IET Electric Power Applications, 2010, Volume 4, Issue 8, pp647-656

Cogging torque suppression in a permanent-
magnet flux-switching integrated-starter-
generator

M.J. Jint Y. Wang® J.X. Shen® PC.K. Luk® W.Z Fei®
o Wf:nf'ygll’2

college of Electrical Engineering, Zhejiang University, Hangzhou 310027, People’s Republic of China
“Department of Engineering Systems and Management, Cranfield University, Shrivenham SN6 8LA, UK
E-mail: | x_shen@zju.edu.cn

Abstract: Permanent-magnet flux-switching (PMFS) machine offers high torque density, impressive flux-
weakening capability and mechanical ruggedness because of its distinctive configuration, and is potentially
suitable for the application in automotive integrated-starter-generators (ISGs). However, the PMFS machine
generally exhibits higher cogging torque compared with other machines commonly used in ISGs. Minimisation
of the cogging torque in the PMFS machine for its utility in ISGs is therefore of particular importance. Four
rotor topologies are proposed here as cost-effective means to suppress the cogging torque of a PMFS ISG. The
validity of the proposed techniques has been confirmed by both two-dimensional finite-element analysis and
experimental results. Moreover, the influence on the back electromagnetic force by these technigques is also

investigated.

1 Introduction

Integrated-starter-generators (ISGS) are normally a highly
power dense and efficient electric drive with multi-quadrant
operational capability, which can be employed to replace
the conventional separated starter and generator in modern
road vehicles [1]. Various electric machine types have been
surveyed and proposed for ISG applications [2]. In general,
the ISG should be capable of offering a very high starting
torque for cold cranking and a constant output voltage over
a very wide speed range for battery charging. The
permanent magnet (PM) brushless machine has been
considered as the most competitive candidate for ISG
applications because of its high power density and
efficiency. However, owing to the extreme temperature
under the hood of the vehicle, the PM machine is
particularly vulnerable to poor temperature management,
which may result in degradation in machine performance,
and even severe demagnetisation of the magnets in
machine’s rotor in the extreme cases.

The permanent-magnet flux-switching (PMFS) machine
is a doubly salient machine comprising a passive rotor and
a stator with both windings and PMs. The variety of
methods to accommodate the windings and PMs within
the stator offers many design options for the PMFS
machines [3, 4]. Because of its unique structure, the PMFS
machine inherits such merits as high torque density, good
efficiency and excellent flux-weakening capability from the
conventional interior PM brushless machine, and the
ruggedness of the rotor from the switched reluctance
machine. Furthermore, effective thermal management can
be readily achieved since the crucial parts of the machine
such as windings and magnets are located in the stator
rather than in the rotor. Recently, a general purpose three-
phase PMFS machine has been proposed to highlight its
potential in ISG applications [5]. However, cogging torque
in the PMFS machine is relatively high compared with
other types of PM machines as a result of the high air-gap
flux density produced by the magnets and the doubly

salient structure, which might conduce to mechanical
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vibration and acoustic noise. Thus, minimisation of cogging
torque is of particular importance for the PMFS to be
considered as a viable candidate for IGS applications.

To date, research on the PMFS machine has been mainly
focused on general electromagnetic design procedure and
performance analysis [4-19], with relatively exiguous
effort addressing the issues on cogging torque reduction
[20, 21]. On the other hand, for conventional PM-rotor
machines, numerous techniques such as stepped rotor
skewing, stator tooth width and rotor magnet spacing,
teeth notching, magnets pairing and magnets shifting have
been proposed to alleviate the cogging torque effects [22—
24]. As a low-noise smooth start function is highly
desirable in the ISG application, it is important that the
PMFS provides a smooth torque quality with minimal

cogging torque.

In this paper, four rotor-based cogging torque reduction
techniques, namely rotor tooth-notching, rotor tooth-
chamfering, rotor tooth-pairing and rotor tooth-skewing,
are investigated for their utility in PMFS ISG applications.
Since the PMFS machine has a complex stator structure
and a simple passive rotor, it is proposed to implement
cogging torque reduction by varying the rotor structure
against a constant stator structure. By developing two-
dimensional (2-D) finite-element analysis (FEA) models
for the machine with varying rotor structures, the cogging
torque and back electromagnetic force (EMF) performance
of each of the techniques are evaluated and optimised. The
results from the FEA models are compared with the
experimental results. A good agreement between the results
confirms the validity of the 2-D models. The results from
the prototypes also demonstrate that the proposed
techniques can be implemented very cost effectively in

suppressing the cogging torque of the PMFS ISG.

