a conductive
thin layer embedded in nonconductive region [2]-[9]. A very
efficient approach using the FEM is based on impedance net-
work boundary conditions (INBCs) [2]-[4]. The basic idea of
the INBC method is to eliminate from the computational domain
the conductive shield by introducing coupled boundary condi-
tions on new boundary surfaces in order to model the penetra-
tion of the electric and magnetic fields inside the thin conductive
wall. The INBC implementation to the FEM method, i.e., the
INBC-FEM method, was carried out for two-dimensional (2-D)
eddy current configurations [2] and has been recently applied
to solve wave propagation problems in a 3-D domain [4]. Here,
the INBC-FEM method is applied to analyze 3-D eddy current
regions in presence of thin conductive layers. The method is for-
mulated in terms of the edge element equations and the expres-
sions of the elemental matrices, adequately modified to take into
account the field discontinuity produced by the shield, are given.
To validate the proposed method, a test application has been
built in the laboratory of the University of L’ Aquila. This test
application has been analyzed by the proposed 3-D INBC-FEM
method and by magnetic field measurements.
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Fig. 1. Computational domain.

II. MATHEMATICAL MODEL

A. Three-Dimensional Formulation of Low-Frequency
Shielding Problems

The solution of the 3-D shielding problem, as shown in Fig. 1,
requires the analysis of the magnetic field in a nonperfectly con-
ductive region (), i.e., the shield region, and in the surrounding
nonconductive medium (2, i.e., the air region. The time-har-
monic magnetic field in Q@ = Qg + g is described by the
eddy-current equation

VxwVxA)=Jg+J, )

where v = 1/p, A is the magnetic vector potential, Jg is the
source current density, and J . is the eddy current density which
is given by

Je=—-0(jwA +V9) @

with o the medium conductivity, w = 2xf the angular fre-
quency, and ¢ the scalar electric potential.

The introduction of (2) into (1) yields to the following expres-
sion:

V x (vV x A) + jwucA + oV =J. 3)
It should be noted that (3) refers to four unknowns given by

the three components of the magnetic vector potential and the
scalar electric potential. In order to perform the finite element
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solution of the eddy current problem, the following continuity
equation should be considered:

V- (jwoA —oV¢) = 0. )
By applying the Galerkin method to (3), it yields

/Wk-VX(VVXA)dQ-i-/Wk-ijAdQ
Q Q

+/wk-aV¢dQ—/wk-J0dQ:0 (5)
JQ JQ

where wy is the weighting function. Equation (5) can be also
written as

/(Vxwk)~(viA)dQ+/wk~jwoAdQ
Ja Jo
—i—/wk-UVquQ—/wk-Jon
Q Q

+/wk~(ﬁ><1/V><A)dF:0 (6)
r

where the last integral is extended to the boundary I', and n is
the unit vector normal to the boundary surface.

The solution of (3) and (4) can be performed by nodal or
vector finite elements and is deeply discussed in [10]. It should
be noted that, if inside the computational domain thin conduc-
tive panels are present, the eddy current analysis by traditional
approaches would lead to the solution of very large problems.
To reduce the computational requirements, i.e., computer time
and memory storage, the conductive layer (25 of thickness d is
eliminated from the computational domain, and impedance net-
work boundary conditions INBCs are applied on the conductive
panel surfaces I'y and I'y, according to the procedure proposed
in [2] for 2-D problems using nodal finite elements.

For simplicity, in the following, it is assumed that no fur-
ther conductive bodies are present in the computational domain.
Then, eliminating the thin shield region {25 and introducing new
boundaries I'g and I'4, (6) becomes

/(wak)~(1/VxA)dQ—/Wk~J0dQ
Ja Ja

+ [ wi-(AxvVxAy)dl

To

+ Wk-(leI/VXAd)dF
Ty

+/Wk~(ﬁ><1/V><A)dF:0. 7
JT

B. Impedance Network Boundary Conditions (INBCs)

Inside the conducting linear region g of characteristics x
and o, the penetration of the electric and magnetic field tangen-
tial components inside the thin conductive wall can be modeled
as a plane wave propagating in a direction normal to the shield
surfaces [11]. In this case, the shield layer can be analytically
characterized by the following two-port network equations (see
Fig. 2):

|:f10><H0:|_|:YS Ym:| |:f10Xf10XEO:| (8)
fldXHd - Ym YS ﬁdXﬁdXEd

where Hy and H, are the magnetic field vectors on the two
shield surfaces I'g and Iy, respectively, Eg and E4 the corre-
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Fig. 3.

Configuration of two finite elements adjacent to the shield barrier.

sponding electric field vectors, ng and ngq the outward normal
unit vectors on the two surfaces I'y and I'4, respectively, Y, and
Y1 the coefficients of the two-port network admittance matrix
given by [11]
Y = cosh(yd)/[n sinh(yd)]
Ym = —1/[nsinh(yd).

