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A Magnetic Vector Potential Volume Integral Formulation for
Nonlinear Magnetostatic Problems

Vinh Le-Van, Gérard Meunier, Olivier Chadebec, drdn-Michel Guichon

Univ. Grenoble Alpes, G2Elab, F-38000 GrenoblenEea
CNRS, G2Elab, F-38000 Grenoble, France
Email: vinh.le-van@gZ2elab.grenoble-inp.fr

This paper presents a novel volume integral formulion based on the interpolation of the magnetic veor potential on edge
elements in order to deal with 3D nonlinear magnettatic problems. The formulation ensures rigorouslythe solenoidality of magnetic
induction. A strong point is that the convergence fothe nonlinear resolution is easily reached aftem few iterations without any
relaxation. Computed results for the TEAM Workshop problem 13 and for an actuator demonstrate the efiency and accuracy of this
new formulation.

Index Terms— edge elements, integral formulation, nonlinear mgnetostatic, volume integral method

overcome the limits of the aforementioned integral
I. INTRODUCTION formulations. The convergence of the nonlinear Icgsgm is
VOLUME integral method (VIM) is known today as an€@Sily reached after a few iterations without aelaxation.
interesting alternative to classical finite elememethod Moreover, the fully dense integral matrix does need to be
(FEM) for solving of nonlinear magnetostatic prabte The recomputed during the nonlinear resolution and den
main advantage of VIM over FEM is that neither fsgmace compressed thanks to efficient matrix compressigardhms
mesh nor boundary conditions are required, onlyivact Such as the fast multipoles method or adaptive scros

regions have to be meshed. approximation.
The integral formulations are the core of magnetast
VIM. Different kinds of formulations have alreadyedn Il. FORMULATIONS

presented in the literature [1]-[6]. Although thésemulations For a magnetostatic problem, the governing equatiame
are able to yield accurate results in variety nuecaér divB = 0 androtH = Jqo. By introducing the magnetizatiavi
examples, their applications to general magnatiost so thatB = po(H + M), the constitutive equation is expressed
problems are not without any difficulties. The meatio either asH = vB or M = (v, — v)B. The Maxwell-Ampére
moment method (MMM) [1] [2], which is the oldestdanlso equation allows the writing of the magnetic fiéldas

the most popular formulation, cannot accuratelyl de#h H=Hy-gradg,, 1)

problems with high susceptibility material and arffer from  \hereH, is the magnetic field created By in the vacuum,
the well-known “looping pattern”. More recenthi-edge and and ¢, is the reduced magnetic scalar potential created b

¢-nodal formulations were proposed in [3] [4] [ShdH-edge  magnetic material. The potentialis determined by
formulation [3] is based on the interpolation oé ttmagnetic

field with edge elements. The-nodal formulation is on the : =%TIM @rad[%de, 2)
other hand [4] [5] established by an interpolatidrihe scalar Q
potential on nodal elements. They seem to be mesébfe Wwhere r is the distance between the observation and
and robust than the MMM. However, these formulaionintegration points, an@ the magnetic domain.
present a quite poor convergence rate for nonlinesslution The magnetic vector potentidl defined byB = rotA can
due to the use of B(H) curve. Thus, a relaxation processpe approximated by the interpolation of tangerdtahponents
which increases the computation time, is requiredrder to A on edge elements as= ZN_ w;4;. in this expression; N
achieve the convergence. Most recently, the B-fac /=1
formulation based on interpolation of magnetic flux facet
elements has been proposed in [6]. This formulasoa very
interesting approach and ensures a good convergatedue
to the use of &(B) curve and results in an excellent accuracy J.rotwi EIHdQ+J.rotWi rgradg, dQ :Jrotwi HedQ. (3)
even with very coarse meshes. Nevertheless, thac®&-f
formulation requires the use a face-tree in ordémpose the
solenoidality ofB. This procedure can be time consuming and The two terms on the left hand can be developddliasvs:
decreases the convergence rate of linear systeutiess. N

We propose in this paper a useful formulation basethe I =Jr0Mi HdQ =Irotwi WBdQ =Z[J.r0twi Wrotwde]A,-;
interpolation of the magnetic vector potential odge Q i=1\a
elements. We will demonstrate that this formulatican 4)

& the number of edge elements and wheare first order
shape functions of edge elements. Projecting (1jobw; in
domainQ, we get

Q Q



Iy =J.rotwi [Gradg, dQ =J.div(rotwi [, )dQ =J.rotwi hg,dr , (5)
Q Q r

in which T is the boundary of domai€?, n is normal ofT.
From (2) and the constitutive equatidh = (vg — v)B, we
express the potentigl as a function of théy. The term { is
then written as

N
I =JZ=1: %T‘!(rotwi (h) E[(V—Vo)rotwj Egrad(%jdfz dr|A; - (6)

Hence, using (4) and (6), we write (3) in matrirnfioas

(R+L)A=Uy, (7)

where matrice®, L, and vectotJ, are defined by
Rij =Jrotwi Wrotw ;dQ
Q

Ljj =%T'I!.(rotwi ) i(V‘Vo)rOth Egrad[%jd&) dr 8

Ui =Jrotwi HdQ .
Q
Since edge elements of first order are used, thgneii
field B is constant in each tetrahedral element. Thus,con-
stant piecewise and matiixis determined by

Nf

1 rotw ; [h

Ly :Ej(rotwi )| > v j+drf a, )
r k=1 |'f

where N, is number of facets and Sv, the difference of
reluctivity between two elements sharing the facet f.

Let us notice that rotw;n is a scalar quantity defined by
+1/Sywhere Syis the surface of a facet element containing edge
i. Thus, rotw;n is taken out of the integrand (9) and matrix L
is decomposed into the product of two terms. The first is the
vector 6v dealing with the material properties. The second is
the fully populated matrix L, which depends only on the
double surface integration over faces i.e. properties of
elements geometry. Thus, matrix L, can be computed only
once and during the nonlinear resolution matrix L is updated
by the product of L, and vector év, which is recomputed after
each iteration. Matrix R is a FEM matrix structure.

The singularity of Green's function in (9) is computed
exactly by an analytical integration. Due to the use of the
vector potential A, the solenoidality of magnetic induction is
naturally verified.

System (7) is compatible according to [7]. Consequently, it
can be straightforwardly solved by an iterative solver without
any gauge condition and the obtained solution is unique.

Ill.  NUMERICAL RESULTS

The TEAM Workshop problem 13 [8] (Fig.1.a) and an
actuator (Fig.2.a) were studied in order to demonstrate the
efficiency of the proposed formulation. The classic Newton
Raphson method was used for solving of the nonlinear system.

For the problems13, the magnetomotive force is 1000 AT.
The obtained average flux densities inside steel plate
compared to measured values are shown on Fig.1.b. Computed
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Fig.1. TEAM 13. a) Geometry. b) Average flux density inside steel plate.
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Fig.2. Actuator. a) Geometry. b) Convergences of force computation

results are very close to the measurement. A very coarse mesh
of 1,235 tetrahedral elements gives accurate results. With an
absolute stop criterion of 1E-6, the Newton Raphson
procedure has converged after five iterations in 6.7 seconds on
a standard computer.

The goal of the second example was to compute the global
force acting on the pallet of the actuator. Once (7) was solved,
both the method of equivalent magnetic charges and virtual
work can be applied. They provide the same results. Fig. 2.b
shows the comparaison of the convergence with FEM. In order
to obtain a result deviated by 5% from the reference value,
VIM needs only a mesh of 100 tetrahedra whereas the FEM
requires a mesh containing 12,000 elements on active regions.
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