2 Basics of PMFS ISG

The PMFS machine under study is based on an earlier
investigation in which detailed design and analysis have
been undertaken [5]. This is a further investigation into the
applications and experimental verifications of the proposed
cogging torque reduction techniques to the machine. The
stator and rotor of the PMFS machine is depicted in
Fig. 1, which shows a 10-pole rotor and a 12-pole stator
comprising laminations, magnets and concentrated winding
coils. The rotor is reminiscent of that of the switched
reluctance motor (SRM). The main design parameters of
the machine are given in Table 1. The design parameters
of the stator and rotor poles are denoted in Fig. 2. In the
original model of an inner-rotor PMFS machine [4],
the stator pole is evenly divided into three parts, namely
the lamination slot, the magnet and the lamination tooth,

which also have the same width as the rotor pole. The
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Figure 1 Topology and prototype of proposed PMFS ISG

a Topology
b Prototype of stator and original rotor

Table 1 Main design parameters of the proposed PMFS ISG

Symbol Machine parameter Value Unit
N, stator pole number 12

N, rotor pole number 10

R stator outer radius 46.00 mm
R stator inner radius 25.25 mm
Rio rotor outer radius 24.75 mm
g air-gap length 0.50 mm
B magnet width 3.24 mm
B rotor tooth height 6.06 mm
B: rotor tooth width 5.18 mm
L machine active length 60.00 | mm

permanent magnet material [ NdFeB35

h pm

Bs
slod ﬁS

Figure 2 lllustration of stator and rotor poles

correlations of the parameters can thus be derived as
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where B, Ao, B and Ay, are the dimensions for the rotor
tooth, stator slot, stator tooth and the magnet, respectively,
while 6, is the stator pole width. However, such relationships
may not be the optimal configuration in practice [7, 8].



Thus, for the PMFS machine under study, it was proposed to
have B, = 1.6, to improve the machine performance [5].

In the PMFS machine, the torque acting on each stator
pole with open-circuit windings can be expressed as

:rsinglr:(g) = Z T:'i Sin(n:‘?\rrﬁ) (2)
n=1

where 7, is the amplitude of the torque of the corresponding
nth harmonic and @ is the rotor position. Thus, the resultant
cogging torque of the machine can be calculated by simply
synthesising the torque acting on each stator pole as
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By inspection, it is noted that the terms on the right side of (3)
are all equal to zero except those in which #/V,/N; are integers.
In other words, only the terms where 7V, are the multiples of
the lowest common multiple of N, and IV;, lem(V;, NV,), exist.
Hence, the mechanical angle corresponding to each period of
the cogging torque can be obtained as

27
The @copping for the machine under study can be easily derived
as 7/30.

To verify the results above, the cogging torque of the
PMFS is evaluated by both FEA model and by
measurement. The FEA-predicted and experimental results
are shown in Fig. 3, in which good correlations are
observed. The discrepancy between the two results is likely
due to the considerable 3-ID end-effects for a machine with
a relatively short axial length compared with its diameter,
which have not been modelled in the 2-D FEA model.
Also, there are manufacture and assembly deficiencies in
the prototype machine. It can be noted that the
experimental peak-to-peak cogging torque is rather high,
reaching almost 1 Nm. This should be addressed during
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Figure 3 Cogging torque profiles of the proposed PMFS ISG
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Figure 4 Phase back EMF waveforms of the proposed
PMFS ISG

the machine design stage for an IGS application. The
predicted and measured values of the phase back EMF
waveforms at 1000 rpm are illustrated in Fig. 4, which
shows the predicted value is slightly higher than the
measured, which may also be due to neglect of the end-
effects. Essentially, the results show that the back EMF is
close to sinusoidal with negligible harmonic distortion,
indicating that the proposed PMFS ISG is inherently
suitable for brushless AC operation, that is, sine-wave
operation.

3 Rotor designs for cogging
torque reduction

In general, the choice of a cogging torque reduction
technique depends on whether it meets the requirements
of easy implementation with minimum extra costs and
compromise of other machine performance. Since it is
more costly and difficult to apply design techniques on the
complex stator of the proposed PMFS, it is proposed to
vary the rotor structures in order to implement the various
cogging torque reduction schemes. From (3), it can be
inspected that the overall cogging torque could be
drastically reduced by minimising selected 7,, through
ingenious rotor structure design. Furthermore, the cogging
torque can be calculated, with the energy method, as the
mean value of the Maxwell stress tensor on the whole

air-gap volume [25], that is
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where p is the air permeability of air, a is the angle along the
air-gap circumference, Ler is the effective axial length of the
machine, z is axial position along the machine axis; G(a, z)
and B(a, 6) are air-gap relative permeance and the air-gap
flux density in an equivalent slotless machine, respectively.

