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SUBPROBLEM FORMULATIONS BASED ON MAGNETIC FIELD AND
SCALAR POTENTIAL VECTORS FOR CORRECTING THIN SHELL MODELS
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ABSTRACT

The propose of this paper is based on subproblem formulations with a magnetic field and scalar
potentials to compute and simulate the distribution of fields (magnetic fields, magnetic scalar
potentials, eddy currents and Joule power losses) appearing from thin shell models, where it is
somewhat difficult to use directly finite element method formulations. The scenario of the method
is to couple subproblems in two steps: A subproblem consisting of the stranded inductor and thin
shell model is first considered. The following subproblem with actual volumes (including one or
two conductive regions) is added to improve errors near edges and corners of the thin shell models.
All the steps are independently performed with different meshes and domains, which facilitates
meshing and reduces computation time for each sequence.
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_ HIEU CHINH SAI SO MO HINH VO MONG THONG QUA VEC TO
TU TRUONG VA TU THE VO HUONG BANG CONG THU'C BAI TOAN CON

Ping Quéc Vwong”, Bui Minh Pinh
Truong Dai hoc Bdch khoa Ha Noi

TOM TAT

Muc dich cua bai bao nay |a dya trén cong thirc bai toan con véi vée to tir trudng va tir thé vo
huéng dé tinh toan va md phong sy phan bd cua trudng (tir truong, tir thé vo hudng, dong dién
x0dy va ton hao cong suét) xuat hién trong mé hinh vo mong dan tir, noi ma dugce xem nhu 13 rat
kho c6 thé ap dung truc tiép cong thirc phuong phap phan tir hitu han dé thyc hién. Kich ban cua
phuong phéap cho phép ghép “couple” cac bai toan con vdi hai budc: Mot bai toan vai md hinh
don gian cac cudn day va mién mong dan tir dugc xem xét trudc. Bai toan tiép theo bao gdm mot
hodc hai mién dan thuc t& duoc dua vao dé cai thién/hiéu chinh sai sb xuat hién gﬁn canh va gbc
clia mién mong dén tir. Tat ca cac bude déu duoc giai doc 1ap véi cac ludi va mién khac nhau, didu
ndy tao thuan loi cho viéc chia giam duoc thoi gian tinh toan cho mdi mot tién trinh.

Tir khéa: Cong thire tir truong; phirong phdp phan tir hitu han; phicong phdp bdi todn con; bai
todn tir dong; dong dién xody;, tir thé vé hiedng; ton hao cong sudt
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1. Introduction

The direct application of the finite element
method formulation for treating
magnetodynamic problems, where some of
them are conductive thin regions, is
somewhat difficult or even impossible [1].
Many researchers have recently presented a
thin shell (TS) model in order to overcome
this disadvantage [2]. However, this
development does not take errors near edges
and corners of the TS into account. This
makes inaccuracies of the fields (e.g.,
magnetic fields, eddy currents and joule
power losses) increasing with the thickness.

Hence, in this research, subproblem
formulations (SPF) based on magnetic field
and scalar potentials is presented to correct
the TS models, where existing of inaccuracies
as mentioned above. The proposed method
formulation is considered as in two steps
(Figure 1):

- A subproblem (SP) involved with stranded
inductors and thin shell regions is first solved.

- The following SP with actual conductive
regions that does not include the stranded
inductor and TS model anymore is added to
improve errors.

Complete problem
SPf + SPk

(@)
Il

Inductors and thin regions SP f
()

Volume correction SPk
()
SSs and VSsﬂ

| Changes of geometrical and physical characteristics

Figure 1. Division of a complete problem into
subproblems

The constraints for each SP are volume
sources (VSs) or surface sources (SSs), where
VSs are changes of permeability and
conductivity material of conducting regions,
and SSs are the change of interface conditions
(1Cs) through surfaces from SPs [3]-[7].

As a sequence, the solutions from previous
SPs can be considered as VSs or SSs for the
current SP. For that, each SP is solved on its
own domain and mesh without depending on
the previous mesh and domain.

