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Abstract—This paper investigates the cogging torque and
torque ripple features of a permanent magnet flux switching
(PMFS) integrated-starter-generator (ISG). The effects of the
rotor pole arc width on cogging torque, torque ripple and output
torque are first established using finite element analysis (FEA).
Three torque ripple reduction techniques based on the
optimization of three different rotor pole configurations —
uniform, step skewed and axial pairing, are then proposed. The
torque characteristics of each rotor configuration at varying load
currents and phase angles are studied in detail. A prototype
machine with a common stator and the three optimized rotor
configurations are built for experimental validation. Both the
FEA results and the experimental tests show that the step skewed
and axial pairing techniques can alleviate the cogging torque
significantly but the latter is less effective than the former in
reducing the overall torque ripple.

Index Terms—Axial pairing, back EMF, cogging torque, finite
element analysis, phase angle, reluctance torque, step skew,
torque ripple.

1. INTRODUCTION

T HE EARLY LITERATURE on permanent magnet flux
switching (PMFS) machines can be dated back to the
1950s [1]. Yet only since last decade has seen some revived
interests on the machine due to a multitude of reasons including
advances in rare earth permanent magnet (PM) materials,
emergence of sophisticated computer-aided motor design tools,
and the quest for better machines [2]-[6]. In general, today’s
PMFS machines have distinctive merits such as high torque
density, good flux weakening capability, simple thermal
management, and mechanical robustness. Both nonlinear
lumped parameter magnetic circuit and finite element analysis
(FEA) models have been developed to evaluate and validate
these advantages [7]-[10]. Meanwhile, PMFS machines with

different configurations have been proposed for a wide range of
applications, from low power axial fans [11] to oil breathers
[12], and from traction [13,14] to more-electric aircraft [15].

The integrated-starter-generator (ISG) is considered a
preferred configuration over the conventional separated
starter-generator set in modern automotive applications [16].
The critical requirements such as extremely high starting torque
for cold cranking and constant voltage output over a very wide
speed range for battery charging, have underpinned the PMFS
machine as a potential candidate for ISG applications. Recently,
anew ISG has been proposed to harness the unique features of
the PMFS machine [17]. However, cogging torque and torque
pulsation, which are of particular importance for ISG, of the
PMFS machine are rather high compared with other PM
machines. This is due to the doubly salient structure, high air
gap flux density and magnetic saturations in the stator core. As
yet, there are relatively exiguous studies on the cogging torque
and torque ripple optimizations from either machine design
[18-21] or control [22] perspectives. Normally, techniques
based on machine design are more effective than the control
based ones. This is because machine design can minimize
cogging torque as well as optimize back EMF and hence torque
ripples, by means of optimization of the machine’s geometric
parameters, whereas machine control usually involves precise
excitation of current profiles based on complex real-time
computations and is highly dependent of the reliability and
accuracy of the sensors used. In PMFS machines, both the
armature windings and permanent magnets are located in the
stator, and the passive rotor is formed by stacked lamination
sheets similar to that of the switched reluctance machine (SRM).
Therefore, it is usually more preferable to adopt torque ripple
reduction techniques from the rotor design perspective for
cost-effective implementation.

In this paper, the main specifications of the PMFS machine
under study are first introduced and the modeling approach is
discussed. Then the effects of the rotor pole arc width (RPAW)
on cogging torque, torque ripple and output torque are
established using two-dimensional (2-D) FEA. Three different
rotor configurations — optimal RPAW with uniform rotor
teeth, rotor step skewed (RSS) and rotor teeth axial pairing
(RTAP), are proposed to mitigate the cogging torque and
torque pulsations. The torque characteristics of each
configuration at varying load currents and phase angles
(electrical degree) are obtained by the 2-D FEA modeled.



Fig. 1. Schematic of the proposed PMFS ISG.

