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ABSTRACT

Introduction: The mathematical modeling of electromagnetic problems in electrical devices are
often presented by Maxwell's equations and constitutive material laws. These equations are par-
tial differential equations linked to fields and their sources. In order to solve these equations and
simulate the distribution of magnetic fields and eddy current losses of electromagnetic problems,
a subproblem method for modeling a 3-D magnetodymic problem with the b-conformal formula-
tion is proposed. Methods: In this paper, the subproblem method with using edge finite elements
is proposed for coupling subproblems via several steps to treat and deal with some troubles regard-
ing to electromagnetic problems that gets quite difficulties when directly applying a finite element
method. In the strategy subproblem method, it allows a complete problem to define into sev-
eral subproblems with adapted dimensions. Each subproblem can be solved on its independent
domain and mesh without performing in whole domain or mesh. This easily supports meshing
and decreases computing time. Results: The obtained results, the subproblem method with edge
elements indicates magnetic flux densities and the eddy current losses in the conducting region.
The computed results is also compared with the measured results done by other authors. This
can be shown that there is a very good agreement. Conclusion: The validated method has been
successfully applied to a practical test problem (TEAM Problem 7).

Key words: Eddy current, Magnetic field, TEAM problem 7, b-conformal formulation, finite ele-
ment method, subproblem method

INTRODUCTION

As we have known, the mathematical modeling of electromagnetic problems in electrical devices are often
presented by Maxwell’s equations and constitutive material laws. These equations are partial differential
equations (PDEs) 12 linked to fields and their sources (such as: magnetic and electric fields, eddy current
losses).

In order to solve these equations and simulate the distribution of magnetic fields and eddy current losses,
many authors have been recently used a finite element method (FEM) for magnetodynamic problems. But,
the directly application of the FEM to an actual problem is still quite difficult>* when the dimension of the
computed conducting domains is very small in comparison with the whole problem.

In order to overcome this drawback, many authors have been recently proposed a subproblem method (SPM)
to divide a complete problem into subproblems (SPs) in one way coupling>~”. However, this proposal was
done for thin shell models, where appearing errors near edge and corner effects>~’.

In this study, the SPM is expanded for coupling SPs via two steps with using edge finite elements (FEs). The
scenario of this method is also based on a SPM?, instead of solving a complete model (e.g, stranded inductors
and conducting regions) in a single mesh, it will be split into several problems with a series of changes. This
means that the problem with a stranded inductor (coil) alone is first solved, and then the second problem with
conducting regions is added. Thus, the complete solution is finally defined as a superposition of the SP
solutions. From this SP to another is constrained by interface conditions (ICs) with surface sources (SSs) or
volume sources (VSs), that express changes of permeability and conductivity material in conducting
regions.The developed method is performed for the magnetic flux density formulation and is illustrated on a
practical test problem (TEAM problem 7)3.

Cite this article : Dang Quoc V, Geuzaine C. Using edge elements for modeling of 3-D magnetody-
namic problem via a subproblem method. Sci. Tech. Dev. J.; 23(1):439-445.
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SPM IN A MAGNETO DYNAMIC PROBLEM

A magnetodynamic problem is defined in a studied domain €;, with boundary 0Q; =T =T, UTb.

The conducting region of Q is denoted €,

and the non-conducting one Qf ;,

with Q¢ = Q.; U QF,.

The eddy current belongs to Q¢, whereas stranded inductors is defined in Q€. The Maxwell’s equations

together with the following constitutive relations are’~10
curl hj = j; divb; =0, curle; = —d, b; (la-b-c)
hi = W " bi+ by, ji = i ei + Jisi (2a-b)
nxhi|r, =jrinxb;lr, =k (3a-b)

where £; is the magnetic field, b; is the magnetic flux density,

e; is the electric field, j; is the electric current density, y; is the magnetic permeability, o; is the electric
conductivity and # is the unit normal exterior to Q;.

