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1. Static and Quasi-Static Fields
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Abstract] Analyses of magnetic circuits with position changes
of both massive and stranded conductors are performed via a fi-
nite element subproblem method. A complete problem is split into
subproblems associated with each conductor and the magnetic
regions. Each complete solution is then expressed as the sum of
subproblem solutions supported by different meshes. The sub-
problem procedure simplifies both meshing and solving processes,
with no need of remeshing, and accurately quantifies the effect of
the position changes of conductors on both local fields, eg. skin
and proximity effects, and global quantities, e.g. inductances and
forces. Applications covering parameterized analyses on conduc-
tor positions to moving conductor systems benefit from the devel-
oped approach.

I.  INTRODUCTION

A subproblem method (SPM) with finite element (FEB)ju-
tions provides clear advantages in repetitive a®alyand
helps improving the solution accuracy [1]-[6]. osvs to
benefit from previous computations instead of stgra new
complete FE solution for any variation of geometrior

physical data. It also allows different problem-atgal meshes

and computational efficiency due to the reduceé sizeach
subproblem.

A FE-SPM is herein developed for coupling solutiafs
position change conductors in magnetic systems thiiz aim
to accurately calculate the changes of both loeddld (skin
and proximity effects, reaction fields, local fosgeand global
guantities (currents, voltages, inductances, Jolasses,
forces). Both massive and stranded conductorsarsidered,
in parameterized analyses on their positions, adyuex-
tended to moving conductor systems.

The SPM combines any changes via volume sources)(V

originated from previous solutions and applied mash-to-
mesh projections. The developments are performedhie
magnetic vector potential FE magnetodynamic fortmuta
paying special attention to the proper discretimadf the con-
straints involved in each SP and to the resultiegkvFE for-
mulations and circuit relations. The method willibestrated
and validated on test problems.

Il. COUPLEDMAGNETIC SUBPROBLEMS

A. Sequence of Subproblems

Complete models are proposed to be split into sempseof
SPs, gathering sets of conductors and magnetionegilhe
SP solutions are to be added to give the complaidicen.
This offers a way to perform parameterized analyséth a
direct access to each change. The parameters dée Iposi-
tions of the conductors, as well as their conditais.
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Each SP is defined in its own domain. At the discievel,
this aims to decrease the problem complexity aralltov dis-
tinct meshes with suitable refinements and possilimain
overlapping. No remeshing is necessary when adaliregion
or changing its position.

B. Canonical magnetic problem

A canonical magnetodynamic problem to be solved at
stepp of the SPM, is defined in a domdih,, with boundary
0Qp=Tp=Thp00yp. The eddy current conductlng parts’qg
is denotedQCp and the non-conducting on@cp, with
Qp=Qcp DQC Massive conductors belong t&p,
whereas stranded conductors beIong)gopC The equations
and material relations of problgoare

curlhp= jp, divbp,=0, Curlep——atbp, (1a-b-c)
hp=Hp~ bp"'hsp, jp=0peptisp, (2a-b)

wherehy, is the magnetic fieldy, is the magnetic flux density,
& is the electric fieldj,, is the electric current density, is
the magnetic permeabilitg,, is the electric conductivity and
is the unit normal exterior @, Note that (1c) is only defined
in QC p(as well agp), whereas it is reduced to the form (1b) in
Qcp Boundary conditions (BCs) amx hp||—h , n Ebph—b or
nxeplr, Al have to be defined, acting as surface sources
(SSs) p035|bly expressed from previous solutions.

The fieldshgp andjsp in (2a-b) are VSs. The sourbgy is
usually used for fixing a remnant induction. Theurse jsp
fixes the current density in inductors. With theNgPhg is
also used for expressing changes of permeabilityj g for
changes of conductivity, or for adding portionsimductors

S[4] -[6]. For changes in a region, fropy andoy for problemq

to yp anday, for problemp, the associated V3g andjs are
hsp=(p1—Hg )by, jsp=(0p—0g)eg.  (3a-b)

Each problenp is constrained via the so defined VSs and
SSs from parts of the solutions of other problefigs offers a
wide variety of changes [2]-[6].

