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MODELING OF ELECTROMAGNETIC FORCE WITH
A MAGNETIC VECTOR POTENTIAL FORMULATION
VIA A SUBPROBLEM FINITE ELEMENT METHOD
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ABSTRACT

The aim of this study is based on a subproblem finite element method with a magnetic vector
potential formulation to anaylize electromagnetic forces due to the distribution of leakge magnetic
flux densities in air gaps and electric current denisities in coils that are somewhat difficult to apply
directly a finite element method as some studied conducting regions are very small in comparison
with overall of the whole studied domain. The method is herein presented for coupling problems in
several steps: A problem invlioved with simplified models (stranded inductors) is first solved. The
next problem consisting of one or two conductive regions can be added to improve errors from
previous subproblems. All the steps are independently solve with different meshes and geometries,
which facilitates meshing and reduces calculation time for each subproblem.
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MO HINH HOA CUA LUC PIEN TU VOI CONG THUC TU THE VEC TO
BANG PHUONG PHAP BAI TOAN NHO

Ping Quédc Vuong
Vién Dién - Truong Dai hoc Bach khoa Ha Ngi

TOM TAT

Muc dich cua nghién ctru nay dwoc dwa trén phuong phap mién nho hitu han véi cong thic véc to
tir thé dé phan tich Iyc dién tir tao ra boi sy phan bd cia mat do tir cam tan trong khe ho khong khi
va mat d¢ dong dién trong cac cudn ddy, cai ma kho co thé thyc hién tre tiép bang phuong phap
phan tir hitu han, khi ma mét s6 ving dan nghién ciru c6 kich thudc rit nho so véi toan bo mién
nghién ctru. Phuong phap bai toan nho dugc ap dung ¢ ddy dé lién két cac bai toan theo mot vai
bude: Mot bai toan véi md hinh don gian (cac cudn ddy) duoc giai trude. Bai toan tiép theo bao
gém mot hodc nhiéu mién dan tir duge dua vao dé hiéu chinh sai sb do bai toan trude doé gy ra.
Tét ca cac bude déu duge giai doc lap trong ludi va mién hinh hoc khac nhau, diéu nay tao thuan
lgi cho viéc chia luéi cling nhu ting tdc do tinh toan ciia mdi mot bai toan nho.

T khéa: Lic dién tir; mdt d¢ tir cam tan; phwong phdp phan tir hitu han; bai todn tiv dong;
phicong phéap mién nhé hitu han; céng thire tir thé véc to.
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1. Introduction

Many authors in [1-2] have been recently
proposed a subproblem approach for
improving accuracies of fields such as eddy
current losses, power losses and magnetic
fields in the vicinity of thin shell models in
stead of using directly a finite element
method [3-6], that usually gets some troubles
when the dimension of the computed
conducting domains is very small in
comparison with the whole problem. In this
study, the subproblem method (SPM) is
extended for computing electromagnetic
forces (EMFs) due to the distribution of
leakge flux magnetic fields in air gaps and
electric currents in coils electrocoupling
subprolems (SPs) in several steps (Fig. 1):

Complete problem
SPf + SPk
)
Il
Inductors and thin regions SP f
()

Volume correction SPk
(Q%)
SSs and VSsﬂ

| Changes of geometrical and physical characteristics |

Figure 1. Division of a complete problem into
two subproblems

A problem invloved with simplified models
(stranded inductors or stranded inductors and
conductive thin regions) is first solved. The
next problem with volume correction
consisting of one or two conductive regions
can be added to improve errors from previous
subproblems.

Each SP is contrained via volume sources
(V'Ss) or surface sources (SSs), where VSs are
change of permeability and conductivity
material of conduting regions, and SSs are the
change of interface conditions (ICs) or
boundary conditions (BCs) through surfaces
from SPs.

The scenario of this method permits to make
use of solutions from previous computations
instead of starting again a new complete
problem for any variation of geometrical or
physical characteristics. Therefore, each SP is
solved on its own domain and mesh without

depending on the previous meshes and
domains. The method is highlighted and
validated on a test practical problem.

