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Optimization of cogging torque in interior permanent magnet synchronous motor using
optimum magnet v-angle

Introduction. At present, the most important requirement in the field of electrical engineering is the better utilization of electrical
power, due to its increasing demand and not-so-increasing availability. A permanent magnet synchronous motor (PMSM) is
increasingly gaining popularity in various household and industrial applications because of its superior performance compared to
conventional electrical motors. Purpose. PMSM is designed based on the selection of various design variables and optimized to
Sfulfill the same. Being superiorly advantageous over other motors, PMSM has the major disadvantage of higher cogging torque.
Higher cogging torque generates torque ripple in the PMSM motor leading to various problems like vibration, rotor stress, and noisy
operation during starting and steady state. The designer should aim to reduce the cogging torque at the design stage itself for overall
better performance. Methods. An interior rotor v-shaped web-type PMSM is designed and its performance analysis is carried out
using finite element analysis (FEA). Magnet v-angle is optimized with the objective of cogging torque reduction. Performance
comparison is carried out between the optimized motor and the initially designed motor with FEA. Novelty. Magnet v-angle analysis
is performed on the same keeping all other parameters constant, to obtain minimum cogging torque. The proposed method is
practically viable as it does not incur extra costs and manufacturing complexity. Practical value. It is observed that the magnet v-angle
is an effective technique in the reduction of cogging torque. Cogging torque is reduced from 0.554 N-m to 0.452 N-m with the application of
the magnet v-angle optimization technique. References 19, tables 2, figures 10.

Key words: cogging torque, finite element analysis, interior v-shape web, magnet spread angle, magnet v-angle, permanent
magnet synchronous motor.

Bcemyn. B oanuil uac natieasiciusiuioro 8UMo2oio 8 2any3i enekmpomextiku € Haukpauje 6UKOpUCAanHs eiekmpoenepeii uepes 3pocmaiody
nompe0y 8 Hitl i He HacmineKu 3pocmaiouy docmynticmo. Cunxponnui 0sueyn 3 nocmivnumu maenimavu (CAIIM) nabysae ece 6invuol
NONYIAPHOCI 6 PI3HUX NOOYMOBUX MA NPOMUCTIOBUX 3ACMOCYEAHHAX 3A60AKU CB0IM UYOOSUM XAPAKMEPUCTIUKAM Y NODIGHANHI 3i
seuyatinumu enexkmpoosuzynamu. Mema. C/{IIM, cnpoekmosanuii na 0cHo8i 6ub0pY pPisHUX KOHCIMPYKMUGHUX 3MIHHUX A ONMUMI308aAHULL
oA ix eukoHanHa. byoyuu uyooeum y nopieHanHi 3 inwumu osueynamu, CLAIIM mae conosuuii Heoomik. euwyuil KpymHutl Momenm. Buwui
KpYMHULL MOMEHIM SUKTUKAE NYTbCayii KPYMHO20 MOMEHMY 8 O8USYHI 3 NOCMIUHUMU MASHIMAMU, WO NPU3B00UMb 00 DI3HUX npobiem,
makux Ak eibpayis, Hanpyea pomopa i wymHa poboma nio uac 3anycky i pexcumy. IIpoekmysanHuk noeuHeH npazHymu 3MeHuumu
Kpymuuii MOMeHm 3y04acmozo Koieca Ha cmaodii NpoeKmyeanHs OnsA niosuents 3a2anbHoi npodykmusnocmi. Memoou. Po3poonero
CHIIM 3 enympiwHiv pomopom Vv-nodiOHoi ¢hopmu ma CMpUd’CHe8020 Muny, md aHAm3 U020 XAPAKMEPUCMUK BUKOHAHULL 3
BUKOPUCIAHHAM aHANIZY MemoOoM CKiHueHHux enemenmis (FEA). Kym v-nodionoco maeHimy OnmMumi3o8aHO 3 Memoto 3HUMCEHHs
3ybuacmozo momenmy. ITlopignanusa npooykmueHocmi 30MICHIOEMbCA MIIC ONMUMI308AHUM OBUSYHOM MA OBUSYHOM, CHOYAMKY
cnpoekmosanum 3a oonomozoilo FEA. Hoeusna. Ananiz Kyma v-nooibnozo MazHimy 6UKOHYEMbCA MAKUM JHce YUHOM, 30epiearoyu peuimy
6cix napamempie NOCHMIHUMY, WOO OMPUMAMU MIHIMATbHUL 3y0Yacmuil KpYmHUll MomeHm. 3anponoHo8aHuul cnocid npakmuyHo
HCUMMEZOAMHUL, OCKLIbKU He 8uMazae 000amKogux eumpam ma cKiaoHocmi eueomosnents. Ilpaxmuuna yinnicme. [lomiveno, wo v-
nOOIOHULL Kym MACHIMY € eqhekmusHuM cnocoboM 3HUdICeHHs 3youacmozo momenmy. 3ybuacmuil kpymuuii momenm 3menuwenui 3 0,554
Hm 00 0,452 Hwm 3a paxynok 3acmocyeants memooy onmumizayii v-nodionoeo kyma maenimy. bion. 19, ta6mn. 2, puc. 10.