The magnets are located in the stator of PMFS ISG, while



in this paper the stator is not changed but the rotor is
modified. Therefore B(a, 6) is unchanged, but Gla, 2) is
varied with different rotor designs in order to reduce the
cogging torque. In this section, four common cogging
torque reduction techniques that have been applied
successfully in other PM machines will be used in the
design of the passive rotors for the PMFS ISG application.

3.1 Rotor tooth-notching

Cogging torque can be effectively reduced by introducing
notches to create dummy slots in either the stator of
surface-mounted PM machine [22] or in the rotor of
interior PM machine [26]. Tooth-notching can also be
applied to the PMFS machine rotor, which will increase
the variation periods and decrease the variation amplitude
of G(a, z) in (5), resulting in a reduced peak value of the
cogging torque. However, this may also compromise the
back EMF of the machine as a result of the enlarged
equivalent air-gap length. Thus, both the number and
geometric configuration of the notches should be carefully
selected to minimise the cogging torque and at the same
time to keep the back EMF as high as possible.

In this paper, two and three notches on each rotor tooth
are selected, respectively, to reduce the cogging torque of
the proposed PMFS 1SG, as shown in Fig. 5.
Furthermore, the notch depth % is chosen as half of the
notch width / to simplify the modelling process and
calculation. Consequently, the machine with two notches
allocated at the positions 1/6 and 5/6 of the rotor-tooth
width and with the width /=1 mm is denoted as ‘notchl’,
whereas the one with three notches allocated at the
positions 1/6, 1/2 and 5/6 of the rotor-tooth width and
with /= 1 mm is denoted as ‘notch2’. Furthermore, the
machine which is similar to ‘notch2’ but with /= 0.8 mm
is denoted as ‘notch3’. The cogging torque and phase
back EMF waveforms of these machines are shown in
Figs. 6 and 7, respectively. It can be seen that the three-
notch structure can reduce the cogging torque much more
effectively than the two-notch. However, the three-notch
structure normally results in a lower back EMF. It can also
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Figure 5 Schematic of rotor tooth-notching

a Two notches
b Three notches

be seen from Fig. 6 that both the amplitude and phase
angle of the cogging torque profiles vary along with the
notch width. Moreover, the polarity of the cogging torque
changes when the notch width changes from ‘notch2’ to
‘notch3’. Therefore an optimal notch width can be found
between ‘notch2’ and ‘notch3’ as being /= 0.9 mm, which
is denoted as ‘notch4’. From Fig. 6, it can be seen that
‘notch4’ can reduce the peak of cogging torque to just 10%
of the original one. However, from Fig. 7, it also degrades
the back EMF by nearly 8.5%.

3.2 Rotor tooth-chamfering

Rotor tooth-chamfering is commonly adopted in reluctance
machines to reduce the armature reaction effect and
improve the torque performance [27]. It can also be used to
smoothen the variation of air-gap permeance G(a,z) in the
PMFS machine, and resultantly suppress the cogging
torque. Varous chamfering radii (see Fig. 8), R=3, 5
and 6 mm, denoted as ‘chaml’, ‘cham2’ and ‘cham3’,
respectively, are studied for their effects in cogging torque
reduction of the proposed PMFES ISG. The cogging torque
and phase back EMF profiles of the machines are
illustrated in Figs. 9 and 10, respectively. The results show
that both the magnitude and phase angle of the cogging
torque waveforms change along with the chamfering radius,
and the reduction of back EMF becomes more severe as

the chamfer radius decreases. It can be observed that the
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Figure 6 Cogging torque profiles for rotor tooth-notching
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Figure 7 Phase back EMF waveforms for rotor tooth-
notching
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Figure 8 Schematic of rotor tooth-chamfering
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Figure 9 Cogging torque profiles for rotor tooth-chamfering
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Figure 10 Phase back EMF waveforms for rotor tooth-
chamfering

cogging torque profiles with ‘cham1’ and ‘cham2’ have almost
the same magnitude but opposite polarities. Therefore an
intermediate chamfering radius R = 4.3 mm, denoted as
‘cham4’, is obtainable through extensive FEA optimisation,
and ‘cham4’ is found to be able to minimise the peak value
of the cogging torque maximally to only 0.025Nm, or
about 7.5% of the original one, as shown in Fig. 9.
However, it also decreases the peak value of the back EMF
by 7.6% of the original as shown in Fig. 10.