2. Subproblem method for

magnetodynamic problem
2.1. Canonical magnetodynamic problem
As proposed in [1-2], a canonical
magnetodynamic problem i, to be solved at
step i of the SPM, is defined in a €;, with
boundary 0Q; =T}, ; UT, ;. Subscript i refers
to the associated problem i. Based on the set
of Maxwell’s equations [3-6], the equations,
material relations, BCs of SPs are written as
curl h; =j;, divbh; = 0,curl e; = —d.;b;
(1a-b-c)
h; = ui'b; + hy, j; = o;e; + jg; (2a-b)
n x hi|Fh,i =0, n-byr,, =0, (3a-b)
where n is the unit normal exterior to Q;, h;
is the magnetic field, b; is the magnetic flux
density, e; is the electric field, j; current
density, u; is the magnetic permeability and
o; is the electric conductivity.
The fields hy; and jg; in (2a-b) are VSs
expressed as changes of permeability and
Js; for changes of conductivity. In the
frame of the SPM, for changes in a region,
from u; and o for problem (i =f) to w, and
oy, for problem (i = k), the associated VSs
bg; and j; are [1].
hgy = (ui' — ur Dby, (4)
Jsk = (ox — op)ey, 5)
for the total fields to be related by hs + hy =
(ui'(bs + by) and j + ji, = op(ef + €y).

2.2. Weak formulation for magnetic vector
potential

By starting from the Ampere’s law in (1a),
the weak form of a magnetic vector potential
of SP i (i=f, k...) is written as [1], [7],

(#i_lbi, curl a{)m + (hSri’ curl a;)ﬂi
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—(aiei, a;)gai +<n X hi! a; >Fh,i

= (s a)q,, ¥ a; € Hi(Curl, Q). (6)
Let us now introduce the magnetic vector
potential and the electric field e;, that is

curla; = b;, e; = —d.a; — grad v;, (7a-b)

where v; is the electric scalar potential
defined in the conducting region Q. ;.
By substituting the equations (7a-b) into the
equation (6), we get

(ui *curl a;, curl ag)ﬂi + (hg,, curl af)ﬂi

+(0;0,a;, a))q,; + (oigrad v, apq,
+<nX hi,ag >Fhi
= (js: a;)ﬂs'il v a; € H} (Curl, 'Qi)) (8)

where H} (Curl, ©;) is a fuction space defined
on (; 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; the
gauge is based on the tree-co-tree technique
[1]); ¢, )q, and <. >ry; respectively denote
a volume integral in Q; and a surface integral
on I},; of the product of their vector field
arguments.
The tangential component of h; (n X h;) in
(8) is considered as a homogeneous Neumann
BC on the boundary I}, ; of Q; given in (3a),
imposing a symmetry condition of “zero
crossing current”, i.e.
nxhirp, =0=>n-hjlr, =0 © n-jr,
=0. 9
Weak formulation for subproblem (SP)
Based on the general equation presented in
(8), the weak formulation for the stranded
inductors (SPy) is written as

-1 ! !
(17" curl ay, curl af)Qf +<nxhga; >,

where j, is the fixed electric current density
in the inductors. The surface integral term on
[, s in (10) is given as a natural BC of type (2
a), usually zero.

Weak formulation for volume correction
subproblem (SPy)

The solution obtained from SP in (11) is
now considered as VSs for a current SP, via
a projection method [1], [7]. Thus, the weak
form for SP,, is expressed through (8), i.e.

-1 A = !
curl a,, curl a + ,a
(uiteurl ay, cu k)ﬂk Usk k)nk
+ (hgy, curl a;‘)ﬂk + (0x0cay, aj)q,,
+(oygrad vk,a;()gc‘k =0

Y aj, € HL(Curl, Q), (11)

where VSs hg ) and j, are given in (4) and
(5). For that, the equation (11) becomes

(i tcurl ay, curl a;‘)ﬂk +
((#El _ 'ufl)curl ay, curl a;()ﬂk

+ ((oy — ap)grad vy, a;‘)ﬂk +

(010cay, ai)q, , +(okgrad v, ai)q,, = 0,
V aj € Hi(Curl, Q). (12)

At the discrete level, the source quantity ay,

initially in mesh of SP; has to be projected in
mesh of SP, via a projection method, i.e

(curl a;_y, curl a}()nk = (curl ay, curl a}()ﬂk ,

vaj, € Hy(Curl,Qy), (13)
where H}(Curl, Q) is a gauged curl-conform
function space for the k-projected source a;_,
(the projection of a on mesh SP;) and the
test function a;.