TABLE]
MAIN DESIGN PARAMETERS OF THE MACHINE

Symbol Machine Parameter Values Unit
p Phase number 3 -
N, Stator pole number 12 -
N, Rotor pole number 10 -
N Coil turn number 6 -

PM Magnet material NdFeB35 -
Ry Stator outer radius 46.00 mm
Ry Rotor outer radius 24.75 mm
g Air gap length 0.50 mm
[ - Magnet thickness 3.24 mm
Ry Rotor tooth height 6.06 mm
L Machine stack length 60 mm
1y Rated rotational speed 1000 PM
Toa Rated output torque 5.5 N-m
I Rated phase current 50 (peak) A
Uy DC link Voltage 12 \"

Furthermore, three-dimensional (3-D) FEA models are
developed to account for both the end effects and the
axially-coupling effects between rotor teeth, and to validate the
2-D FEA results. Finally, a prototype machine with a common
stator and the three optimized rotor configurations are built.
Comprehensive experimental tests are undertaken to validate
the predicted results from the FEA models. Using the optimized
RPAW configuration with uniform rotor teeth as the
benchmark, the results show that the RSS method could
significantly reduce both the cogging torque and torque ripple.
On the other hand, the newly proposed RTAP technique can
effectively mitigate the cogging torque but is not particularly
useful to suppress the overall torque pulsation.

II. PMFS ISG AND MODELING

The proposed PMFS ISG comprises a complex stator of 12
poles with embedded PMs and concentrated coils and a simple
and passive rotor of 10 poles, as shown in the schematic in
Fig.1. Whilst the overall design and analysis of the machine
have been reported in the previous study [17], the main design
parameters of the machine, to which the proposed torque ripple
reduction techniques relate, are given in Table 1.

Generally, the torque output of a PMFS machine can be
derived by principle of virtual work as
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where Weoenergy(i,0), A(i,0) and Wg..Ai,0) are the corresponding
co-energy, flux linkage and field energy of the machine with
certain excitation current ;/ and rotor position frespectively. By
ignoring magnetic saturation in the machine, the flux linkage
and field energy can be decoupled and equation (1) can
therefore be rewritten as
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where 4,,(6), L(6) and W,,,(6) are the corresponding PM flux
linkage, inductance and PM field energy at rotor position &
respectively, T, is the torque generated by interaction between
the magnetic fields by winding current / and the PMs, T, is the
reluctance torque produced by winding inductance variations
with rotor position, and T, i cogging torque caused the PM
field energy alterations with rotor position. It can be inspected
that the instantaneous torque of the machine is an aggregate of
three parts, so is its torque ripple. However, saturations
inevitably exist in both stator and rotor of PMFS machine [7],
which would make decomposition of the parts contributing to
the output torque unfeasible. Furthermore, since the PMFS
machine has essentially sinusoidal back EMF, it is particularly
suitable for brushless AC mode of operation for minimum
torque ripple [2], [7]. For analysis in this paper, it is assumed
that the machine is excited by pure sinusoidal current.

II1. ROTOR POLE ARC WIDTH

The analysis and optimization of back EMF in a PMFS
machine with a common stator and varying rotor pole
combinations have been carried out through RPAW design [22].
It is also found that while the RPAW can greatly influence the
cogging torque and torque ripple of the machine, an optimum
value is always obtainable subject to the requirements of a
given application [7]. This, however, would invariably lead to
compromise between the magnitude and quality of the output
torque.

In this paper, the RPAW is normalized to stator permanent
magnet arc width for clarity in analysis. The cogging torque
waveforms for the machine with different RPAW are computed
by 2-D FEA and depicted in Fig. 2. However, the PMFS
machine has a unique doubly salient structure so that the
direct-axis reluctance is larger than quadrature-axis one [14],
[24]. Thus, current phase advancing should be implemented in
order to generate the maximum possible torque. Under
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advance angle ranged from 0 to 20 electrical degree are
evaluated as shown in Fig. 3, which shows the current phase
advance angle for maximum output torque is about 8 degrees.
Thus, at 8 degrees phase advancing operation, the
corresponding torque amplitudes, peak-to-peak (P-P) torque
ripple and cogging torque for different RPAW are illustrated in
Fig. 4, which shows the optimal RPAW is 1.7 for maximum
torque, and 1.9 for minimum torque ripple.