Equations (1b-c) are fulfilled via the definitiof a mag-
netic vector potentiad, and an electric scalar potentig)

curlag=by , ep=—0ray—gradvp=—0tap—Up . (4a-b)
The weakay-formulation of problenp is obtained from the
weak form of the Ampére equation (1a), i.e. [4],
(up_lcurlap,curla')gp + (hg p,curla ‘bp ~(spa 'bp

+(0p0iap.a)g, , *(OpUpade, =0, Da'OF,NQp), (5)
where Fpl(Qp) is a curl-conform function space defined on
Qp,, gauged i © ,p~» and containing the basis functions &gr
as well as for the test functicai (at the discrete level, this



space is defined by edge FEs; the gauge is basd#iednee-
co-tree technique);-( -)o denotes a volume integral & of
the product of its vector field arguments.

[ll. CONDUCTORS INPROBLEM SPLITTINGS

A. Adding or Changing a Massive Conductor

The circuit relation of a massive conduc€y , relating its
currentlp and voltageU, (circulation of -u, along the con-
ductor) changes, due to contributions from a prolgeis

(Opatap!u )Qc’p+(0pup1u )Qc,p_

(6)

If no current change is allowet),&0) and proximity effects
due to solutiorg are neglected (possibly in a first stegy=0
and (6) simply leads to a voltage change,
(up,u')QC’p=—(6taq,u‘)QQp

For considering proximity effectss, and up, need to be
solved with (5) and (6), usually withs,=0 andjsp=0p€y.
This leads to the actual circuit relation change.

To illustrate and validate the SPM, TEAM problentsahd
28 will be studied, dealing with a jumping ring aad¢onduct-
ing plate in levitation, respectively. These probdewill be
shown to be well adapted to the SPM, allowing teétpro-
gressive levels of difficulty, from magnetostat& magneto-
dynamic problems, from frequency to time domaiopnfraxi-
symmetric to 3-D models, from current to voltagaurses,
etc., also with moving bodies. Furthermore theydneecurate
calculations of global quantities, e.g. self andtualiinduct-
ances and forces.

An example of result for TEAM problem 17 is shown i
Fig. 1, showing the height of a conducting ringsusrthe in-
put current (50 Hz) calculated with the SPM, dediogpthe
meshes of the magnetic source (coil and magnet&) emd of
the moving ring, and the classical approach witheshing for
any new position of the ring. For a similar accyrae speed-
up factor of about 100 is obtained with the SPMnits to the
no remeshing and the reduction of the computatidoahain
for each position change of the ring.
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Fig. 1. TEAM problem 17: height of the ring versnput current (50 Hz).

B. Adding of Changing a Stranded Conductor
For a stranded conduct®ls , the circuit relation relating
its currenti, and voltagéJ, changes is

Orap. 10, , +@13qi o, ,*R (7)

whereRy, is the coil resistance andis a global test function
defined for the considered coil §$p=NgSst, with Ns its
number of turnsS its total surface area andhe unit vector
tangent to the coil direction [7]. The contributibom a pre-
vious solutiong, i.e. @aq, js,pa, ;, 9ains to be evaluated indi-
rectly from integrals on the mod|f|ed regions thetre sources
of ag; this avoids any integration @ , which would need to
projectag on its mesh. For this, in the SP sequence, ore get
back to the previous iteration of problgnpreceding problem
g, and usesy anda,, respectively, as test functions in their
formulations. Subtracting the resulting expressiamy some
integrals on the modified regions of problgmemain with the
term (sp aq)Q which is the time primitive of the term to be
evaluated, thus via the other remaining integrlfss is a re-
markable result that allows a very accurate calimraof the

Withhductance change, in particular in non-destructigsting

problems, as it will be studied in the extendedegpap

If no current change is allowet, anda, are zero in (7),
which leads to a voltage changg and thus to an inductance
change.

For the TEAM problem 17 again, the accuracy obthine
with the SPM approach on the calculation of theualinduc-
tance between the main coil and a search coil iistqub out in
Fig. 2. A significant speed-up factor is again aid with the
SPM (about 120) in comparison with the classicgirapch.
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Fig. 2. TEAM problem 17: Mutual inductance as adiion of distance be-
tween the main coil and a search coil.
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