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The aim of this paper is first to briefly describea mathematical approach for the direct coupling bewveen analytical formal solution
of Maxwell's equations (AM) and magnetic equivalentircuits (MEC) (reluctance networks or permeance etworks) methods for the
electromagnetic modeling of electric machines. Thisoupling can help solve the problem of air-gap maling in MEC method, and the
consideration of the local magnetic saturation in radeling approaches involving analytical formal soltion of Maxwell's equations. The
formal solution of Maxwell's equations is obtainedby using separation of variable method along with Burier series analysis; it is used
to model constant permeability regions (magnetic aigap). The MEC method is used to model regions wbih include ferromagnetic
parts. MEC model is generated based on a mesh ofelstudied domain. Different approaches related tohie consideration of magnetic
saturation are investigated and compared.

Index Terms— Electromagnetic modeling, electromagnetic analysj magnetic circuits, performance evaluation, Maxwleequations,

finite element analysis, Magnetic saturation

|. INTRODUCTION

THIS CONTRIBUTION investigates inclusion of magnetic

saturation in a new hybrid semi-numerical methde[.
This new modeling approach is first briefly desedb It is
based on a direct coupling of analytical formalutoh of
Maxwell's equations (AM) and magnetic equivalentuits
(MEC) (reluctance networks or permeance networkethods
[5] [6].

While the formal solution of Maxwell equations ught in
constant permeability regions (mainly the magnatregap),
mesh based generated MEC method [5] [6] is usedddel
regions which include ferromagnetic parts subjeantgnetic
saturation.

At a first glance, magnetic saturation is alwaygleeted in
developed analytical models for electric machines,ma-
chine’s regions where the analytical solution isigdd, as a
consequence of adopted assumptions (linear magmetieri-
als or with infinite relative permeability). Exaneggsl where
analytical models, based on the formal solutiotMafkwell’s
equations, are involved and where the local magrestiura-
tion is taken into account are situations where ghalytical
models are either combined with finite element rodtfv], or
coupled with magnetic equivalent circuit (MEC) redh1]—
[4].

While, in [1] and [2], the authors developed a ligbmodel
where the analytical solution is based on magnegictor
potential, the approach adopted in this contributiobased on
the analytical solution of magnetic scalar potdntia

Different aspects related to the consideration efynetic
saturation in this new modelling approach are dised. Two
solving methods, i.e., successive approximationhotetand

Newton-Raphson method, for the obtained non-lineeﬁfﬁ’_‘;;;_AM) ’
equations system will be compared, in terms of adatfon  Region 2

effort. The comparison study will also include ais&é of the
effect of unknowns nature choice, for the MEC model.,
nodes magnetic scalar potential or branches flux, tioe
computation effort [8].

I1. CONSIDERATION OF THEM AGNETIC SATURATION

Before discussing the inclusion of the magneticirsaion,
the new modelling approach is briefly describedguré 1
illustrates how the two approaches are combined.

For this structure (Fig. 1), the general solutidriviaxwell
equations based on magnetic scalar potential fatioul, in
PM and mechanical air-gap regions, can be exprefsed
regioni by [4]
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Considering geometric and electromagnetic peritdgiof
studied structure (end effects are not consideie®),easy to
demonstrate tha;," = a,"” = 0 anda;"” = 0, for both regions.
a," is an arbitrary constant which can be set null.

Mesh-based generated MEC method has been used to

model the stator iron core and slots. Although #pproach is
relatively old [5] [6] and gives relatively goodstts, it is still
not widely spread. As finite element method, thigporaach
consists of meshing the studied domain. Reluctahements
are used for the mesh.
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Fig. 1. lllustration of the modelling approach ofingar structure.



The coupling between the AM and the MEC model isedo
at the boundary between both models by equalishey t
tangential components of magnetic field, and normal
components of magnetic flux densiy[4].

H,(AM) = H,(MEC)
B,(AM) = B,(MEC)

This model will result on a set of equations whadn be

expressed in matrix form

[A]x]=[g] 3)
where [A] is the topological matrix where the elenseare
depending on the geometrical shape of the limitevéen the
different regions of the machine and magnetic prigse of
the different materials; [E] is the source vect®ements of
which are related to geometry distribution and ptglsprop-
erties of magnetic field sources (magnetic remaaeand
current density distributions) and [X] is the unkuns vector
whose are the series coefficients of the analysohlition of
scalar potential (AM), and unknowns issued from MEC
model.

The consideration of magnetic saturation will oobncern
the equations issued from the MEC model in ferrametig
regions. This set of non-linear equations is solnedan
iterative way using classical methods:
approximation method and Newton-Raphson method.eMo
details will be provided in the full version of tkentribution.

()

I1l. VALIDATION

The developed model (hybrid model, HM) has beemnl tise
analyse the performance of a linear structure &igFigure 2
shows the studied structure, with main geometnigedisions.
Table | gives main machine's characteristics. Ttatos back
iron has been chosen very thin in order to amptifig
magnetic saturation effect. This structure has aba@n
modelled and analysed using FE method.

Figure 3 compares cogging force waveforms obtaiogd
both methods with consideration of magnetic saitmatAs
can be seen relatively good agreement is obtaifiled.non-
linear equations system has been solved using ssivee
approximation method.
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Fig. 2. Longitudinal cross section view of studiettar structure with main
geometric dimensions.
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TABLE | — MACHINES PARAMETERS

e(mm) 1 Tm (MmM) 55
€, (mm) 10 7, (mm) 60
hs (mm) 25 W, (mm) 40
hg (mm) 30 PM remanence (T) 1.2
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Fig. 3. Comparison of cogging force waveforms.

IV. CONCLUSION

A new modeling approach has been first describdds T
approach consists of directly coupling analyticaldels (AM)
obtained through formal solution of Maxwell's edaas, in
constant permeability regions, and MEC models &gians
including ferromagnetic materials. MEC model is geted
by meshing the studied domain as for FE methods Thi
technique helps combine advantages of both methtds.

successi@omd allow time saving as compared to FE methatl Gan

pe advantageously used in pre-design stages.

It has been shown, on a case study, that this igebiis as
effective as FE method for consideration of magneti
saturation. In the full version of the contributiorore details
will be provided. Different aspects on the impletation of
this technique will be reported.
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