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The torque ripple, vibration and noise generated in interior permanent magnet synchronous
machines (IPMSMs) due to the cogging torque. This will directly influence on the
performance of the motors in general and IMMSMs in particular. Hence, the computation
and investigation of the cogging torque play an important role for manufactures and
designers to design the electric motors. In this paper, the analytical model of skew slot
stators (SSSs), one-direction step-skew rotor (1D-SSR) and two-direction step skew rotor
(2D-SSR) is presented to reduce the cogging torque of the IPMSMs. Then, the FEM is
proposed to analyze and simulate the magnetic flux density, back electromotive force
(EMF) and electromagnetic torque. However, in order to minimize the total harmonic
distortions of the back-EMF waveforms due to the use of skew step rotors, a combination
of the two-direction segment rotor structure with an optimal skewing angle of the 2D-SSR
will be presented. A practical motor is applied to validate the developed method. The
obtained results from the simulatated method are finally compared with the measured

method.

1. INTRODUCTION

Many methods of the step-skew rotor have been recently
proposed to reduce the torque ripple, noise and vibration, and
improve the electromagnetic parameters of electric machines.
In the study [1], the combination of different numbers of stator
and rotor poles was presented to suppress the torque ripple. In
the study [2], a finite element method (FEM) was developed
for the interior permanent magnet synchronous machine
(IPMSM) with 6 poles and 36 slots to reduce the cogging
torque. In this paper, the combination of pole arc coefficient
was studied. In the study [3], the axial flux permanent magnet
machine (AFPMM) was proposed to design the slotted axial
field flux switching for reducing the torque ripple. This paper
also used the FEM to design, analyze and create the new model
of machines. In the study [4], the traditional skewing, radial
pole shaping and the proposed axial pole shaping were also
used for a commercial industrial IPMSM to reduce the torque
ripple. The obtained results were shown the reduction of the
torque ripple effectively compared to other conventional
techniques. In the study [5, 6], the shape of the magnets were
developed with 2D radial flux motors for reducing the cogging
torque of the AFPMM. In this paper, the 2D model was
expanded to 3D one to take the new cogging torque
cancellation conditions into account. The obtained results
from the proposed method were also validated to the measured
results. In the study [7], the hybrid excited axial field flux-
switching permanent magnet (PM) machine is investigated for
reducing the cogging torque reduction. The paper also
indicated the influence of the machine design parameters on
the field regulation capacity and output torque of the proposed
machine. In the study [8], the cogging torque and torque ripple
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components of permanent magnet synchronous machines
(PMSMs) were considered at low speeds with a new two-stage
harmonic current injection technique. In this approach, the
algorithm was developed to wvalidate for two different
AFPMMs experimentally. In the study [9], the cogging torque
of permanent magnet machines (PMMs) was studied based on
harmonic torque counteract. In this research, the FEM was
proposed to investigate the influence of the current harmonic
injection scheme on the dynamic cancellation of cogging
torque and harmonic torque. Based on that, the use of different
slots and poles of the PMM was shown to demonstrate the
cogging torque reduction. In the study [10-12], the cogging
torque components in double-rotor AFPMMs were minimized
by several cost-effective magnet-skewing techniques. The
obtained results demonstrated that the use of magnet-skewing
approaches gave the cogging component reduction compared
to one with un-skewed magnets.

In this research, the analytical model of skew slot stators
(SSSs), one-direction step-skew rotor (1D-SSR) and two-
direction step skew rotor (2D-SSR) is presented to reduce the
cogging torque of the IPMSMs. Then, the FEM is proposed to
analyze and simulate the magnetic flux density,
electromagnetic torque and back electromotive force (EMF).
But, the two-direction segment rotor structure is associated
with an optimal skewing angle of the 2D-SSR to minimize the
total harmonic distortions of the back-EMF waveforms due to
the use of skew step rotors. The proposed method is validated
on the practical motor to show a good agreement theory.

The sections of this paper are structured as follows. In
Section 2, an analytical calculation of the different step
skewed rotors and stator with different angles is introduced.
Based on that the expression of the cogging torque, skewed
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factors, the SSS, 1D-SSR and 2D-SSR are respectively
presented in Section 2.1, Section 2.2 and Section 2.3. The
obtained results from the FEM will be then shown in Section
3. The 2D-SSR prototype is also given in Section 4. A
conclusion is finally pointed out in Section 5.