The final solution is then superposition of SP
solutions obtained in (10) and (12), i.e.

_ Aiotal = Qf + ay, (14)
b = curl
s @) ,Va.e Hi(CurlQy), (10) total = CUIE Rrotal
Qsr = curl af + curl a;. (15)
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The EMF F,q; 1S Now obtained via the cross
product of the leakage magnetic flux in the air
gap (between the core and coils) and the
electric current density. This can be done by
the post-processing, i.e.,

Frota = [(curl ay + curl @) X j dQgr
(16)
3. Application test

The test problem is a practical problem
consisting of two inductors and a core
depicted in Figure 2, with f =50 Hz, u; core=

100, 0,,,, = 648425,
m

Flux lines with a real part of magnetic vector
potential (a;,tq;) due to the imposed electric
currents  flowing in stranded inductors is
pointed out in Figure 3. The distribution of
magnetic flux density is then obtained by
taking curl of Atotals i.e.
b:otar = curl a;,+4; POinted out in Figure 4.

Cutline I  Cut line 2

| B D
7
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Inductors
Core 1A
E | F Cut line 3
- | Al |C

Figure 2. 2-D geometry of a core and two inducotrs

Magnetic vector potential (A/m) (0/1)

Magry

338005 o -3.380-05 -1.69¢-05 0
B N o e LR T
LLLLLLLRALRRTY IR i

Figure 3. Flux lines with a real part on magnetic
vector potential (@orq;= Ar + ay).
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Figure 4. Distribution of magnetic flux density
(real part) (btorqr = curl @iprar)-
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Figure 5. The cut lines of magnetic flux density
along the core and windings (inductors)
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Figure 6. Distribution of electromagnetic force
(real part) (btotal_leakage X ])
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Figure 7. The cut lines of electromagnetic force
at the air gap between the core and inductors.

74

http://jst.tnu.edu.vn; Email: jst@tnu.edu.vn


http://jst.tnu.edu.vn/
mailto:jst@tnu.edu.vn

Dang Quoc Vuong

TNU Journal of Science and Technology

225(02): 71- 75

=
o

— Real pért
Imaginary part

=
o o

= '
o o

Electromagnetic force 10'3(N)
o

[\
a

o4 02 0 02  oa
Position along the two inductors (m)
Figure 8. The cut lines of electromagnetic force

at the air gap between two inductors
The cut lines of real and imaginary parts of
magnetic flux density perpendicular the core
and windings (as the cut line 3 in Fig. 2) is
presented in Figure 5. For the real part, the
field value is symmetrically distributed in the
core, whereas, for the imaginary part, the
field value at the middle of the core is higher
than the regions near the bottom and top of
the core.

The map of EMF is shown in Figure 6. The
EMF on the real and imaginary parts with the
cut line 1 between the core and inductors is
pointed in Figure 7. The value is maximum at
the middle of the inductors and reduces
towards both sides of inductors for the real
part, and slope from the head-to-end of
inductors for the imaginary part.

The EMF on the real and imaginary parts with
the cut line 2 (indicated in Fig. 2) between
two inductors is shown in Figure 8. For this
case, the value of EMF is lower than the case
presented in Figure 7. This means that the
distributions of the magnetic flux densitiy at
the air gap is greater than that appearing
between inductors.

4. Conclusions

All the steps of the SPM have been
successfully with the magnetic vector
potential formulation. This test practical
problem has been applied to modelize the
distributions of the EMF due to the leakage
flux densities and the electric current
densities. The obtained results can be also
shown that there is a very good agreement of
the method to help manufacturers and

researchers to get ideas for
productions in practice.

The source-codes of the SPM have been
developed by author and two full professors
(Prof. Patrick Dular and Christophe Geuzaine,
University of Liege, Belgium). The achieved
results of this paper have been simulated via
Gmsh va GetDP (http://ace.montefiore.ulg.ac.be)
proposed by Prof. Christophe Geuzaine and
Prof. Patrick Dular. These are open-source
codes for any one to be able to write source-
codes according to the studied problems.

creating
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