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Abstract—Cogging torque is a source of vibration and noisi
permanent-magnet (PM) machines. Its reduction is alays sought
by electrical machines designers. While its studyin radial-flux
permanent-magnet machines (RFPM), can often be dongsing 2D
finite element analysis (2D FEA), three-dimensional FEA
(3D FEA) is always required when it comes to its stly in axial-
flux permanent magnet machines (AFPM). AFPM maching have
an inherent three-dimensional electromagnetic strucre. There is
a reach literature concerning the study of coggingtorque in
AFPM machines. Indeed, most of authors use 3D firdtelement
analysis (3D FEA) for its study. However, 3D FEA istime
consuming and always requires expertise to be dormorrectly.
The goal of this paper is to show that alternativeechniques, to
study cogging torque in AFPM machines, do exist. Its shown
that the analytical model, presented in this paper,can be as
efficient as the 3D FEA while saving a huge time ah
necessitating less initial expertise.

Index Terms—Axial flux machines, cogging torque, permanent
magnet, torque ripple.
I. INTRODUCTION

Cogging torque is one of the major contributorsdimue
ripple in PM machines [1], [2]. It is source of kaltion and
noise. Its reduction is always sought by electricechines

designers. Many authors have studied cogging toque
characteristics in RFPM machines [2]-[5] and AFPM

machines [6]-[8]. While its study, in RFPM machinesn
often be done using 2D finite element analysis EHA), 3D
FEA is always required when it comes to its stuthAFPM
machines. AFPM machines have an inherent

electromagnetic structure. Indeed, most of authas 3D
finite element analysis (3D FEA) for its study [@}:

However, 3D FEA is time consuming and always rezgiir

expertise [9] to be done correctly.
The goal of this paper is to show that alternatidahniques
to study cogging torque in AFPM machines do existis

shown that the analytical model, presented in plaiger, can

be as efficient as the 3D FEA while saving a huge tand
necessitating less initial expertise [10].

[l. MULTISLICE (QUASI-3D) ANALYTICAL MODEL

Figure 1 presents the principle of the quasi-3D ehodhe
machine is divided into a certain number of annglares in
the radial direction. The analytical model basedhensolution
of Maxwell equations is established at the averagéus R

3D

assumed to be infinitely permeable; 2) eddy curedieicts are
neglected (no eddy current loss in the magnetsrmatare
windings); 3) the permeability of permanent magnéts
assumed to be equal to that of air; and finally,tH end
effects are neglected. Details about the develapedytical
model can be found in [10].

Ill. STUDY OF COGGING TORQUECHARACTERISTIC

The cogging torque characteristic is analyzed thinoa
parametric study. The goal of this study is fistvalidate the
developed analytical model by comparing it to 3DAFENd
secondly to demonstrate its usefulness in replatiegtime
consuming 3D FEA. This study is done using both FPA
and analytical models. Table 1 gives constant desig
parameters of axial flux machines to which both BPA and
quasi-3D analytical models have been applied tdystogging
torque characteristic. Figure 2 shows a front viefva
permanent magnet of studied AFPM machines. For the
parametric study the interior radiu will be equal to
200 mm, 250 mm, 300 mm, 350 mm, and finally 375 ang
a; will be equal to 0.3, 0.4, 0.5, 0.6, 0.7 and Q&5= 0.85).

for the I" slice) of each slice (Fig. 1(b)). The analytical
solution for the magnetic field distribution is @&slished based

(b)
on following assumptions: 1) the stator and rotores are Fig. 1. Subdivision of the axial flux machine innasfar slices.



TABLE | — MACHINES PARAMETERS

Pole number 28
Slot number 84
Magnets distribution and remanence Axial magnetimatl.21 T
Exterior Re radius (mm) 40C
la, € hs andws (mm) 10,15, 61,12

Fig. 2. Magnet shape and outlines of a rotor pole.

Fig. 3 shows comparison of cogging torque wavefor
obtained from both 3D FEA and analytical models, &m
AFPM machine withy; = 0.3, andR = 200 mm [Fig. 3(a)] and
R =375 mm [Fig. 3(b)] respectively.

Fig. 4 shows another comparison of cogging torq

waveforms obtained from both 3D FEA and analytioatels,
for an AFPM machine withR = 375 mm, andy;, = 0.4
[Fig. 4(a)] andy; = 0.85 [Fig. 4(b)] respectively.

It can be noticed that results from both methodeag

fairly well.

A simple and fast parametric study, based on tlaytcal
model, helped to identify the value @fallowing to minimize
the cogging torquea( = 0.55), while the value af, is kept
constant ¢, = 0.85) for a machine havirig = 375 mm. Fig. 5

compares cogging torque waveforms for an AFPM nmeechi [2]

NE)

with R = 375 mm andR. = 400 mm, andx, = 0.85, for

a; = 0.5,0; = 0.55 andy; = 0.6, obtained from 3D FE analyse

As expected the cogging torque is minimizeddor 0.55.
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Fig. 5. Cogging torque waveform comparisam (= ai-tp, with a; = 0.5,
o; = 0.55 andy = 0.6).

IV. CONCLUSION

An efficient analytical tool for the design and Bs& of
axial flux PM machines has been developed. The main
features of this analytical design tool have beessgnted.

mEompared to 3D finite element computations the ke

model gives sufficiently accurate results.
It has been demonstrated that analytical models can
become an appreciable alternative to the finitemelds

Uhethod especially for 3D problems for some analysidies.

The full paper will contain more details about greposed
approach and present more results to supportfitieimce of
magnet shapes on cogging torque characteristidowifiurther
investigated using the developed analytical model.
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