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Modeling of Static Magnetic Anomaly
Created by Iron Plates

Olivier Chadebec, Jean-Louis Coulomb, Vincent Leconte, Jean-Paul Bongiraud, and Gilles Cauffet

Abstract—This paper deals with the modeling of thin steel shells
placed in a static magnetic field. The variable used is the scalar
reduced potential. In front of the diversity of the formulations
encountered, it proposes a methodological approach of different
methods and compares them, in term of speed and easiness of  Jigjerso [
computation. i :

_ Femomagnetc Domann &,
[THT

Index Terms—Boundary integral method, finite elements
method, magnetostatic, thin shell.

I. INTRODUCTION

HIN Magnetic material is frequently encountered in mag-
netic engineering, (shielding, modeling of ships hull...). P
We are especially interested in the anomaly (i.e. the perturba-
tion of the magnetic field created by these shells) when they diie. 1. Notations for the thin shell.
placed in a static external field. Classical resolutions by com-
plete meshing of the space, frequently lead to an unacceptal
increase of elements for the finite element method or to nt
merical instabilities for boundary element method. The formu
lations already developed are numerous. If some of them pr i : H |
pose to solve the problem using the potential vector [1], we hay _‘,.-"' { i b
chosen an approach with the reduced potential, because it allo o C{ri e [
separating easily the external field from the magnetic reactic /. i

of the material. This paper proposes a methodical synthesis / [ 'E"'l
— e S orcncso: Ko

Field m the shell

i high and ju low & small and p high

these formulations and a comparison between them. Advantag ;
and drawbacks of each of them are explained, especially for i =
tegral methods. N Py

[I. PRELIMINARY STUDY
The problem that we propose to solve is magnetostatic. A

cording to Maxwell’s equations, Vialue of the reduced potential on dobied lme
. = o :
divB =0 ) P L
carl H = J (2)
B=pH (3)
Fig. 2 Behavior of the field in the shell and associated reduced potential in
Let's consider the following device and notations. function ofe andy.

) . ) The permeability,. is considered as constant, linear and
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Flux of induction at
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Imbaricy . ) E
4 PRl Tl Fig. 4. Notations for the infinite cylinder,. = 1000,e = 1 mm,R = 1 m,
’ » Hy = 100 Alm, d; = 1 m,ds = 0.97 m.
I
Fig. 3. Notations for the equilibrium equation of the flux in the shell. e -"\-.h_ __t
e ==F"
i o D
- _--"--.--ﬁ _,.I:"..- = .'_'\-_H.
It should be pointed out thdl,..q is the field created by the . -a oLy e '_'\x
magnetic material and that this field has similar mathematic Fa 7:’_" TN e '
properties as an electrostatic field. Thanks to (1) and (3), t e e ks SRR —
equations result into: e I e g
pdiv(Ho — grade) = 0 © o=
This, everywhere if2;, 2, and(2.. Then, we have to solve (6) R
with classical continuity conditions on the two boundartgs
ands Fig.5. Modeling of a mock-up of a ship (4.6 m length) placed in a longitudinal
2 external field by integral local formulation (BEM/FEMy. = 1.4 mm, u,. =
96, Hy = 1000 nT, Modulus of the field on a reference plane (30 cm under the
Hs,,, =Hs,., (7)  huny.
Bn’n,i'r :anhell (8)
. If [ tends toward a zero limit, we obtain, by combining (12), (4)
That is to say in terms of reduced potentialdasH, = 0, and (5) and assuming that= —n; = na,
Ap = ) - a a
¢=0 ©) edivy(uH,) = po _aa + 72 (13)
an an

with the following continuity’s conditions.
wherediv; is the standard divergence applied only on the tan-

Pair = Pshell (10) gential components of the field. In this way, we get surface par-
tial differential equation. To reduce the shell to a surface is an
approximation. The volume of air is then atrtificially increased
and the energy in it will be too high. A good solution is to re-
place in (13), the field in the shell ; by H; minus by the value
that it will have in the air [2]. Then, we obtain:

— 1 a(pair uawshell
°"on on

= (= pro)Hon (11)

