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Abstract

This paper deals with the analysis of the cogging torque in a surface-mounted permanent magnet
generator in order to determine some techniques to minimize or eliminate the cogging torque. The
simulation with finite element method (FEM) was carryout. A four-pole surface-mounted PM genera-
tor is investigated in the paper using FEM. The paper analyses the possibilities to reduce this type of
torque by producing some asymmetry in the rotor structure. Two types of asymmetry were analysed:
the PM pole arc with different widths, and the shifting of the PM. The numerical results obtained in
the asymmetrical cases with symmetrical ones were compared and discussed. Finally, some conclu-
sions are highlighted regarding the simulated results.
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Povzetek

Clanek obravnava analizo samodrinega vrtilnega momenta generatorja s povrsinsko
namescenimi trajnimi magneti z namenom dolocitve konstrukcijskih izboljSav oz. metod za
zmanjsanje tovrstnega vrtilnega momenta. Obravnavan je Stiri polni generator s povrsinsko
namescenimi trajnimi magneti pri ¢emer je analiza izvedena z uporabo metode koncnih
elementov (MKE). V prispevku so analizirane moZnosti za zmanjSanje samodrznega vrtilnega
momenta z uvedbo asimetrije na rotorju. Analizirana sta dva tipa asimetrije: spremenjena
dolZzina obodnega loka trajnih magnetov in zamik trajnih magnetov. Pridobljeni numericni
rezultati za asimetri¢ne primere so primerjani z simetri¢énimi. V zakljucku sledi razprava v zvezi s
pridobljenimi rezultati numeri¢nih simulacij.

1 INTRODUCTION

The permanent magnet (PM) generator has many attractive characteristics, such as high
efficiency and high torque/power density. Consequently, the use of PM machines has increased
significantly in the previous two decades in different industrial applications, mainly due to the
diminishing cost of the PMs. The absence of excitation currents and the high power factor make
the PM machine a winning solution in many cases. That is why many papers deal with the
design and optimization of such electrical machines using analytical and numerical methods, [1-
9].

The air gap magnetic field density provides much information about estimating motor
performance. Moreover, this magnetic field, as an analytical solution, also allows the calculation
of some effects, such as cogging torque, ripple torque, back-EMF shape, etc., [7, 10, 11, 12].

Paper [13] compares five analytical models for predicting the cogging torque in surface-
mounted permanent magnet machines.

The cogging torque is normally generated due to the presence of stator slots and results from
the interaction between the permanent magnet MMF harmonics and the air gap permeance
harmonics due to slotting.

Some design parameters have a great influence on the cogging torque. In [14], the authors have
introduced a factor that indicates the “goodness” of a slot and pole number combination with
regard to cogging torque.

There are several methods to reduce cogging torque, which may be adopted for rotor structure
in surface-mounted PM motors, [15]: skewing of the stator slots (or of the PMs), notches in the
stator teeth, the width of the PM pole arc, PM pole arc with different widths, shifting of the
PMs.

In the present paper, the last two techniques to reduce the cogging torque are analysed and
compared using an FEM method.

Some conclusions and discussions are made about these calculated results.
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2 GENERATOR TOPOLOGY

A simple four-pole surface-mounted PM generator with the topology illustrated in Figure 1 was
used for FEM analysis of cogging torque.

The stator has a classical three-phase winding, star connected, with an integer number of slots
per pole per phase (g=3) and single layer: six coil series connected per phase with 42 turns per
coil. The cross-section area of conductor: 1.1 mm?.

Figure 1: Cross-section of synchronous surface-mounted PM generator

The permanent magnets on the rotor surface are mounted. The main specifications of the
generator are: power (4 kW); phase number (3); poles number (4); stator slots number (36);
stator inner diameter (100 mm); stator length (120 mm); stator outer diameter (160 mm); air-

gap thickness (1 mm); permanent magnet thickness (5 mm); Permanent magnet material
(NdFeB).

Figure 2 introduces two parameters that are used in the analysis: the width of the PM pole arc
(am) and the relative position of the magnets (aas) in the cases of the unsymmetrical
arrangement in which the relative positions are different by 90°.
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Figure 2: The width (a,,) and the relative position (aam) of the magnets

3 COGGING TORQUE ANALYSIS

The finite element method (OPERA13-Vector Field-software) was used to analyse the cogging
torque of a surface-mounted PM generator. Some aspects of these results are presented and
discussed.

3.1  Symmetrical rotor structure

In this case, the width of the PM pole arc (a,,) is the same for all the poles (A, B, C, D — Figure 2).
Also, the relative position of the magnets present a symmetry, which means aas= 0= Ocp=
apa=90° (mechanical degree).

In these conditions, Figure 3 shows the air-gap flux density distribution due only to rotor
magnets.

The flux density in Figure 3 is provided only by PM with the rotor at standstill (without stator
current). It is interesting to note here the same flux density distribution is obtained irrespective
of the material placed in the spaces between the PM poles (soft-iron or air). In zone N (Figure
3), corresponding to the g-axis, the flux density is zero.