Knrouosi cnosa: kpyTHHIT MOMEHT 3y0uaToi nepenayi, aHaJIi3 MeTOI0M CKiIHYeHHHX eJIeMEHTIB, BHYTPIillIHE V-NI01i0HE M0JI0THO,
KYT PO3KPHMTTS MarHiry, v-noai0Huii KyT Maruity, CHHXpOHHHI IBUTYH i3 IOCTiilHUMM MarHiramu.

1. Introduction. The permanent magnet synchronous
motor (PMSM) is increasingly gaining popularity in recent
times because of its stellar performance with its smaller size.
The moment of inertia and the dynamic response time is
reduced due to its lesser size. It also turns out to be beneficial
when there are spatial limitations. Its initial cost is higher
compared to the induction motor, but thanks to its superior
performance, its extra cost is paid back within just some
time. It was developed keeping in view the elimination of
synchronous machine exciters, which eventually decreases
field winding losses and enhances performance and thermal
conditions [1, 2]. Based on the magnet location, the two most
common rotor configurations available for PMSM are
surface permanent magnet (SPM) and interior permanent
magnet (IPM). Among both of these, IPM beats SPM in
terms of advantages. Because of the interior configuration of
the magnets, they can be easily mounted in grooves, without
the use of any binding material, which simplifies the
manufacturing process and increases stability. As the
magnets are not close to the air gap, the possibilities for
demagnetization are also minimized. The increased saliency
ratio also adds to the reluctance torque, which further
enhances the average torque [3].

However, the concern with this motor is the cogging
torque. It is an undesirable phenomenon. Cogging torque

is inherent in permanent magnet motors due to the
presence of a permanent magnet and slotted stator.
Cogging torque is the result of the interaction of
magnetomotive force harmonics and air gap permeance
harmonics. It degrades the motor performance and adds
instability to the shaft movement, rendering the motion
shaky. So, this unnecessary torque has to be reduced in
torque-sensitive applications like traction, robotics, etc.
The cogging torque can be minimized by choosing the
appropriate magnet length. The equation involving
optimum magnet length and slot pitch is given. By
shifting the pole pairs, and creating an asymmetric
distribution of the magnet pole, further reduction is also
possible [4]. The same equation is improved, taking into
account, the effects of the rotor curvature [5]. But the
approach involves changes in the design of the rotor. The
probability of asymmetry in flux distribution also exists.
Another solution is to reduce the cogging torque by
determining the optimal ratio of pole arc to pole pitch
using no. of slots, no. of poles, and the goodness factor
[6]. Simulations as well as experimental methods were
used to validate the approach [7]. A novel approach
consisting of torque ripple modeling and its use of the
genetic algorithm to minimize cogging torque is also
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presented [8]. The parameters needed as well as the
calculations performed are more in this method. It's quite
time-consuming. It also does not provide an angular
spread of the magnets relative to the center of the rotor.
Thus, magnet placement in an interior-type rotor has not
yet been specified. The cogging torque can be minimized
using skewing techniques. Recent developments also
suggest step skewing of the rotor in which the rotor is
axially skewed [3, 9]. V-shape skewing is also
implemented in which, the skew is added in a v-shape to
the axial rotor length [10]. But these are very
complicated, exhaustive, and time-consuming approaches.
Various rotor skewing techniques are compared for the
generation of cogging torque, excitation torque ripple,
average torque, and axial force [11]. The opening width
of the slot and the shape of the magnet edge can also have
an impact on the cogging torque [12].