3.3 Rotor tooth-pairing

Circumferential or axial magnets pairing have been
implemented successfully in cogging torque reduction
of PM brushless machines by some artful designs

(22, 24, 28]. Since the cogging torque waveform varies
with the rotor tooth width in PMFS machine [5, 7, 8], the
rotor configuration with different tooth-widths assembled
altemately as shown in Fig. 11, better known as rotor
tooth-pairing, can be employed to alleviate the cogging
torque effect in the proposed PMFS ISG. By using this
technique, the air-gap permeance can be optimised in such
a way that the integration of G*(a, 2) with a in (5) is
minimised, resulting in a lower cogging torque. However,
in such a design, the rotor mechanical balance should
always be concerned.

The original rotor and two new rotors which will be used
for tooth-paring are studied using FEA models. All teeth on
each of the rotor are of the same width. The three rotor
structures, with the ratio of the rotor tooth-width to the
stator tooth-width being 1.6, 1.4 and 1.8, respectively,
are denoted as ‘original’, ‘ratiol.4" and ‘ratio1.8’ accordingly.
The cogging torque profiles are shown in Fig. 12. It can
be seen that the magnitude and phase angle of the
cogging torque waveforms vary along with the rotor
tooth-width. However, no polarity alteration is observed.
Thus, it is predicted that the rotor tooth-pairing
technique may reduce cogging torque less efficiently

Figure 11 Schematic of rotor tooth-pairing
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Figure 12 Cogging torque profiles for rotor tooth-pairing
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Figure 13 Phase back EMF waveforms for rotor tooth-
pairing

compared with the previous methods. However, by way of
example, an optimised rotor can be achieved by
combining five teeth of ‘ratiol.4" alternately with five teeth
of ‘ratiol.8’, denoted as ‘ratiol.4&1.8". As can be seen
from Fig. 12, it reduces the cogging torque peak value to
51% of the original. Moreover, it has negligible negative
impact on the amplitude of the peak back EMF, as
shown in Fig. 13.

However, it should be noted that for other machine
topologies, it may be possible to find different rotor tooth-
widths which lead to cogging torques with similar
magnitude but opposite polarities, as in the previous
methods. Thus, the rotor tooth-pairing technique will
bring much better effect of cogging torque reduction.

3.4 Rotor tooth-skewing

Skewing of the stator or the rotor is the most common
approach to reduce the cogging torque in PM machines
[22-24]. For the PMFS under study, it is usually difficult
to skew the stator since PM bars are embedded in it
However, it is practical to skew the rotor, which can
optimise the air-gap permeance in such a way that the
integration of G*a, z) with z in (5) is minimised, and
the cogging torque is thus reduced. However, rotor
tooth-skewing could decrease rotor saliency, which may
lead to reduced back EMF and electromagnetic torque as
well.

The original rotor is skewed by #/30, or one cogging
torque period, for minimisation of cogging torque. Fig. 14
shows the FE-predicted waveforms of cogging torques
before and after skewing, where the former waveform has
been shown in Fig. 3. It is noted that the cogging torque is
reduced by 89% using rotor tooth-skewing. In addition, it
can be observed from Fig. 15 that the back EMF becomes
more sinusoidal with less harmonic distortion, while the
amplitude of back EMF drops only by 5.1%. These results
show rotor tooth—skewing as an effective cogging torque
reduction method for the PMFS.
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Figure 14 Cogging torque profiles for rotor tooth-skewing
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Figure 15 Phase back EMF waveforms for rotor tooth-
skewing

4 Experimental validation

The prototypes of the five different rotor structures proposed
in the preceding sections are shown in Fig. 16, which are used
for experimental validations of the FEA models and the
utility of the proposed cogging torque suppression methods
in the PMFS ISG. The predicted cogging torque profiles
from the FEA models and the experimental results for each
of the four proposed techniques are individually compared
in Fig. 17. Furthermore, peak-to-peak values of the
cogging torque for different techniques are compared with
the original one in Table 2. Ideally, all the proposed
techniques assume prefect manufacture and assembly of
the machine for their implementation. In practice, tight
mechanical tolerances cannot always be met, and
manufacturing and assembly deficiencies inevitably occur.
In the prototype machines, it was found that some
dimensions such as those of the PMs and lamination stacks
which were manufactured by wire-cut, as well as the stator/
rotor eccentricity, were not held to sufficient tolerances.
These account for the noticeable deviations that occur
between the FEA-predicted and measured results in
Fig. 17. In the actual laboratory experiments, the rotor with
tooth-chamfering was tested last. It was found that the
measured cogging torque became higher every time the
machine was disassembled and reassembled. This was
attributed to the wear and tear of the bearing housings,