34 JET



Influence of Rotor Structure on Cogging Torque in a Surface-Mounted PM- Generator

o

0.0 (

-02

B D
0.4

“| i

0.0 40.0 80.0 120.0 1600 2000 2400 2800 3200 360.0
Machanical degree

Figure 3: Air-gap flux density distribution due to rotor magnets

This air-gap flux density from Figure 3 generates the so-called “cogging torque” component part
of the total developed torque. This torque component is due to the presence of stator slots, so
that it is zero in slot-less structure. The following expression can be used to calculate this
component, [16]:

R
Ho

T,

cog

[" (Bopus By )0 (3.1)

where integration surface is a cylindrical surface in the air-gap with radius R. and length L (axial
length of the stator), and B, pm and Be ey are, respectively, the radial and tangential components
of the air-gap flux density generated by permanent magnets.

Thus, using FEM (in Figure 4) simulated the cogging torque. Again, the same cogging torque
waveform as in Figure 4 is obtained in the case with soft-iron pieces placed between the PM
poles. The magnitude of cogging torque is about 4% of the working torque.
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Figure 4: FEM simulated cogging torque waveform
(pole arc of magnets: 66°-mechanical degree).
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The number of periods of the cogging torque waveforms during a rotation (0.04 s) is 36, equal
to the number of teeth (36 teeth).

3.2 PM pole arc with different widths

The PM machine can be designed with PMs of different arc widths (a,). However, all PM rotors
of this kind of structure have the same relative position of the magnets. That means: 0xg= agc=
Ocp= 0pa=90° (mechanical degree).

A little asymmetry of the PM widths along the generator airgap can considerably reduce the
cogging torque amplitudes. This asymmetry can be arranged in a different manner.

The first type of arrangement is according to Table 1 and includes the FEM simulated cases.

Table 1: First type of asymmetry

Case 0, mechanical degree
A B C D
1 70° 70°
2 74° 74°
3 78° 66° 78° 66°
4 82° 82°
5 86° 86°

Figure 5 and Figure 6 represent the simulated cogging torque for Cases 1 and 2 of Table 1. One
can see the influence of the magnets with different pole widths in these figures.
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Figure 5: FEM simulated cogging torque waveform (casel, Table I)
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Figure 6: FEM simulated cogging torque waveform (case2, Table |)

In Figure 5, it is evident that a small increase in width of the magnets A and C (only 4°
mechanical degree) reduces the cogging torque about 50% compared with symmetrical case in
Figure 4.

Also, from Figure 6, it can be seen that an additional increase in width of the both A and C
magnets does not provide a further decrease of the cogging torque.

Another type of asymmetry is presented in Table 2.

Table 2: Second type of asymmetry

Case 0, mechanical degree
A B C D
1 70° 70°
2 74° 74°
3 78° 78° 66° 66°
4 82° 82°
5 86° 86°

Figure 7 and Figure 8 show the cogging torque simulations in Cases 1 and 2 of Table 2. From this
figure it comes out again that a small asymmetry in PM pole widths (around 4°) for two PM
poles (magnets A and B) can reduce the cogging torque by 45% compared with the symmetrical
case.
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Figure 7: FEM simulated cogging torque waveform (casel, Table Il)
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Figure 8: FEM simulated cogging torque waveform (case2, Table Il)

Consequently, this effect is obtained with a little increase of two PM poles arc (anyone of
them), as can be seen in Figure 5 compared with Figure 7.
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3.3 Shifting of the PM

The PM generator can be also designed with the same pole arc widths (am,) and different
relative position of the magnets along the airgap. Table 3 includes five cases of this asymmetry

type analysed with th

e FEM method.

Table 3: Third type of asymmetry

Case Pole arc width (am,) Position of the magnets

A B C D Oas Opc Ocp Opa

68 68 68 68 88 92 88 92

70 70 70 70 86 94 86 94

72 72 72 72 84 96 84 96

74 74 74 74 82 98 82 98

V| |W|IN (-

76 76 76 76 80 100 80 100

Figure 9 shows the
shifting of the PM by
symmetrical case. A

simulated cogging torque in Case 1 of Table Ill. A small asymmetry by
2° produces a decrease of the cogging torque by 52% compared with the
greater shifting in the PM poles distribution along the airgap cannot

provide further a smaller cogging torque.
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9: FEM simulated cogging torque waveform (casel, Table Ill)
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4

CONCLUSIONS

A four-pole surface-mounted PM generator is investigated in the paper, using FEM. Two
methods for minimizing the cogging torque have been analysed. The simulated results show
that a small asymmetry in PM pole arc between 4-5% for half of the number of PM poles
(anyone of them) is enough to reduce the cogging torque by around 50%. Furthermore, a small
asymmetry by shifting of the PM by 2° (mechanical degree) can produce a decrease of the
cogging torque by 48%-53%. These two techniques for reducing the cogging torque in a surface-
mounted PM generator a very simple and easy to apply.
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Nomenclature

(Symbols) (Symbol meaning)

r,© polar coordinates
R. air-gap radius
L axial length of the stator
B.pm radial component of the air-gap flux density generated by PM
Bg,pm tangential component of the air-gap flux density generated by PM
Mo vacuum permeability
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