Various types of rotor geometries are used for the flux
barrier synchronous reluctance motor. The equation is given
for the determination of the angular spread of flux barriers. It
can also be used in the case of v-shape web type PMSM, as
the magnet spread, because the principle behind the equation
is the reduction of torque ripple by employing uniformity of
reluctance only [13]. An approach to minimizing cogging
torque using flux barriers is also presented [14]. The design
of concentrated wound interior permanent magnet
synchronous motor (IPMSM) with symmetrically positioned
flux barriers to address smaller sensorless operating regions
and significant torque ripples is proposed [15]. The Machaon
structure having flux barriers, ending at some specific angles
is also introduced, which can improve the cogging torque
profile. The Taguchi method has been employed for shape
design optimization [16]. The axial pole shaping of IPM
machines to reduce the cogging torque as well as to obtain
uniform distribution of flux density all over the surface is
presented [17]. A hybrid rotor design, consisting of both
circumferential as well as radial magnets, and having
consequent rotor poles are also introduced to achieve an
optimum synchronous performance of the motor [18]. But,
the difficulties and expenses of manufacturing such kinds of
rotors are very significant. Keeping uniformity and
symmetry needs to be utmost considered.

So, in all the previous developments, it is either time-
consuming and involves indirect calculations (in the case of
the equation for optimum magnet length or optimum pole arc
to pole pitch ratio or genetic algorithm using torque ripple
modeling) or complicated and involves constructional
changes (in the case of skewing), or affected by complexity
and expenditure (in the case of axial pole shaping or step
skewing). The v-angle is one of the major factors that
influence the performance of IPMSM. The v-angle variation
technique is straightforward, practically implantable hence
suitable for the mass production of IPMSM. The proposed
technique is more viable where cogging torque has relatively
less effect on vibration and losses. Therefore, an approach is
presented here, to find out the optimum magnet placement
for cogging torque minimization.

The advantages of a PMSM are explained in section 1.
The harmful impact of cogging torque and the limitations
of its reduction techniques invented to date are also
mentioned. Section 2 focuses on designing a PMSM. In
section 3, the finite element analysis (FEA) of the same is
carried out and different performance characteristics such

as cogging torque profile and torque-angle profile are
analyzed. In section 4, the optimization of the designed
motor is carried out for the magnet v-angle. The plot of
the variation of cogging torque with respect to the magnet
v-angle is also analyzed. From the attained results, the
optimum magnet v-angle is found. The cogging torque,
average torque, back electromotive force (EMF)
spectrum, back EMF profile, and flux density plot are
compared for both initial as well as the optimized model
and the discussion of the same is carried out in section 5.
In section 6, the conclusion from the exercise is drawn.

2. Design of PMSM. Owing to the many advantages
of IPM over SPM, as evident from Section 1, IPM is
selected for research purposes. Figure 1 shows the
illustrative figure of the same which can help to
understand terminology better. Figure 2 is the magnified
view of the same.

Fig. 2. Magnified view of Fig. 1

There are two magnet angles in the design of IPMSM.
The first one is the magnet spread angle. This is known as
the angular spread of a magnet pole in relation to the center
of the rotor. This angle is shown as 6, in Fig. 1, 2. The
other one is magnet v-angle, which is defined as the
angular spread of a magnet pole in relation to the pole
center. This angle is shown as #; in Fig. 1, 2. Magnet
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spread angle at the magnet top is 0, and the offset angle due
to magnet thickness is 8, as shown in Fig. 1, 2.

