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Integral Formulation for Eddy Current and Forces Computation in Moving Bodies

Florea loan Hantila, Gabriel Preda, Bogdan Cranganu-Crelu
Politehnica University of Bucharest, Electrical Engineering Department, Splaiul Independentei 313, RO-77206 Bucharest, Romania

Abstract-This paper presents an inlegral formulation for
the computation of eddy current and forces in rigid moving
conductors, in the presence of magnetic media. The
quasistationary Maxwell equations are written in local
reference frames associated with moving bodies. Tree-cotree
decomposition, Galerkin procedure, time stepping for time
integration and Picard-Banach iterations for solving the non-
lincar problem are used. The forces are computed using the
Maxwell stress tensor integrated over a surface including each
body.

[ INTRODUCTION

The eddy current analysis for deformable bodies,
including the force computation was performed in [1] in a
differential formulation. The use of an FEM-BEM method,
including the coupled mechanical and clectromagnetic
problem is shown in [2]. In {3], a hybrid method is used for
eddy currents computation in non-deformable moving
bodics, including non-linear media but the velocity is
imposed. In both [2} and [3] a Lagrangian formulation is
employed. In a previous paper [4], an integral formulation,
in terms of an two components electric vector potential is
used for the eddy currents computation in non-linear media.

In this paper, the method proposed in [4] is developed
by computing the forces using the Maxwell stress (ensor
integration.

Ii. PROBLEM FORMULATION

The model is based on the magnetoquasistatic limit of

Maxwell equations and the following conslitutive
relationships:
E=pJ] inf), (1)
H =f{B) in <, (2)

where I is the current density, E is the electric ficld, p
stands for the resistivity, £ is the conducting doemain and
£ 1s the ferromagnetic domain. The domain of the sources
15 C2.

Constitutive equation (2) is equivalent to:

B = o (H+M) (3
M = g(B)= voB - fiB) 4
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where W, is Lhe vacuum permeability and vy=1/py. We assume f
to be uniformly monotone and verify Lipschitz condition.

We consider a set of N conducting and/or ferromagnetic
bodics By, cach of them moving with a rigid velocity v,. In the
local frame of any moving body the electric field is given by:

dA(x, 1)
at
where W is the scalar electric potential and A is the
divergence-free magnetic vector potential which can be split
into three lerms due to the imposed currents, to the induced

eddy currents and to the magnetization [4]:

A Ju(] de Aul? IVXMd A”
4?[ r

E(x,7) = — -Vw (3)

and

A“:ﬂ jhdv-
ar o "

The source domains could be either massive coils or

filamentary wiring,

The inlegral equation in terms of J obtained is;

- j—dv+VW—

47r d (6}
ﬂuij’-’ndv }1(, d J'VXMd
dm dr 5 r ir dr r

The force applied to each body is computed using the
inlegration of the Maxwell stress teusor over a surface
including the body:

=_§[(nB)B n]d/\ (7)

02

where B is due 1o the eddy-curients induced in the conducting
domains €, (o the magnetization in £ and 0 the imposed
currents in massive or filamentary coils:

B=&IJX1R Hy I(VXM)XR1‘+
4r R 4E R’ (%)
LMo IL,de NI Jdlx1Rci1:
ar G, R? 4 rnoR

We solve then (he mechanical eguation Tor obtaining the
velocity and the displacement of each hody.



I1I. NUMERICAL APPROACH

The current density J is expressed in terms of cotree
edge shape functions Ty whereas the magnetization M is
approximaled as a piecewise uniform field. Using Galerkin
approach, we obtains the system ol eguations:

!UM]!UHJW* 9

where (R}, [L), [U]. [V]6 and fer | are specified in
previous paper [4].

For solving this system, time integration for the time
stepping and Picard-Banach iterations for the nonlinear
treatment are used. Motion is taken inlo account in (9) in

(R} [a!+

the source terms (U], [V] as well as by updating parts of

matrix (L} at each time step.