(9a)
(9b)
Assuming the shield 25 as a good conductor, the propagation

constant y and the intrinsic impedance 7 in (9a) and (9b) can be
approximated by

v = Vijwpo (10a)
N \/jwu/o. (10b)

To implement INBCs in the FEM formulation (7), the two-
port network equations (8) must be expressed in terms of the
magnetic vector potential. Assuming in the nonconductive re-
gion 2y Ey = jwAp and E4 = jwAgq, the INBCs (8) can be
rewritten as

[ﬁoXI/VXAo}_[ijS jWYm:| |:ﬁ0Xﬁ0XAO:|

fld x vV X Ad ijm ijs fld X fld X Ad
(11)
C. FEM Implementation of INBCs by Edge Elements
The edge element approximation [12] is adopted
N(e)
A= Z Wik (12)
k=1

where ay is the circulation of the magnetic vector potential along
the kth edge, wy is the vector trial function, and N° is the
number of edges per element. Introducing (11) and (12) into
(7), the following matrix equation is obtained for the two cou-
pled elements shown in Fig. 3:

[[So_]j;\jﬁﬁ[z?o] [sjjf?;“\[ffgldﬂ Hi‘i” —0 (13)



1710

Y late
4 y P
—_—
d=2 mm
0 0.2m 03m X
(a)

Fig. 4.

where [ag] and [aq] are the vectors of the unknown edge values
associated with the two tetrahedral elements Ty and T4, respec-
tively, and [So] and [Sq] are the corresponding stiffness matrices
[12]. [Doo], [Doa], [Dao], and [Dqq] are N¢ x N© matrices whose
kj coefficients (withk = 1...N¢ j = 1...N¢) are given by

Dog,kj = - Wi+ Wj dI' withk,j € Ty (14a)
0

DOd,kj = - Wi+ Wj dI' withk € Tg and j € T4 (14b)
0

Ddg,kj = - Wi - Wj dI' withk € Tq andj € Ty (14¢)
d

Ddd,kj = - Wi * Wj dI' withk,j € Ty. (144)
d

Equation (13) can be seen as the local FEM system for two
tetrahedral elements T and T4 placed in the nonconductive re-
gion ()¢ and separated by a shield barrier (see Fig. 3). It should
be noted that system (13) is symmetric and of order 2N°€. The
discontinuity of the tangential fields produced by the shield is
taken into account by (11), where the admittance matrix coef-
ficients Ys and Y, can assume also values different from (9)
depending on the kind of shields [11]. For first-order tetrahe-
dral elements, coefficients of (14) are given by

Dooxj =0 ifk¢ToorjéTly
Doaxj=0 ifk¢Tyorj¢ Iy
Daoxj=0 ifk¢Tqorjé¢Tly
Daaxj =0 ifk¢Tqorj¢Ta.

Furthermore, it should be pointed out that matrices [Dog] =
[Daa], [Poa] = [Pao] when the tetrahedral surfaces I'g and T'g
are identical, i.e., the two adjacent finite elements Ty and Ty
are faced. In this case, if the thickness d of the conductive layer
is assumed to be zero (d = 0) only from a geometrical point
of view, the two tetrahedra Ty and T4 have geometrically a
common surface (I'g = T'y), but the field quantities in Ty and
in I'y remain different and coupled by (11) to account the field
discontinuity produced by the conductive thin layer [2]-[4]. Fi-
nally, when d = 0, the generation of the FEM mesh is very ad-
vantageous since it is possible to use a normal mesh generator.

III. APPLICATIONS

As first validation of the proposed method, a simple alu-
minum wall of 2-mm thickness is excited by a magnetic field
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Fig. 5. Experimental setup. (a) Sketch. (b) Photo.

produced by a wire current as shown in Fig. 4(a). In the same
figure, a comparison between the proposed method and the
analytical solution is reported [see Fig. 4(b)].

As a second test, an experimental setup has been realized to
validate the proposed procedure, by using four aluminum sheets
joined together to build a box opened at the two extremity sides.
The geometrical dimensions of the aluminum box are: sides
a=1m,b=1m,c = 2m, and wall thickness d = 2 mm. The
aluminum box has been excited by the magnetic field generated
by four conductors driven, each one, by a current I = 10 A at
frequency f = 50 Hz. Two conductors are placed overlapped
above the aluminum box at a distance of 0.25 and 0.5 m from
the top of the box, respectively. The other two conductors are
both placed at the 0.25 m distance below the box and are sep-
arated each other by 0.5 m. The considered experimental setup
is shown in Fig. 5.

The electrogeometrical configuration has been simulated by
the proposed INBC-FEM procedure. The magnetic flux density
B has been also measured at the aperture of the box (z = 0)
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Fig. 6. Map of the measurement points at z = 0.

TABLE 1
COMPARISON BETWEEN SIMULATED AND MEASURED RESULTS AT FIXED POINTS

Points Measured B [T] Simulated by INBC B [T]
P1 1.10-10” 1.20-10°
P2 1.75-10° 1.85-10°
P3 1.55-10° 1.60 -10°
P4 1.30 -10° 1.50 -10°
P5 1.25-10° 1.35-10°

by using the Wandel & Goltermann EFA-3 field sensor. The
magnetic flux density measured at specific points (P1, P2, P3,
P4, and P5 in Fig. 6) are compared with the computed values as
reported in Table I.

The results obtained by the proposed method give a good
agreement with the measurements results and have been carried
out by a significantly reduced computational time.

IV. CONCLUSION

This paper deals with the analysis of the quasistatic magnetic
field in presence of thin conductive shields embedded in a non-
conductive domain. The method of the INBCs presented in the
past by the same authors to analyze 2-D domains by nodal finite

elements has been extended to analyze 3-D domains by edge
elements. The INBC-FEM method has been validated in real
configurations by comparison with the results obtained by mag-
netic field measurements carried out in a test application device,
ad hoc built in the laboratory of University of L’ Aquila. From
the comparison, the INBC-FEM method has revealed to be effi-
cient and accurate to analyze physically large domain with thin
conductive layers by the FEM code.
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