2. Subproblem method formulation

2.1. Canonical magnetodynamic problem

As presented in [4]-[8], a magnetodynamic

problem g at step g of the SPF, is defined in a

Qg4, with boundary 0Q, =T}, ; U T, 4. Thanks

to the set Maxwell’s equation, the equations,

material behaviors, boundary conditions

(BCs) and ICs of SPs are expressed as [6-8]
curl hq =jq,div bq =0, curl e, = —6tbq

(1a-b-c)

bq = ,quhq + bsjl-,el- = O'q_lji + es,q (Za-b)
[n x eq]rh’q = ks g n X eq|1~h’q =0, (3a-b)

where h, is the magnetic field, b, is the
magnetic flux density, e, is the electric field,
Jjq current density, u, is the magnetic
permeability, o, is the electric conductivity
and n is the unit normal exterior to Q.

The fields by, and e, 4 in (2a-b) are VSs, and

ksq in (3 @) is the SS. In the scope of the
SPF, the changes of materials from this
region to another region can be expressed
(e.g., from u; and oy for SP, (q =n) to u, and
o, for SP,, (q = m), the source fields by ; and
Jsi are [4]-[7].
bs,m = (,le - .un) hn: (4)
€sm = (0-1711 - 0-1;1) jn- (5)
for the total fields to be related by b,, + b,,, =
pm(hm + hy) and o' (o + i)
2.2. Magnetic field formulations

The weak conform of magnetic field
formulation of SP q (g= n) is established
based on Fraday’s law (1c) [6]-[7].

0¢(tnhy, hy)q, + (o5 curl hy, curl ha,
+ 8;(bsn, h;)ﬂq + (e, curlh;)ﬂn +
([n x en]yn' h;z)l"n + (nXxey,, h%)rn—yn
=0,
V hy, € H ,(curl, Q). (7)
The general magnetic field h, in (7) can be
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split into two parts, h,, = hg ,+h,.,,, where

h,. , is a reaction magnetic field, which can be
defined via

curl Ay, = jsn
curlh,, =0

in Qg

in Q%, —Qgp° ®)
The reaction field h,.; is thus defined via a
scalar potential [8] in the non-conducting
regions QS ,,. The source magnetic field kg,
in (8) is defined via a fixed electric current
density in Qg ;, i.e

(curl hg ,, curl h’s,n) .

= (jsn curl h;'n)ﬂsn

V hi, € H},(curl, Q,), (9)
The function space Hg,q( ..) in (7) and (9)
contains the basis functions (h, and h, ;) the
test function (h;, and hg ;). The notations (-, -)
and <, - > are respectively a volume integral
in and a surface integral of the product of
their vector field arguments. At the discrete
level, this space is defined by edge finite
elements

2.2.1. Thin shell formulations for subproblem

The TS model is defined via the trace
discontinuity ([n X e,],,, hy)r, in (7), i.e. [1]

([1’1 X en]yn' h%)rn =

(.unﬁnat(th,n + hd,n): h::,n)I‘n"'
1
(E [Mnﬁnat(th,n + hd,n)

1 A
+ mhd,n]» hc,n)l"jl' ) (10)

where h., and hg,, are continuous and
discontinuous components of h,. The factor
B is a factor and is defined via [3]-[7].

2.2.2. Volume correction formulations for
subproblem SP,,, (q=m)

The TS solutions obtained by (10) is now
considered as VSs for solving the following
subproblem SP,,, (g= m) covering a practical
volume through the volume integrals
3¢ (bsm i) q. and (esm, curlhy,) o In (7),
where bg,, and eg,, are given in (4a-b).

Hence, the weak formulation SP,,, is written as
at (:umhm: h;n)ﬂm
+ (o curl by, curl by,
+ at((.um - .un) hni h;n)ﬂm
+ (o' = 03 jnycurl b))
+ (n X en: h;’n)rm = O,
V hy, € Hg (curl, Q). (11)

At the discrete level, the source fields h,, and
Jjn determined in mesh of the SP,, via (10) are
now projected in the mesh of SP,, via [5].