From Fig.4, it is evident that RPAW greatly affects both the
cogging torque and torque ripples, and hence the output torque.
It should be noted, though less explicit in their characteristics
curves, that cogging torque and torque ripples in the machine
can either counteract or aggravate with each other [25]. This
observation comports with the results in Fig. 4 that the P-P
cogging torque values are larger than the P-P torque ripple ones
when RPAW is less than 1.9, but smaller when RPAW exceeds
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Fig. 4. Torque amplitude, P-P cogging torque and torque ripple variations
with different RPAW.
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overall torque pulsation optimization, and forms the basis for
the proposed teeth pairing configuration. In Fig.5, the output
torque and cogging torque profiles at 1.9 and 2.3 RPAW are
shown. Although the two RPAW values both produce a similar
minimum cogging torque of 0.2Nm (peak), they have opposing
polarities. The results in Fig.5 show that 1.9 RPAW produces a
higher output torque with less torque pulsations. This can
further be explained by the characteristic cruves in Fig.4, which
shows the torque ripple is lower than the cogging torque with
1.9 RPAW, but is at 0.4Nm (peak) which is twice the cogging
torque value with 2.3 RPAW.

1IV. DIFFERENT ROTOR CONFIGURATIONS FOR COGGING
TORQUE REDUCTION

The merit of a cogging torque reduction technique generally
depends on complexity and hence the cost of implementation
and its impact on output torque and other machine performance.
Due to the relatively complex structure of the stator of the
proposed PMFS machine, cogging torque reduction techniques



Fig. 6. The proposed PMFS machine with three rotor configurations: (a) stator

and rotor, (b) uniform rotor with 1.9 RPAW, (c) rotor with step skew, (d) rotor
with teeth axial pairing.
based on rotor configurations are proposed. Fig. 6 shows the
3-D FEA model of PMFS machine with the three different rotor
configurations.

A.  Uniform Rotor with Optimal RPAW

The preceding analysis has been based on the rotor
configuration with uniform poles, as shown in Fig.6 (b). The
comprehensive results from Fig. 4 and Fig.5 show that the
optimal RPAW is 1.9 for overall torque output and ripple
torque performance. This configuration will be used as a
benchmark for the subsequent techniques proposed.

B. Rotor Step Skewed

Among the rotor skewing techniques, RSS is relatively easy
to fabricate since the skewing is arranged in discrete steps. By
neglecting the axial interactions between the steps, the cogging
torque of the machine with RSS can be derived by summing the
cogging torque generated by each step. All the cogging torque
harmonics can be eliminated except those are the multiples of
the step number with the rotor equally skewed by the optimal
angles [26]. There are essentially no even harmonics in cogging
torque of the machine with 1.9 RPAW as shown in Fig.5,
therefore, two discrete steps skewed by 3 degrees are deemed
adequate to further reduce the cogging torque. The final
configuration is shown as Fig. 6 (c).

C. Rotor Teeth Axial Pairing
Cogging torque can be artfully alleviated by constructing the
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Fig. 7. Cogging torque waveforms with different rotor configurations from
2-D and 3-D FEA.
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rotor stacks axially with different RPAW. The technique, called
rotor teeth axial pairing (RTAP), can be seen as a machine
made up of several different-axial-length machines with the
same stator configuration axially conjoined together[21], [25].
The resultant cogging torque of the machine can be obtained by
synthesizing the correponding cogging torques from each of
the conjoining machines, provided there is negiligible axial
interaction. By inspection of the result from Fig. 5, the cogging
torques with 1.9 and 2.3 RPAW have opposite polarities but
virtually equal P-P values. Consequently, cogging torque can
be effectively counteracted by axially pairing two equal
sectional length rotors with 1.9 and 2.3 RPAW. This rotor
configuration is shown in Fig. 6 (d).

D. Rotor Teeth Axial Pairing

The 2-D FEA models have been developed for first order
predictions based on simplified assumptions. However, to
account for the end effects of the PMFS machine and the axial
interactions of the rotor teeth, it is necessary to develop
comprehensive 3-D FEA models for more accurate predictions
for the cogging torque and phase back EMF. The 3-D FEA
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models in Fig.6 show the flux density distributions of the stator
and the three rotor configurations under no load condition. The

cogging torque profiles of the machine with different rotor
configurations are estimated by synthesized 2-D and 3-D FEA,
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Fig. 10. P-P torque ripple with different current amplitude and phase advance
angle, (a) uniform 1.9 RPAW, (b) step skew, (c) teeth axial pairing.

which are compared in Fig. 7. The results show the RSS and
RTAP techniques can effectively suppress the cogging torque
to very low levels compared against the benchmarking levels
from the optimal 1.9 RPAW rotor configuration based on
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results account for the end effects and axial interactions, the
cogging levels are therefore higher than that of the 2-D FEA
results, which ignore both effects. On the other hand, the
corresponding back EMF waveforms at rated speed appear to
be very similar and sinusoidal in all cases, as shown in Fig.8.
Close inspection however shows the back EMF waveforms of
the RSS and RTAP configurations are actually reduced and
deteriorated to some extend from that of the optimal 1.9 RPAW
configuration, leading to a reduction in output torque. This
shows the usual performance tradeoff that is associated with
cogging torque reduction methods.