I1l. BEHAVIOR OF THE SHEET

The main idea of this part is to find an equation describing the edivy(uH, — poHs) = po <_% + %) (14)
physical behavior of the sheet. We now consider that the perme- In In

ability of the sheet is high in comparison to the permeability ¢ ation (14) will allow us to model devices with smaller per-

the air and that the thicknegds small in comparison to other meability value with more accuracy. Asis isotropic and con-
dimensions. The higher the permeability is, the better the fll¥,nt we have:

is driven inside the sheet. The field in the sheet is mainly tan-
gential and constant throughout the thickness of the shell. If the Ddiv(He — arad o) = _Op1 o 15
variation of Hy,, is negligible, the reduced potential is the same elpr — 1)divs(Ho, — grad.¢) on T on (15)
on t_’Oth sides (_)f the sheet. ) L wheregrad, is the standard gradient applied only on the tan-
F|g. 3 describes the behavior of the flux going inside ar}fential components .
outside a small steel element.
The dimensiorl is small enough to consider the induction
being constant along the boundary between shell and air. More- . . _ .
over, the permeability being high, the induction is assumed These formulations allow separating the domains and solving

normal on this boundary. An equilibrium equation betweethe different equations on each of them. Two domé&msand
flux can be written. Q. are ruled by (6) and while (15) applies to surfateA local

system of equations is obtained for each region. Interface con-
e(pHs(—)—pHs(+)) = (—DBn, — By,) (12) ditions link these systems.

IV. LOCAL FORMULATIONS
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A. Modeling of the Sheet V. GLOBAL FORMULATIONS
We build N Galerkin weighting functiong¥; on the sur-  Aswe have said, the magnetic anomaly has the mathematical
face S, the potential is approximated by: properties of an electrostatic field. The idea leading to global
N formulation is to suppress the magnetized material and to re-
o= Z Wi (16) place it by a charge distribution located Snwhich creates the
P same potential in the air. Equation (15) can be also interpreted

as a local form of the Gauss theorem, where the source of the

The Galerkin weighted residual method applied on (15) P'3homaly is a surface charge densjtywhich has the following
vides a system olN equations.

value:
N
- - dp1 Do
Z:l <pj/ kgradgW, - gradgW; ds 1= 5. " an (22)
T > . . D, 9g; Equation (15) becomes:
z//kgradSWi-Hods—// <—JQ——JI> W, ds R
/ J on on e(ph, — Ddiv,Hy, = —¢q (23)
) The reduced potential will thus be expressed with the following
wherek = e(z\po — 1) andi = 1,---, N. single layer distribution.
B. Modeling of the Air @ = / qG dl’ (24)
S

1) Finite Element Method:The same procedure as above, o o
but for M Galerkin weighting functions built in the air regionMagnetlzatlon can also be represented by a volume distribution
of dipoles. As the magnetization is constant through the shell,

ives:
g we can replace it by a surface distribution of dipoles. Its surface
M 5 5 density is equivalent to a surface density of charges and they are
> ¢ / / / grad Wigrad W; dv linked by [5]:
=94, Qi (25)
- - h h vps = —¢q
= /// gradWZwHodv—// <8<p12 - 8(,0]1) W; ds
on on Equation (23) is then equivalent to:
Q; 4+, s
(18) e(pir — 1)Hs = pl (26)

Main difficulty of this method is that the domain is infinite. ItThe reduced potential will be expressed with the help of a
is necessary to develop a special numerical tool, which takesjiy pje layer distribution expressed by:

account the infinite region by mapping it into a closed domain

[3]. By combining this system with (17), we obtain a sparse ¢ = /p; _grgdeF 27)
matrix where the unknowns are the reduced potential on each s

node. Interface conditions are such as the terms integratsd on

disappear. A. Global Variational Formulation

2) Boundary Element MethodPotential being constant on A constant charge density is on each element of the sheet.

the shell, gccordmg to Green’s theorem, two surface equa“%'&uation (24) and a point collocation method give the following
can be written [4],

system:
cp = —/ <¢% - %> dl’ (19) N
s\ 9n on 0i=>_q / Gij dsj (28)
j=l i
cap :/ <¢8—G - G%> dr (20) _ o _
s\ On an We need to inverse this system to express a function ofp,

whereG is thel/r Green’s function and the Cauchy principal Which léads to solvéy systems of equations. The matrixgis

value. A point collocation method can be applied on (19) argpMPined with (17) to obtain a system¢n Once it is solved,
(20). If S is meshed inV elements, (19) becomes: it's easy to obtairy with (28) and then the value of the potential
everywhere using (24) [6].