The fields jr; and fy; in (3a) and (3b) are SSs and consider as a zero for classical homogeneous boundary
conditions. From the equation (1b), the field b; can be obtained from a magnetic vector potential ¢; via a

b; = curl a;. (4)

Taking (4) into (1¢), it gets curl (¢; + J; a;) = 0, that leads to the presentation of an electric scalar potential v
through

ej = —0;a;—grad V;. (5)
The sources hy ; in (2a) and j ;; in (2b) are VSs that can be expressed as changes of a material property in 57,
For example, the changes of materials from SP g (i = g) to SP p (i = p) can be defined via VSs b; ,

and js p, i.e.
hgp = (.up_] I'Lq_l)bua Jsp = (O_p - Gq) €q, (6a-b)

for the updated relations, i.e.

1

hy+hy = (1, (bu+bp)and jo+ j,=0peytep).

FINITE ELEMENT WEAK FORMULATION

Magnetic flux density formulation

By starting from the Ampere’s law (1a), the weak form of b; -formulation of
SPi(i=gq,p)iswrittenas4—"1

(4" biyeurl ap)a — (0; ei,d} Yo, + (M X hisd}) — (1 at )oY aleF0 (curl,Q). (8)
Combining the magnetic vector potential a; and the electrical field e; defined already by (4) and (5), one has

(™" curl aj,curl df)o, + (60, ai )., + (hsiycurl d)o, + (jsisal)o, +

(Gi gmd V,Ll;)Q,. + <}’l X hiaal‘>rh = (jSaa;)Qv_i )7 Va; € F:(Curh Qi)a

1

©)

where FO(curl, ;) is a function space defined on Q; containing the basis functions for a; as well as for the
test function a; (at the discrete level, this space is defined by edge FEs; notations (-, -) and < -, - > are
respectively a volume integral in and a surface integral of the product of their vector field arguments.
The surface integral term on I, (<bxh,~,a;~h> in (9) is defined a homogenous Neumann BC, e.g. imposing a
symmetry condition of zero crossing current’, i.e.

nxhly, = 0 =n-hlr, =0 < n-jir, = 0. (10)
The obtained solutions by solving equation (9) with a stranded inductor alone is then considered as VSs for
solving the second problem (with an added conducting region) via the volume integrals

’

(hi, curl a;)gi and (js i a;), where hy ; and jg ; are already given in (6a-b).

440



Science & Technology Development Journal, 23(1):439-445

Discretization of Edge FEs
As presented in 7, each edge e;; = {i, j} linked to the vector field is defined as

Seij=pjgrad (L )= pigrad (Lren _pr), an
reNp,j, i pr Fij
where N, i is the set of nodes in the facet containing evaluation point x. This means that it contains node m
without node 1, and each facet is uniquely determined for three-edge-per-node elements (Figure 1), where
either a triangular or a quadrangular facet is involved. The set N, ema depends on point x, which can be either
{{m},{o},{p}} or {{m},{o},{p} .{q}} respectively. It should be noted that vector field Se;; is defined as a

zero in all the elements without linking to edge e;;. The vector field space created by s¢,;, V e € E, is denoted
by S'.

NF,mﬁ = {Z € N;'L‘ € .fmop(q)aovpaq 7& TL}

Figure 1: Definition of the facet associated with notation/Vy ; ;-

Basis function of Edge FEs

According to definition of basis functions, the value of S, is defined as 1 along the edge ¢;;, and equal to 0
along other edges i.e.

isi-dl=8Vij€E, (12)
J "

where 6i,j =1 ifi:jand 5,'7]' :Oifi#j.