Figure 16 Prototype rotors with different configurations

a Original

b Tooth-notching
¢ Tooth-chamfering
d Tooth-pairing

e Tooth-skewing

which had been subjected to repeated assembly and
disassembly from the previous tests. This also led to
deteriorated eccentricity of the rotor and higher cogging
torque. These effects are easily evident from the most
noticeable deviation between the FEA and test results as
shown in Fig. 174. Moreover, only 2-D FE analysis was
used to predict the cogging torque in the investigation,
which means that the 3-D effects such as flux fringing in
the machine have been neglected. This would also make
the predicted results deviate from the test results. However,
it can be seen that the all predicted cogging torque
waveforms essentially show the same varations as the
corresponding experimental results. The results in Table 2
show that the four design approaches can indeed reduce the
cogging torque significantly by 89.0, 86.6, 59.5 and 87.2%
from the original design, respectively. The effectiveness of
the proposed measures for cogging torque reduction is thus

fully demonstrated. The overall good agreements between
the FEA and the experimental results have also confirmed
the validity of the FEA models.
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Table 2 Cogging torque peak-to-peak value for the
proposed techniques

Design FEA, Test, Percentage, %
techniques Nm Nm (test)
original 0.702 0.846 100
tooth-notching 0.061 0.093 11.0
tooth-chamfering | 0.040 0.113 134
tooth-pairing 0.303 0.343 40.5
tooth-skewing 0.078 0.108 12.8

Additionally, the back EMFs of the machines with

different rotors are measured at speed of 2400 rpm, as

illustrated in Fig. 18. Since the experimental value of

the back EMF are generally relatively less sensitive to
mechanical defects and test bench measurements than in
the case of low-level cogging torque, there are very close
agreements between the experimental and predicted results.
In order to investigate the back EMF further, harmonic
analysis has been undertaken, and the fundamental values
and total harmonics distortions (THD) are given in
Table 3. The values of the fundamental component of the
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Figure 18 Measured back-EMF waveforms for various
design methods

Table 3 Fundamental value and total harmonics distortion
of measured back EMF

Design Fundamental, | Percentage, | THD,
techniques Vv % %
original 18.46 100 4.07
tooth-notching 16.55 89.7 2.46
tooth-chamfering 16.77 90.8 2.33
tooth-pairing 18.13 98.2 4.83
tooth-skewing 17.66 95.7 2.39

back EMF under the different techniques have found to be
declined by 10.3, 9.2, 1.8 and 4.3, respectively. In addition,
it can be seen that all the techniques, with the exception of
rotor tooth-pairing, can ameliorate the THD of the back
EMF, as shown in Table 3.

For better perfformance, it is generally more preferred to
drive the machine in the brushless AC (BLAC) mode. A
high THD value of back EMF would cause serious load-
dependent torque ripple, which would compromise the
effectiveness of cogging torque suppression. Therefore the
technique for cogging torque reduction must also take into
consideration other factors such as the THD of the back
EMF. Tooth-skewing is considered as a favourite method
for its effectiveness in cogging torque suppression with the
least back EMF compromise, even though the assembly of
the rotor is relatively complicated. From the foregoing
comprehensive analysis and tests, it can be clearly seen that
the proposed techniques can be applied for effective
cogging torque reduction of the PMFS ISG under study,
although at the expense of a small reduction of the back
EMF. It is envisaged that the techniques can also be
implemented cost effectively due to the simplicity of the
rotor designs and assembly.

5 Conclusions

Four cogging torque suppression techniques, namely rotor
tooth-notching, rotor tooth-chamfering, rotor tooth-pairing
and rotor tooth-skewing, are investigated for a three-phase
PMEFS ISG with 12 stator poles and 10 rotor poles. Both
the FEA and experimental results have revealed that the
cogging torque can be effectively mitigated by all of the
proposed techniques with minimum extra manufacture
complexity and costs. The techniques will also lead to the
undesirable effects of reduced back EMF, but they can also
have a positive impact on the THD of back EMF. Thus,
these factors should be taken into account for the
implementation of the proposed techniques. Although the
investigations have been undertaken on a PMFS ISG
with specific configurations, it is envisaged that the
proposed measures equally apply to other PMFS
machines with different configurations. Further work
should be undertaken to study the potential benefits of
combining these measures together for more effective
cogging torque reduction and better overall machine
performance.
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