(curl by, curl hyy)q =
(curl hy, curl hy,)q
VY h), € HL (Curl,Q,,), (13)
where H}, (Curl,Q,,)is a gauged curl-

conform function space for the projected
source m and the test function hy,,.

3. Numerical test

The application test is a 2-D model based on
the team workshop problem 7 consisting of a
coil and an aluminum plate [9] (Fig. 2). The
coil is imposed by a sinusoidal current with
the maximum ampere-turn being 2742AT.
The relative permeability and electric
conductivity of the aluminum plate are p, =
1, 0, = 35.26 MS/m,  respectively.  The
problem is solved with two cases of
frequencies of the 50 Hz and 200 Hz.

z 0/ ., I
yL_* (2742AT) A §‘

Al, A2 (z=34mm) Q’Bl B2
A3 (z=19mm) 1 T - B3
Ad (z= Omm) e B4
294 o
(0=3.526x10" S/m)
N| 5 b4
A2 B\ 0L B2
M Imen PR
A1,A8,Ad § B1, B3, B4
(y=72mm) hol ‘
{ 0le /
vl

1©—°x 3

Figure 2. 2-D Geometry of TEAM Problem 7 [9]
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Figure 3. 2-D mesh of the inductor and plate
The 2-D dimensional mesh of the coil and
plate with both triangular and rectangular
elements is shown in Figure 2.

Magnetic field (T) :
2.33e-23 0.01 0.02 lz_
L |

Figure 4. Distribution of magnetic field generated
by the imposed sinusoidal current in the stranded
inductor (coil), for f =50 Hz
The distribution of magnetic field created by
the imposed electric current in the stranded

inductor is presented in Figure 4.
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Figure 5. Distribution of magnetic scalar
potential for a reduced model with stranded
inductor (top) and added TS model (bottom)

The distribution of magnetic scalar potential
(¢p,,) for a reduced model due to the electric
current flowing in the stranded inductor is
pointed out in Figure 5 (top). The
discontinuity component (A¢,) of the field
presented at the TS model is different from
zero and equal to zero on both side of TS
model (Figure 5, bottom).

Eddy current density on TS (A/m2)
40.4 1.13e+04 2.25e+04

Eddy current density on volume correction (A/m2)
70.2 7.88e+05 1.58e+06

Figure 6. Map of the TS solution (top) and volume
correction (bottom), along the plate, for frequency
of 50Hz
The simulated solutions on the eddy current
density along the plate are shown in Figure 6.
The inaccuracy on the TS model (Figure 6, top)
is improved by the volume correction (Figure 6,
bottom). The mean error between two solutions

on the eddy current is approximately 45%.
4
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Figure 7. The cut lines of distribution of power
loss density along the plate, for the different
frequencies
The cut lines of power loss distribution for
different frequencies (50 Hz and 200 Hz)
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along the line A3-B3 (Figure 1) is depicted in
Figure 7.

For a frequency f = 200 Hz, the significant
error on the eddy current near edges and
corner of the plate (cut line A3-B3) reaches
60.5%, and being lower than 20% for f = 50
Hz. At the middle of the plate, the error is
lower and is equal to zero through the hole.
This is also demonstrated that there is a very
good simulation on the developed magnetic
filed formulation of SPF.

4, Conclusions

All the steps of the SPF have been successfully
with the magnetic field formulations. The
practical test problem (TEAM problem 7 [9])
has been applied to modelize the distribution
of magnetic fields, magnetic scalar potentials,
eddy currents and Joule power losses due to
the excited electric current following in the
coil. The obtained results are also a good step
for manufacturers to see that where the hotpot
appears in the conducting regions proposed in
the future work.

The source-codes of the SPF have been
developed by author and two professors (Prof.
Patrick Dular and Christophe Geuzaine,
University of Liege, Belgium). The simulated

results have been performed via softwares
Gmsh (http://gmsh.info/) and  Getdp
(nttp://getdp.info/)  proposed by  Prof.

Christophe Geuzaine and Prof. Patrick Dular.
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