2. ANALYCTICAL COMPUTATION OF STEP-
SKEWED ROTORS AND STATORS

As presented in Section I, the torque ripple reduction is
performed via the three models of SSS, 1D-SSR and 2D-SSR
as shown in Figure 1. The 1D-SSR is the conventional method
used in industrial applications, whereas the 2D-SSR with
different skewing angle is developed in this research. To
manufacture and assembly 6 slices together, a mechanical
angle is created to guide 6 slices in the correct position.
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Slice 5

. Slice 6 -3.125
Slice Proportional Angle
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Slice 5 1 -1.875
Slice 6 1 -3125

Figure 1. Model of SSS (fop), 1D-SSR (middle) and 2D-SSR
(bottom)

2.1 Model of SSS

The relative position of rotor and stator of an IPMM is
presented in Figure 2. Where the 6 is the position of a
specified PM, «a is the angle between the centre line of the PM
and the centre line of the stator tooth.
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Figure 2. The typical model of rotor and stator

The cogging torque expression is defined via the magnetic
energy variation (W) generated by the alternation between
slots and teeth stored in the air gap, that is [1]

a Wms

T.
oa

cog =

(1)
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where, the W,,; is defined as

Wms =

1 2
0 f B.(0,a)dV )

0V

where, 1, is the magnetic permeability and B,, is the magnetic

flux density of the PM, which varies with the position of the
slot openings to 6 as presented in Figure 3. Therefore, the By,
can be defined via the MMF (F):

Hy

B,=————-—7FF(0
" 5(00,a) + hpy ®

€)

where, 6(0, a) is the length of effective air gap along the
circumference, hp,, is the thickness of PM and F(@) is the air
gap distribution of MMF presented in Figure 3 [1, 6].

By substituting (3) into (2), one gets

1 2
W, =— f B0, a)dV

2
ooy 6y o (4)
" 2, f,,(é‘(e,a) +hPM) F &y

where, F%(0) is expressed via the Fourier series, i.e., [1].
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Figure 3. The magnetomotive force (MMF) waveform along
the circumference

F2(0) = Fy + Z E,cos2 np# (5)

n=1

2 (hPM BT‘)

where, the terms Fy = a,F* and F, = — Zsin nma,,.
s D n nr Y4

The terms B, and a,, are respectively the remanent magnet
and the pole-arc coefficient. By substituting the Eq. (5) into
the Eq. (4) and the Eq. (4) into the Eq. (1), the cogging torque
can be then defined as [1, 5]:

L -
Trog= Z (R3-R3) Z F,B,, sinjta (6)
0 —

Jj=1

where, L, is the axial length of the machine, R; and R; are
respectively the radius of outer and inner stators, ¢ is the
number of stator slots and j is the positive integer. The skew
factor (k) influenced directly on the cogging torque can be
given [12-15]:

sin (j'ﬂ"l'%)
jt B

()

sk—

where, N is the number of slices and oy is the skew angle,



which depends on the parameters of the rotor lamination shape,

magnet shape, air-gap length, pole arc and width, and ratio of
N/p. This makes clear that the cogging torque value is
influenced directly on selecting the optimal parameters of the
motor.

2.2 Model of 1D-SSR

The SSS with an angle shift of mechanical degrees (f) is
considered for reducing the cogging torque. For that, the
cogging torque expression can be defined via the rotor position
[14]:

Tog= ) Tsin(N-5)) ®)
=0

If the stator is split into n segments along the motor axial
direction, and f, is the angle shift of mechanical degree

between the adjacent two rotor poles, the cogging torque is
defined as [14]:

n n-1
Tog= ) T ) sin(iN(0:8,)) ©)
=1 j=o
The above equation can be simplified to:
zNﬁ n
Trog= Z Nﬂ —Z—sin (iN(058,)) (10)

If the i-order cogging torque is eliminated, the f, is
theoretically expressed as the following requirements:

iNB,n
2

sin =0 (11)

2.3 Model of 2D-SSR

The step skew factor (K, pore ) Of harmonic components
of back EMF can be expressed [15-17]:

n-sin <%)

where, n is the step number, « is the step skew angle and v is
the order number of harmonics. The factors of PM torque

(kTiskew JoleiPM) and reluctant torque (kTiskew J)oleiRE) are
respectively given as:

k =

skew_pole_v

(12)

sin (i)
2(n-1)
kT_skew_pule_PM: 70( (13)
n-sin <—2(}’l—]))
n
k M =k cos ¢ (14)
T _skew_pole RE ™ o T _skew_pole_PM 2
n-sin (I’ZT])

These factors are equal to factors of the slot-skewing, if n is
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infinitely great. Thus, the torque can be described as [5, 12]:

*—pl’l[l// IkT " skew_pole__ PMSlnﬁ]

(15)
EP” 513 (Ld'Lq)kTiskew#noleiRE sin Zﬁ]
where, p is the number of pole pair, /; is the amplitude of stator
current and y,, is the magnetic flux per pole of single step.
Based on this equation, the PM and reluctant torque
components will be reduced by using the 2D-SSR.

3. NUMERICAL SIMULATION

Three skewing magnet models are now applied. Firstly, the
conventional skewing model with straight skewing getting a
shift angle being smaller than the V shape skewing model with
the same total skewing angle is considered. An [IPM with 48
slots/8 poles and the IV shape of PM rotor is designed as
shown in Figure 4. The main parameters are given in Table 1,
where main differences are the winding overhang, slot opening
and copper sizes of 15 (@ 0.85) and 4, and the amplitude of
phase current is 400 A. The opening width of slot filled
winding is 1.2 mm being greater than the wire diamater of
Imm (Figure 2). The opening of stator slot is 5 mm being
bigger than the size of rectangular bars of 4.3 mmx3.3 mm.

