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Abstract — This paper presents some methods to overcome

numerical problems met when analytical models basedn the
formal resolution of Maxwell's equations are used dr the
analysis and design of series double excitation ntf@nes. Three
analytical models are compared for predicting coggig torque
and eddy current loss in permanent magnets and arntare
windings.

|. INTRODUCTION

This paper compares analytical models for predictin

cogging torque and eddy current losses in seriasbldo
excitation synchronous machines (Fig. 1). Two aiy
models are compared for predicting cogging torque @pen
circuit eddy current losses in permanent magne ian
armature windings, and three models are comparedhf®
prediction of eddy current loss in permanent magukete to
armature reaction field.

The first model is the more complicated one; ihdased on
the resolution of Maxwell's equations in a machgemmetry
which can be considered as the most realistic Bige 1) [1].
In the second model the rotor saliency is negle@tedrotoric

slots, R = Ry) [2] [3] [4]. The third and last model is even

simpler since both rotor and stator salienciesnaggected (no
stator or rotor slots) [5] [6]. Finite element aysds will
provide the reference for comparison (Fig. 2).

Through out this study, it is shown that for thediction
of some electromagnetic performances, simpler &paly
models can be used to overcome numerical probleorsiiag
when more complicated analytical models are used.

Il. MAGNETIC FIELD ANALYTICAL SOLUTION

Figure 1 shows the different regions (stator s{htsairgap
(1), permanent magnets (lll), rotor slots (IV)) are the exact
analytical solution is established thanks to sejfaraof
variables method. The model is formulated in twmelisional
polar coordinates. The analytical solution for timagnetic
field distribution is established based on follogvin
assumptions: 1) the stator and rotor cores arenasbuio be
infinitely permeable; 2) eddy current effects aeglected (no
eddy current loss in the magnets or armature wgg}ir3) the
permeability of permanent magnets is assumed teqoal to
that of air; and finally, 4) the axial length ofetimachines is
infinite so that the end effects are neglected.

The partial differential equation for quasi-station
magnetic fields in a continuous and isotropic ragaan be
expressed in terms of the magnetic vector poteAtiaubject
to the Coulomb gaugé]xA =0, by

0%A = —HgJ, in regionsl

02A =0, in regionll (1)
0% A =—ygdxM, in regionlll

02A = —Mo Js, in regionslV

Fig. 1. Idealized series double excitation maciielel (polar coordinates).
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Fig. 2. Finite element model.

A (the magnetic vector potential) only h&s component
which is independent of (infinitely long machine in axial
direction).J is the armature current density vectit,is the

magnetization ands is the DC field current density.

Combining equations (1) with boundary conditionsd a
using separation of variables method, help estaldiset of
linear equations (N X Nu) (where N, is the number of
considered harmonics), where coefficients of magnetctor
potential solution in region Il are the unknowrh\8ng these
linear equations and using interface conditions egiv
coefficients of magnetic vector potential in othegions.
Obtained linear equations are solved using Gaussian
elimination method. More details about the devetbpwdel
can be found in [1].

I1l.  NUMERICAL LIMITATIONS AND SOLUTIONS

In order to illustrate numerical limitations inhateto
developed model (first model), figure 3 shows a parison of
armature reaction magnetic field components in mnpaent
magnet obtained by the first analytical model, gexond
analytical model and finite element computatiorpessively.
The same number of harmonic is considered for itise dnd
second analytical models.

As can be seen, the second analytical model giver® m
accurate results than the first model in a largg pé the
permanent magnet region even if rotor saliencyeflected in
the second model.
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Fig. 3. Comparison of magnetic field space distiins obtained by
respectively finite element, first and second atiedy models in a magnet.
The difference between the finite element resutis the
first analytical model are due to numerical limiat inherent
to the analytical model [7]. The combination of matic field
components solutions with boundary conditions tesnla set
of linear equations which may be ill-conditioneanbe, the
solution may become inaccurate.

IV. CALCULATION OF COGGING TORQUE

Figure 4 shows comparison of cogging torque wawvesor
when excitation current is null( = 0 A/mnf), obtained by
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Fig. 8. Comparison of eddy current loss in a magistined by the two
analytical models and finite element analysis=(0 A/mnf).

Once again, the second analytical model is givirarem
accurate results than the first one as comparedinite
element computations. It should be noticed that shene
number of harmonic is considered for both analjticadels.

VI. CONCLUSION

This paper compares different analytical models for
predicting some electromagnetic performance iresatouble
excitation machines. The goal of this study is ddrass two
problems related to the use of analytical modeaislésign and
analysis purposes. The first is to find methodspingl to
overcome numerical problems met when analytical efeod
based on the formal resolution of Maxwell's equagicare
used for the analysis and design of series doukdéation
machines. The second goal is to find methods atigwi
speeding up of the pre-design and analysis of seltible
excitation machines using analytical models.

The full paper will contain more details about flreposed
approach and give more results to support thiscambr.
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