The magnetization is iteratively corrected at each step
of time using the relation (4). Overrelaxation methods may
be used in order lo accelerate convergence [5]. The flux
density B is calculated as an average value in cach ferromagnetic
element and couid be cxpressecl as:

)il’:k Xy - iyu’MF +By 10
where:
U
By =—L § | Sy, ds,, an
A% dw w, ¥

H n,; n.n)
04 —’—H—r-(’—ISI,dS,-- (12)

yl[) 4 Elm d{u
n, is the number of conducling tetrahedral sub-domains, "y
is the number of hexahedral sub-domains and By is the
imposed magnetic fiux density.

The magnetic flux density B; due 1o the eddy-currents
in the tetrahedral sub-domains of the conducting domain is;

u_,Jl‘—'EJL j-‘ -*ﬂzh < fXa U

m, duy

where by ts the curcent density in tetrahedral sub-domain &
of Q.(see Figure 1).
The component of the magnetic {lux density due to the
magnetization is By
M ZJ —{nxM, )XB;,—
iy R

‘ (14)
Hy 2] (nR)M, - (M, R)n

dv =

ar = R
H (nR}) - (n; R)
Loy (IB/TLR
4 ;. ' J R
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Here, M, is the magnetization in hexahedral sub-domain &
of Q (see Figure 1),

Fig. | Computation of the magnetic flux density on the Maxwell stress
tensor integration surface

For sake of simplicity, we could use as integration surface
for the Maxwell stress tensor one surface derived from the
exterior surface of one body using a spatial extrapolation.
Using relations {13) and (14), relation (8) become:

Fet0 Zj[[nléJiXNh+nj}§Mk .a) +n,sjj -

162< =1 & (15)
[i XN, EM, G, J
2
7'[11 xNkJ+)fM Q, ] dA,
where
R .
Ny= | —Laa (16)
7 i
= {(nR )—(m;R )
Q= l‘:':—}’e‘_{""‘—!—dv (7
a dIxR .
S, = 4 [— ’+JJ"XR (18)

i ; ; 3
k=l Fi Rl Q, R
For compute those terms Gauss integration and analytical

[ormulas are used.

IV. RESULTS
The problem of a moving coil over a thin, conducting plate

with the dimensions wsed by Kameari in [6] is used here for
validating the lincar solver, We have used a fine mesh, with
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2975 tetrahedrons and 1239 active edges. The time step is
correlated with the velocity and the dimension of the mesh
in the movement direction as the Courant number C < [ In
Figure 2 is shown the eddy-current distribution in the
rectangular plate with a speed of 500 km/h (138.9 ny/s).
The total power losses vs. the velocitics of the coil
compared with the analytical result are shown in Figure 2
for five different velocities (v = 100 kmvh, 200 kovh, 300
kmv/h, 400 km/h and 500 km/h).

v i
|
X 1 lsf;:v-ls 03 -

1.9e+

P te0? 2. 1e+0B

Fig. 2 Eddy-current distribution in the rectangular plate with a speed
of 500 kmv/h (138.9 m/s), computed using a fine mesh with 2975
tetrahedrons and 1239 active edges
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Fig. 3 Total power losses vs. the velocity of the coil computed with
our method compared with analytical results

The force in the z-axe (lift force) is computed for the
same five velocitics. For all the values calculated several
computations have heen made, with different positions of
the integration surface for the Maxwell suress tensor. The
calculated results agree with the analytical ones, as is
shown in Figure 4.
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Fig. 4 Force in the z-axe direction (lift force) for the velocitics
v =100 knvh , 200 kmvh, 300 kaw'h, 400 kin/h and 500 knvh compared
with the analytical values

V. CONCLUSION

A method for computation of non-linear eddy-currents and

forces in moving media was presented. ‘The source domains are
both massive coils and filamentary wiring. A tree-cotree
decomposition, Galerkin method and an iterative procedure for
the treatment of the non-linearity are used. Some results are
provided only for conducting media, including the force
computation,
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