Figure 4. Model of the IPM with 48 slots/8poles and IV
shape of the PM rotor

Table 1. Parameters of filled slots and hairpin windings

Parameter Unit Values
Continuous rated power kW 150
Thickness of electrical steel sheet ~ Mm 0.2
The maximum speed Rpm 12000
Stator lamination diameter mm 250
Stator bore Ds mm 175
Stator lamination length mm 120
Magnet length mm 120
Magnet segments 6
Rotor lamination length mm 100
Air gap mm 1
Stator slot opening width (ts) mm 1.2
Mechnical opening angle Degree 0.55
Motor length mm 240
winding overhang mm 55
Copper size mm (@ 0.85)
Number Strands 15
Phases: 3
Turns: 6
Throw: 5
Parallel p. aths: 2

The distribution of magnetic flux density of 1/8 motor is
shown in Figure 5. The cogging torque of three models with
different rotor angles is presented in Figure 6. It can be seen



that the value of the 2D-SSR design is the lowest because the
second harmonic order is eleminated, while the value of the
1D-SSR design is the biggest. The back EMF waveforms of
three models are presented in Figure 7. It can be analyzed by
the fourrier transform with the harmonic orders (i.e, from first
order to 15" orders) for the 2D-SSR as shown in Figure 8. It
can be seen that the total harmonic distortions with the V
skewing shape get the smallest value of 4.2% in comparison
with the normal and straight shapes. The eletromagnetic torque
distribution with with different rotor angles is pointed out in
Figure 9. It obtains the hightest value for the 2D-SSR case and
the smallest value for 1D SSR case.
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Figure 6. Cogging torque of three models with different rotor
angles
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Figure 7. Back EMF waveform of three models with
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Figure 9. Electromagnetic torque waveform with different
rotor angles

4. PROTOTYPE OF 2D-SSR

The rotor lamination prototype with six steps of V- skew
magnet slices of the IPM motor (48 slots/8 poles) is
manufactured as pointed out in Figure 10. The thickness of
each segment is 20 mm with the skewed mechanical degree of
1.5< For a no-load test, the back EMF comparison at the speed
of 1500 rpm is shown in Figure 11. The rotational speed of
1500 rpm is one of operation point before going to a speed of
4500 rpm. The peak torque and output power performance
under the speed range is from zero to the base speed.

Figure 10. Rotor lamination prototype with six steps of V-
skew magnet slices
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Figure 11. Back EMF comparison of simulated and
measured results

In one period, it is measured by Osilloscope. The data files
for plotting those curves are recorded. It shows that the
simulated result is checked to be close the that obtained from
the measured result, with the error being lower than 5%. The
performance comparison of three models (SSS, 1D-SSR; 2D-
SSR) is given in Table 2. For the 2D-SSR, the obtained output
power and torque increase 8% in comparison with the case of
the SSS and 1D-SSR, and 1.2% for the efficiency. However,
the cogging torque is reduced 6% in comparison with the case
of the SSS and 1D-SSR cases.



Table 2. Comparison results between the two methods

Parameters SSS 1D-SSR 2D-SSR  Unit
Average torque 181.78 180.47 195.25 Nm
Torque ripple 15.878 13.693 19912 Nm
Torque ripple [%] 8.7092 7.576 10.183 %
Cogging Torque 0 4.2056 3.7937 Nm
Limitation speed 6036.8 6157.8 5521.2 rpm
No load speed 7519.5 6991.8 6961.6 rpm
Input power 1.16E+05 1.15E+05 1.25E+05 Watts
Total losses 2545.3 2545.7 2625.5 Watts
Output power 1.14E+05 1.13E+05 1.22E+05 Watts
System efficiency 97.812 97.793 97.893 %
Shaft torque 181.11 179.51 194.19 Nm
5. CONCLUSIONS

In this research, the 2D-SSR has been presented to estimate
the magnetic flux density, back EMF waveform, harmonic
components and torque ripple in the proposed PM motor. The
results of the back EMF and cogging torque have shown a
good agreement comparison between the FEM and measured
method. In particular, the analytical calculation of V skewing
angle for elemination double harmonic orders of the back EMF
is significantly obtained. The prototype of V skewing magnet
shape of IPM motor with the hairpin windings has been also
designed and manufactured. The obtained results from the
proposed method of the IPM motor of 150kW is the peak
torque of 300 Nm at the base speed of 4500 rpm. The back
EMF waveforms of the two methods have been pointed out to
validate the suitable theory. Finally, the proposed method has
the potential application value for manufacturing cost and
scaling power by adding more modular.
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