PMSM of rating 4 kW, 415 V, 3-phase, and 50 Hz is
designed. Necessary assumptions for specific magnetic
loading, specific electric loading, number of poles,
number of stator slots, aspect ratio, conductor packing
factor, current density, tooth flux density, etc. are made.

The design outcomes of this design are shown in Table 1.
Table 1
Design outcomes

Parameter Value
Stator outer diameter D, mm 175
Stator inner diameter D, mm 120

Rotor outer diameter D,,,, mm 118

Core length L, mm 150
No. of stator slots S 36
Magnet width #,,, mm 5

Slot pitch 4, mm 10.46
Magnet spread angle 6, 72°
Magnet v-angle 6; 125°
Magnet length 7,4, mm 33

Air gap thickness /,, mm 0.5
Permanent magnet material N38SH
Core material M530-50A

3. FEA of the designed machine. The FEA of the
designed machine is carried out using commercially
available FEA software for design validation. Performance
characteristics exhibited by this machine are observed, such
as the cogging torque profile and torque-angle profile.

A two-dimensional (2D) finite element model of the
designed machine is shown in Fig. 3.

Fig. 3. 2D finite element model of the designed IPMSM

The dimensions to create this model are as per the
analytical design. Each pole of the v-shape IPMSM
consists of two magnet segments, to make v-shape poles.
For different parts of the motor, appropriate materials are
used. Figure 4 reveals that the peak cogging torque is
0.554 N-m. The cogging torque profile can be shown for
one slot pitch only because of its repetitive nature for each
slot pitch. Figure 5 dictates the variation of torque with
respect to angular rotation. The maximum and minimum
values are 36.1 N-m and 22.3 N-m respectively.
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Fig. 4. Cogging torque profile
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Fig. 5. Torque-angle profile

4. Optimization of the designed machine. As
described earlier, cogging torque is an unwanted
phenomenon. Therefore, it is necessary to reduce this
torque. There is some specific relationship between
cogging torque and reluctance variations. When the
reluctance variation with respect to angular displacement
increases, the cogging torque also increases. An equation
is stated in [19], which describes this relationship as:

Tcz_l.gpé%.%’ (1)
2 dég
where T is the cogging torque; @, is the air-gap flux; R is
the reluctance of air-gap; 0 is the angular displacement of
the rotor.

As per the equation, the cogging torque can be
reduced if the reluctance is made as uniformly as possible.
This torque is the result of harmonic components present in
the torque harmonic spectrum. So, it can also be
represented in the Fourier series form, as mentioned in [8]:

e8]
T,=) Ty -sin(k-9+¢,§), @)
k=1
where T, is the magnitude of ™ cogging torque
harmonic; k is the integer; ¢¢ is the phase angle of ™
cogging torque harmonic.

In this section, the cogging torque is optimized. The
effort is made to achieve minimum cogging torque using
magnet v-angle optimization. The magnet v-angle is changed
and its effects on cogging torque are observed. During this
entire optimization process, magnet volume, magnet length,
magnet width, magnet spread angle, winding design, and slot
dimensions have been kept constant.

Magnet v-angle is varied from 121° to 149°, above
and below which the design fails to keep magnet
dimensions constant due to geometrical constraints.
During the entire process, the magnet spread angle is kept
constant at the initial value of 72°. To achieve this, the
magnet v-angle is increased by pushing the magnet
segments away from the shaft. The geometrical constraint
is that the original magnet length has to be retained while
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pushing it upwards. This becomes necessary as, when the
magnets are pushed upwards, the maximum allowed
length (/,max in Fig. 2), which the geometry can afford,
reduces. At one point, it reaches the boundary, and further
increment of magnet v-angle becomes impossible. The
results of this analysis are shown in Fig. 6.
0.58 7. N-m
0.56
0.54
0.52
0.5
0.48
0.46
0.44
0.42
04 Magnet v-angle, degree
120 122 124 126 128 130 132 134 136 138 140 142 144 146 148 150
Fig. 6. Cogging torque vs. magnet v-angle

The figure dictates that the cogging torque reduces
from 121° to 143° and then starts increasing. At 143°, the
cogging torque is minimum. On both sides of 143°, it is
increasing. So, this angle can be said as the optimum
magnet v- angle for this design.

