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Abstract—Fast design procedures of electrical
require the use of adapted modeling approaches. Tdi is
particularly true for axial flux permanent magnet machines
(AFPM), which have an intrinsic three-dimensional 8D)
electromagnetic structure. Indeed, accurate modelop of AFPM
machines requires the use of 3D finite-element metd (3D FEA),
which is too time consuming especially at firsts dégn stages. This
paper presents a new quasi-3D analytical model whicallows
modeling accurately AFPM machines while saving a tge time as
compared to 3D FEA. This new approach combines a rttislice
analytical model, which takes into account a part ©the 3D
effects, and considers the end effects by a simpéand effective
radial dependence modeling of the magnetic field inAFPM
machines.

Index Terms—Axial flux machines,
electromagnetic modeling, end-effects.

permanent magnet,

. INTRODUCTION

Accurate modelling of AFPM machines requires the ol
3D finite-element method [1]. However, 3D FEA i®ttime
consuming especially at firsts design stages. Taper
presents an extension of a previously developedsi<pia
analytical model [2] by taking into account the esifiects.
This new approach combines a multi-slice analytivaidel
[2], which takes into account a part of the 3D effe and
considers the end effects by a simple and effectadial
dependence modeling of the magnetic field [3] inPAMF
machines.

The multi-slice analytical model of AFPM machines

considers the machine as composed of several Imaahines
(Fig. 1). Each slice is modeled using a 2D Cartesimdel.
This approach allows taking into account differenagnet
shapes and variation of tooth width in the radia¢ction. In
order to take into account the end-effects,
dependence of the axial component of the magnitid fs
modeled by a function that is able to give preeakies in all
cases [3].

Results from this new analytical model are compaced

those obtained from a multi-slice analytical moddtjch does
not consider the end-effect, and a 3D FEA. It vahthat this
new analytical model is more accurate than prevane and
that it constitutes an appreciable alternative e finite
elements method.

Il. QUASI-3D ANALYTICAL MODEL

Figure 1 presents the principle of the quasi-3D @ho@ihe
machine is divided into a certain number of annglares in
the radial direction. The analytical model basedhensolution

machines

theiatad

of Maxwell equations is established at the averagius R
for the I" slice) of each slice (Fig. 1(b)). The analytical
solution for the magnetic field distribution is @slished based
on following assumptions: 1) the stator and rotores are
assumed to be infinitely permeable; 2) eddy curedieicts are
neglected (no eddy current loss in the magnetsrmatare
windings); 3) the permeability of permanent magnets
assumed to be equal to that of air; and finally,tH end
effects are neglected. Details about the develapedytical
model can be found in [2].

End-effects, at inner and outer radii, are take atcount
by considering the radial dependence of the magritid.
This radial dependence is modeled by a functiohighable to
give precise values in all cases [3]:

g(r) = [%J EEatarE—(r _aRi )] - atar{—(r _aRe) ﬂ 1)

where R and R, are the inner and outer radii and
a=a(R,—R Ytan(pr/2) . a is used to define the effective
radii andp is used to adjust the drop of the axial flux dgnsi
near the inner and outer radii of the machine.

(b)

Fig. 1. Subdivision of the axial flux machine innaitar slices.



The values of the coefficients andp are directly issued
from parametric FEM simulations.

The calculation of global quantities (voltages amdjues) 200}
for the machine is done by considering the contigiou of
each slice. The total flux linkage and torque agpectively
given by
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Fig. 3. Cogging torque waveforms comparison.
whereN:. is the number of considered slices.

2 ‘ ‘ T T T

e s o ot
N I — AN . NS S
05k- ; [ H \ H —_——

o // ,,,,,,, N

I1l.  VALIDATION OF PROPOSEDMODEL

The validation of proposed model is done by conmgari
open-circuit flux linkage and cogging torque wavefs
obtained from the analytical technique and 3D F&gylied to
AFPM machines where the end-effects are partigularl
significant. Table 1 gives design parameters ofalafiux
machine to which both the 3D FEA and the quasi-3D

B
----AM (without end-effects) | !
AM (with end-effects)

Open circuit flux per phase per turn (mywb)

< 3DFEA
analytical models have been appliége, hs andws represent WL [ A .
respectively the PM thickness, air-gap thickness, Iseight 2} L = L - 5
and slot opening. Figure 2 shows a front view gleamanent Displacemert angle (*)

magnet of studied AFPM machines. The finite elememg. 4. Open-circuit flux linkage waveforms comsan.
computation are done considering a relative peritigabf
1e5 for stator and rotor cores. IV. CONCLUSION

F_ig. 3 shows comparison of r_:ogging torque_ waveforms An efficient analytical tool for the design and Bsés of
obtained from 3D .FEA and analytical models .Wh'CIglaetS axial flux PM machines has been developed. The main
end-effects (AM without end-effects) and considem (AM o4 res of this analytical design tool have beessgnted.
with end-effects_). Fig. 4 shows comparison of f_Ilmkage Compared to 3D finite element computations the kpezl
waveforms Obt"’?'”eo' from bath SD. FEA and analytmadels, model gives sufficiently accurate results, whileisg a huge
for same machine. It can be not_|ced that evensdifilte from computation time.
the d|_fferent methc_)ds agree falr_ly well, the agresm (_Jf The analytical models can become an appreciable
analytical model, with the results issued from 8 FEA, is alternative to the finite elements method especiédt 3D

improved when end-effects are considered. problems. This kind of models can be used for pateém

design and optimization studies. The presented ytcel

TABLE | — MACHINES PARAMETERS . . . .
modeling helps, in a first step, to explore rapithg search

Ptl)le numtt))er 28 space of potentially optimal prototypes. Obvioushe chosen

Slot number 84 ; ; ; feffi
Magnets distribution and remanence Axial magnetimatl.21 T pOtentla”y.Optlmal .prOtOtype.S issued from th|$lf|step. h"?“’e
InnerR and outeRe radius (mm) 375, 400 to be refined using a finite element based optitiona
la, € hs andws (mm) 10, 1.5, 61, 12 procedure which acts near the global optimum aed #ave a

large amount of time.
The full paper will contain more details about greposed
approach and present more results to support it.
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