N N
aG“ _ 8<p1j . A
Ci1yi + Z:I%'// an ds; = ; 7 Gij ds; B. Global Equation of Surface Flux Equilibrium
¥ = S; Let's consider each element carrying a punctual constant total
. (21) charge@;. Let's apply (23) on an elemertf; and apply the

We have to solve these two systems with (15). The unknowAas s . : .
; . strogradsky’s theorem reduced to its surface form. We get:

are the reduced potential on the shell and the normal derivative
on each sides of the sheet. Field at the infinity is taken in account —Qi = ey — 1) / (HBS _ grgdsw) i di, (29)

by the Cauchy principal valug; . 1’
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wherel; is the contour of each elemerandn; a vector tangen- TABLE |
tial to I and orthogonal té;. Equation (28) and (29) leads to: FiELD CALCULAT"C;(’\)‘"ESSR THE DIFFERENT
~
—QH—Z QJ/ k-gradgGy;-npdl; = / k-Hory dl; (30) Formulations Point A Point B Point C
=1 iy iy
Analytic 66.744 91.664 66.744

Main interest of this formulation is that the surface integral
become line integrals. Moreover, analytical integration is po

sible. The number of unknowns i§¥. However, integration of Variational 66.597 91689 72320
the source’s term is a difficulty and requires the generation Charges 6724 oLl 28,562
nonplane elements [7]. If all the elements are plane the last te
in (30) vanishes and the solution found is zero for eQ¢h .
. . . . Dipoles 66.593 91.681 71.731
Using the field of punctual dipoles can perform a simila
dipole formulation. The expression of the potential becomes:
N o
_ 5. orad (s dS.: TABLE I
$i = Zl PJ// grad Gy; dS; (31) COMPARISON OF THEDIFFERENTBEM
1= Sj
Let's integrate (26) on an element and apply the Ostro- fonﬁz'ﬁon Global formulation

radsky’s theorem reduced to its surface form. We get:
9 y 9 Designation = FEM/BEM Variational Charges Dipoles

N ap @ -
=t " = SySSié?nc;ft ° one of N+ 12) of onezof one of
This equation is vectorial, the number of unknowns is the iV solve (3x Ny N N (2xN)?
(the vectors are tangential ). The integration of the source  Integraton  Surface Surface Line Line &
term can be done there on plane elements. For all these meth: Surface
the systems obtained are full. ctane Yes Yes No Yes

VI. NUMERICAL RESULTS

The FEM being well known, we were especially interesteghe obtained system because it is significant of both times of
by the integral formulations. building and resolution. Charges method is the best (one system
. of N x N), followed by the dipole 4N x 2N) and then the
A. 2D Modeling boundary local formulation3(v x 3XN). The variational one is
To compare numerical accuracy of these global methods, ti®e most expensive in terms of CPU-times (one inversion of a
consider an infinite cylinder placed in an homogenous external x N matrix plus oneN x N system to solve). In term of
field. This 2D problem can be solved analytically. In the variaeasiness of computation, our criteria will be the generation of
tional approach, the charges are taken constant on each elertt@imesh; this is the most important drawback of charge formu-
and, in the flux equilibrium formulations, punctual. All integradation. It's necessary to generate some nonplane elements [7].
tions are analytical. The mesh used is coarse (36 elements). The choice of a formulation depends essentially of the geom-
different points of calculation are the followings: etry of the device. For a 2D modeling, the most suitable solution
These integral formulations lead to very efficient resulis the dipole one. Their direction being restricted to the plane,
for most points of calculation. Charge formulation providethe system become¥ x N. For 3D modeling, the choice is
the best accuracy. Let's notice that the dipole one leads ttore complex. To generate the charge mesh can be long and
divergence problems if the point is too close to the device (th&borious but the matrix obtained (which is full) keeps a rea-
increase of the potential being more divergent at the neighbgtnable size for a good numerical accuracy. For other formula-
hood of a double layer distribution than at the neighborhood tbns, these sizes increase very quickly (see Table II). All these

a single one). methods are easy to implement with variable thickness. More-
) over, it's possible to take into account permanent magnetization
B. 3D Modeling for the sheet (except in the charge formulation).

We are especially interested in computing anomaly created
by the steel hull of ships. Some of these formulations have been
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