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Abstract—A new method to solve magnetostatic field
problems was presented recently. A scalar potential
formulation coupling a hybrid Boundary Element Method and
a Network Reluctance Method (BEM-NRM) was used in mer
to solve 2D problems. This paper presents the extginon of this
method for problems in the 3D nonlinear case. Thepmproach
will be compared with FEM in terms of computation tme and
accuracy. It will be shown that the approach couldbe
efficiently used for the pre-sizing of actuators

Index Terms—Actuators, boundary element method,
coupling of numerical techniques, magnetostatics,etuctance
network method.

I. INTRODUCTION

Based on the principle of equivalent magnetic Gisgu
Network Reluctance MethoNRM) is an approach enabling a
very quick evaluation of electromagnetic quantitizs
devices [1]. Although easy to implement, NRM reswéan
be somewhat inaccurate in a first step especidly i
significant flux leakages are associated to thecgewv hus,
the network can be improved by comparing the reswith
those from the FEM model and rebuilding a more
representative NRM. Unfortunately, the development
such an approach can be very extensive.

Tools based on Finite Element Method (FEM) provide
to the user effective representation of the dev@mmpared
to NRM, the geometric and physical properties ap¢hb
precisely and quickly described. On the one hamel REM
can solve a wide range of problems; on the othedha
resolution times can be prohibitive for an actumtpre-
sizing step. This question is more meaningful coatext of
optimization with a large number of parameters.

A method combining fast computation time and quite
good accuracy would be very appropriate during phe
sizing process. This paper proposes a new hybrithade
combining the Boundary Element Method (BEM), foe th
surrounding region (the air), and NRM, for magnetic
regions in order to combine their respective achges.
This approach has been already presented for
applications [2]. The novelty here is its extension3D
problems.
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Il. BOUNDARY ELEMENT METHOD (BEM) FOR AR

Let us consider the third Green’s identity appliedhe
air region to the scalar magnetic potentialWe have:

cbiolobo)= (022 -0 2jac, @
Ce

wherecp(xo) represents the magnetic scalar potentiatoat

point G is the 1/r Green’s function,.@s the boundary of
magnetic regionsn its external normal and c is the solid
angle subtend by the boundary C

We consider a constant distribution for the potgrand
its normal derivative on the border (0-order shizymetion).
Thanks to a point matching approach at centroictaifh
element, cis identically equal to 1/2 and we get a very
simple discretized expression of (1) in matrix ferm

HUgey +T Qgey =0, )

whereUggy and Qgey are vectors of dimension N afd
andH matrices are associated to following expressif#js,

0G;
T” = J.GI dC, H“ IJ - a_nldc, (3)
Ci j
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where ¢ is null if iZj and equals 1/2 if i=j. T is an invertible
matrix, thus we can write a relation linking thexlto the
potential on the boundary:

Qgem = PaemUgem » (4)

Pacy = —inV(T)H . (5)

Let us notice that the matriRzgy is a fully populated
matrix.

Ill. RELUCTANCE NETWORKMETHOD (RNM) FOR
MAGNETIC MATERIAL

We decompose the magnetic domain into bricks and we
introduce a reluctance network inside each of th€&his
network can optionally contain sources of magnetoreo
force k.
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Fig. 1. Introducing NRM in the brick of the magmetiomain

Let us suppose a magnetic regior, , discretized by K

bricks. Each brick k contains T flux tubes connegtihe
central potential 4 to the potentials of facets.ugy is the
flow through the facet t of the brick k. The follmg
relation can be written:



Qe = (ukt “Ugt Fkt)Pkt , (6)
where R is the permeance of a flux tube and can be
calculated from its permeability,yt its length L, and its
cross section,@ By isolating the central potential in the
equation and considering the flux conservation,get for
each face number kt:
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Magnetomotive force & can be computed according to
Ampere's law by assuming a uniform inductor fightbi a
subset of the domain bricks. More details about the
technique will be provided in the full paper.

Qe = (7)

IV. COUPLING BOTHMETHODS

It remains now to couple both methods. Equationcéf)
be rewritten as follows, [2]:

Qnruborder = Purm Unrm + Frurw » (8)
where Pwu represents the permeance matnixgw the
potentials,Quruborder the flux flowing through the border of
the device, andwwv the magnetomotive forces created by
sources. Let us notice thatzw is a sparse matrix and have
more unknowns than equation.

Thanks to (4) and (8), we can easily eliminate rexte
flux unknowns and build a matrix representing tHeMB
NRM coupling:

Poem-nrm Unru = Frrw » )
wherePyemnrv 1S built usingPsem andPygry mMatrix.

The nonlinear ferromagnetic material is represebtedn
initial permeability and a saturation level. We tise fixed
point method to solve the nonlinear system. Once th
problem has been solved, the Maxwell stress tensor
approach is used to compute forces.

V. RESULTS ANDCOMPARISONS

In this section, we present the comparisons betveeen
FEM model and the BEM-NRM model of an actuator
represented by Fig. 2.
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The idea is to study the evolution of the accurany the
computation time. The error is divided by a refeeemalue
of force in order to get a relative one.

Relative Error
Gap (mm)
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Fig. 3. Relative error as a function of gap

Twenty different positions are computed for each
problem. Computation times and number of degrees of
freedom are presented on the table I.

TABLE |
COMPUTATION TIME

BEM- BEM- BEM-
METHOD | FEM2 | FEM3| FEM4 NRM1 | NRM2 | NRM 3
DEGREES

OF 27687 9372 4522 52 328 1004

FREEDOM
TIME (S) 770 285 97 1 28 395
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It is shown that with FEM we can not decrease
drastically the mesh size. Otherwise, the qualitthe result
becomes poor (see results of FEM 4).

Inaccuracies for the BEM-NRM appear when the gap
becomes too small. It can be certainly explainedhieyuse
of zero order shape functions. However, our newhouet
remains very efficient if we consider its speed panng to
the quality of its results (see results of BEM-NRM
associated to 52 degrees of freedom).

VI. CONCLUSION

With our new method a very low number of elements
and a very low computation time are needed to get a
accurate result. Getting an equivalent accuracly wiFEM
necessitates much more time.
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