V. TORQUE ANALYSIS AND COMPARISON WITH DIFFERENT
ROTOR CONFIGURATIONS

The average torque and torque ripple of the machine for each
rotor configuration are studied and compared in this section.
The torque characteristics of the machine excited with various
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Fig. 13. Torque and current characteristics with different rotor configurations
from 2-D and 3-D FEA.
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are analyzed using 2-D FEA. Without end effects and axial
interactions considerations, the torque profiles of the RSS
configuration can be expediently calculated using 2-D FEA
results and phase advancing concept [26]. For the RTAP
configuration, the resultant torque is obtained by synthesizing
the 2-D FEA results from each conjoing rotor as in the previous
section. Fig.9 shows the comprehensive results of the torque
profiles of the three rotor configurations at different current
excitations. The average torque reaches their maximums at
around 8 phase advancing and gradually declines to zero as the
phase angle approaches -90" or 90° for all three machines. It is
also observed that the average torque output of the RSS and
RTAP machines are somewhat depreciated. The corresponding
P-P torque ripples are depicted in Fig. 10, which shows the
torque ripples are much more significant with lagging phase
angles for all three machines. The torque ripples generally
increase with ascending current in all cases. However, the
graphs in Fig.10 also show there are non-uniform variations at
certain phase angles, as well as non-linearities when excessive
current levels make the machine ‘saturated’. However, the
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exceptionally subdued between -10" and 70" phase angles. For
the RSS and RTAP configurations, the changes of the P-P
torque ripple are almost negligible with leading phase angles
when the currents are smaller than the rated value of 50A. The
RSS configuration has the smallest torque ripples in all cases,
whereas the RTAP configuration has smaller torque ripples
than the 1.9 RPAW configuration at low current excitations
(<50A), but can have higher torque ripples in certain phase
angle range at higher excitation current (>50A).

Fig. 16. Experimental setup.
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3-D FEA and experiment.
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Fig. 18. Experimental test results of the prototype with axial magnets pairing.

above, 3-D FEA is comprehensively carried out with rated
current S0A. The average torque and P-P torque ripple of the
machines with different phase angles from 3-D FEA are shown
and compared with the ones from 2-D FEA in Fig. 11 and Fig.
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different rotor configurations from 3-D FEA and experiment.

TABLE 1T
P-P COGGING TORQUE AND BACK EMF HARMONICS COMPARISONS
Machine Parameters 2-D FEA 3-D FEA Test
P-P Cogging 0.23N'm 0.26N'm 0.30N'm
1* EMF 8.03V 7.82V 7.72V
LI RPAW 5" EMF 0151V 0.138V 0.146V
7" EMF 0.0290V 0.0110V 0.00440V
P-P Cogging 0.0056N-m  0.030N'm 0.11N-m
RSS 1™ EMF 7.75V 7.39V 7.20V
5" EMF 0.0564V 0.0697V 0.0120V
7" EMF 0.0135V 0.0150V 0.0224V
P-P Cogging  0.018N'm 0.034N'm 0.085N'-m
1* EMF 7.80V 7.48V 7.27V
RTAP 5" EMF 0.155V 0.110V 0.0614V
7" EMF 0.0807V 0.00690V 0.0229V

I'he 3-D FEA results ot average torque are concervably lower
than the 2-D FEA ones due to consideration of the end effects
and axial interactions, which also account for higher P-P torque
ripple. Additionally, Fig. 13 illustrates the average torque
output of the machines with different current excitations and 0’
phase angle from both 2-D and 3-D FEA. The correlations
between the average torque and current of the machine become
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from 3-D FEA and experiment.
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f
severe saturations caused by high armature reaction. From Fig.
11 and Fig. 13, the RSS and RTAP machines share almost the
same average torque output. Moreover, the corresponding
torque profiles with 0” phase angle from 2-D and 3-D FEA are
compared in Fig. 14, which shows the RTAP machine has the
smallest torque ripple, while the RSS and 1.9 RPAW machines
has similar torque ripples. It is also noted that that highest
torque is delivered in the 1.9 RPAW machine.