This property shows up variations of functionals and included that functions S, from base for the space it
generates. This is then called an edge base function. The associated FEs and celled edge FEs. The edge
function is helpful to check some of its characteristic. The vector field

grad PF,m,ﬁ =grad(¥ ey _Pr)7 (13)

Fm,

involved in the expression (11), need to be analyzed at first. The characteristic of continuous scalar field,

PF,m,ﬁ =YreN ;lpr’ (14)
Fm,
is equal to 1 at very point in the facet linked to the NFm - which is a property of the nodal functions. The
vector field of the product of p,, and (13), o

pmgrad (L,en 7Pr) (15)
FnTl

is developed now. This field is united with the edge {m,n}. As soon as the function p,, is considered, it is
defined as a zero on all the edges containing point x, without being incident to node {m}. Thus, the value of
(15) is defined as a zero along the all the edges without e,,,. The vector fields defined in (15) is equal to zero
on them as shown in Figure 3. The association of the fields in (15) combined with edges {j,i} and {i, j}, as in
(11), gives a vector field which has the announced properties Se;; asin (15) (Figure 2). This also means that
circulation along edge e;; is equal to 1 with this edge and is equal to zero with others.
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Figure 2: Geometric interpretation of the edge function S,.

APPLICATION TEST

The practical test problem is a 3-D model based on the benchmark problem 7 of the TEAM workshop
including a stranded inductor (coil) and an aluminum plate? (Figure 3).

The coil is excited by a sinusoidal current which generates the distribution of time varying magnetic fields
around the coil. The relative permeability and electric conductivity of the plate are

Mr.plate = 1, O plare = 35.26 MS/m, respectively. The source of the magnetic field is a sinusoidal current
with the maximum ampere turn being 2742AT. The problem is tested with two cases of frequencies of the 50

Hz and 200 Hz.
z L L]
yl \ (2742AT) §
_...x . L]
Al A2 (Z=3dmm) | i K1 B1, B2
A3(z=19mm) - (] T . B3
A4 (z= Omm) - s B4
294
(0=8.526 x107 S/m)
g
A2 | . - vk B2
(y=144mm)
150 25
18] 108 §
(y=72mm) hole
y
| S —
; S~
20— x ®

Figure 3: Modeling of TEAM problem 7:coil and conducting plate3, withi, piae = 1, Orprare = 35.26%.

The 3-D dimensional mesh with edge elements is depicted in Figure 4. The problem with the coil alone is first
considered. The distribution of magnetic flux density generated by the excited electric current in the coil is
pointed out in Figure 5. The computed results on the of the z-component of the magnetic flux density along
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Figure 4: The 3-D mesh model with edge elements of the coil and conducting plate, and the limited bound-
ary.

Figure 5: Distribution of magnetic flux density generated by the excited sinusoidal current in the coil, with
My plare = 1, Orpiare = 35.26Y5 and f =50 Hz.

the lines A1-B1 and A2-B2 (Figure 3) is checked to be close to the measured results for different frequencies
of exciting currents (already proposed by authors in [3]) are shown in Figure 6. The mean errors between
calculated and measured methods’ on the magnetic flux density are lower than 10%. This can be
demonstrated that the results obtained from the SPM is completely suitable and accepted.

The y component of the varying of the eddy current losses with different frequencies (50 Hz and 200 Hz)
along the lines A3-B3 and A4-B4 (Figure 3) is shown in Figure 7. The computed results are also compared
with the measured results as well . The obtained results from the theory modeling are quite similar as what
measured from the measurements. The maximum error near the end of the conductor plate on the eddy
currents between two methods are below 20% for both cases (50 Hz and 200 Hz). This is also proved that
there is a very good validation between the SPM and experiment methods?>.

CONCLUSION

The extended method has been successfully computed the distribution of magnetic flux density due to the
electric current following in the coil, and the eddy current losses in the conductor plate. This aim has been
achieved by a detailed study of the magnetic flux density formulation and finite element edges via SPM. With
the obtained results, the method with edge element also indicates that where the hotpot occurs in the
conducting regions developed in another topic. The method has been also successfully validated to the actual
problem (TEAM problem 7).
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Figure 6: The comparison of the calculated results with the measured results at y =72mm, with y, ;. =
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