VI. EXPERIMENTAL VALIDATIONS AND DISCUSSIONS

The stator and the three proposed rotor configurations are
built for experimental validations of the FEA results. The
prototypes and the experimental setup are shown in Fig. 15 and
Fig. 16 respectively. The predicted cogging torque profiles of
the machines from 3-D FEA are compared with the
experimental results in Fig. 17. There are some noticeable
deviations between the estimated and measured results,
especially for the RSS and RTAP machines. The phase back
EMF waveforms from the 3-D FEA and experimental tests at



1000rpm are compared as in Fig. 18, which shows the
experimental ones are slightly smaller than the predicted.
Moreover, the P-P cogging torque and dominant back EMF
harmonics (1%, 5 7™) are given in Table 1I for further
comparisons. The FEA models are based on idealized machines
with no mechanical tolerances and assembly deficiencies. In
practice, it will be too costly, if not impossible, to build an ideal
machine. Allowing also for errors due to experiments and
software limitations, it is felt that these results from the FEA
models and experimental tests are in satisfactory agreements. In
addition, they also confirm that both the RSS and RTAP
techniques can effectively reduce the cogging torque, albeit at
the expense of small attenuations on the back EMF.

For the torque output and torque ripple tests, since the period
of the torque pulsation is 6  (mechanical) due to machine
symmetry as shown in Fig.14, it suffices to take 12 static torque
measurements over a period of 6" (mech) by exciting the three
phase winding with DC currents according to the rotor
positions. The average torque and P-P torque ripple of the three
proposed rotor configurations with different phase angles and
rated current (50A) excitation from experiments are compared
with 3-D FEA results in Fig. 19 and Fig. 20 respectively. There
are relatively larger discrepancies between the predicted and
measured results, compared with the previous comparison on
cogging torque and back EMF. In addition to the previous
explanations, there are further measurement uncertainties in the
DC currents in the machine windings, and more importantly the
machines have 10 rotor poles which would amplify any rotor
position errors by 10 times when conducting the measurements.
These factors potentially attribute to more significant

experimental errors, as evident in the comparisons shown in Fig.

19 and Fig. 20. However, the experimental results further
confirm the superiority of the RSS for its smallest torque
pulsations among the three machines, whilst the P-P torque
ripples in the 1.9 RPAW and RTAP machines are quite close
with phase angles from -30" to 30", The average torque output
of the machines with different current excitations and 0" phase
angle from both 3-D FEA and experimental tests are illustrated
in Fig. 21, which show good agreements are achieved between
the estimated and measured results, where latter are only very
slightly smaller than the former. Moreover, the corresponding
torque profiles with rated current excitation and 0" phase angle
from 3-D FEA and experimental tests are compared in Fig. 22,
and satisfactory agreements are again achieved.

From the above comprehensive analysis and comparisons,
the RSS not only can significantly reduce the cogging torque
but also greatly suppress the general torque ripple. Although
the RTAP technique can effectively mitigate the cogging
torque, it is not particularly effective to suppress the overall
torque pulsation. However, it should be noted that both RSS
and RTAP techniques compromise the torque output of the
machine. It is therefore important to critically appraise the pros
and cons of the technique to be deployed, in order to meet
specific requirements of the application.

VII. CONCLUSION

Three rotor configurations have been proposed for cogging
torque and torque ripple reduction of the PMFS ISG machine.
The uniform rotor configuration is used as a design benchmark
for the other RSS and RTAP configurations. Comprehensive
FEA models have been developed for the machine’s
performance prediction. Experimental results have been carried
out for the machine with three rotor configurations to validate
the FEA models. The results show that the RSS and RTAP
techniques are both very effective design to reduce the cogging
torque in the proposed PMFS ISG. However, the RTAP method
can only accomplish torque ripple improvement with low load
conditions and will even increase torque pulsations with high
load conditions while the RSS method can effectively suppress
torque ripple with full-range loads. Careful selection is
important for both cogging torque and torque ripple mitigations
during the machine design stage.
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