5. Result table and observations. FEA is carried
out to obtain the peak cogging torque of the initial design
and optimized design. The cogging torque period obtained
for the designed 4 kW IPMSM is 10° mechanical.
Cogging torque waveform period can be calculated as:

360°

Hcog—period = I CM(NP_), N, > 3)

where N, is the number of poles; N, is the number of
stator slots; LCM is the least common multiplier.

Figure 7 shows the comparison of cogging torque
profile for both, the initial as well as the optimized
models. The peak cogging torque reduces from 0.554 Nm
to 0.452 N-m.
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Fig. 7. Cogging torque profile of initial and optimized model

The performance comparison of the initial design
and the optimized design is shown in Table 2.
Table 2
Comparison of initial and optimized design

Design | Cogging torque, N-m | Average torque, N-m
Initial 0.554 28
Optimized 0.452 28.2
Change, % -18.41 0.71

Compared to the initial design, the optimized model
shows an 18.41 % reduction in cogging torque and a 0.71 %
increase in average torque. The back EMF profile
comparison for the initial model, optimized model, and
model having skewing of rotor poles is shown in Fig. 8.
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Fig. 8. Comparison of back EMF profiles of different models

It is evident from the same that there isn’t much
difference in the back EMF profile of the initial and
optimized models. Both are looking almost similar to each
other. It is analyzed that the back EMF profile obtained
with a skewed rotor is smooth without any dips. Skewing is
a known method to reduce cogging torque. However, there
are some well-known disadvantages of skewing as well.
For instance, the skewing of rotor magnets results in more
axial thrust, more flux leakage, and a low winding factor.
The skewed rotor of PM machines normally requires a
magnet with a specific shape which complicates the design
and increases the manufacturing difficulty as well as the
cost. Skewing makes the rotor mechanically weak also.
Skewing imposes limitations in mass production due to low
manufacturability.

Figure 9 shows the comparison of the back EMF
harmonics spectrum. Again, there isn’t any appreciable
change in the spectrum. The fundamental component of
the back EMF is increased by 1 V. This slight increment
has contributed to the minor increment of average torque
achievable from the design. It is observed that after
optimization, the even-order harmonics are eliminated
and the other odd-order harmonics are decreased. The
total harmonic distortions (THD) of the back EMF
spectrum are also reduced slightly from 5.13 % to 5.04 %
due to this spectrum improvement.
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Fig. 9. Back EMF harmonic spectrum of the initial and optimized model

Figure 10 shows the flux density plot of both, the initial
as well as the optimized models. In both cases, flux density
at all parts is the same as that of the analytical design.

Fig. 10. Flux density plot of initial model (a) and optimized model (b)
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From all these observations it can be said that the
magnet v-angle has a major impact on cogging torque of the
PMSM. It also has some minor impact on average torque,
back EMF spectrum, and THD. Only by changing the
placement of the magnet, cogging torque can be reduced.
There is no need to change any other parameters or any other
structural modifications required, which makes this
technique practically viable and implementable, as it will not
increase the complexity or initial cost of the motor. This is
the novelty of the proposed methodology.

The reason behind this behavior can be stated as the
uniformity of reluctance, at all times. As it is well-known,
the cogging torque is the outcome of non-uniform reluctance
distribution offered to magnet flux. But if we place the
magnet such that, it faces nearly equal reluctance at all times,
during the rotor rotation, it will face minimum reluctance,
eventually resulting in minimum cogging torque.

6. Conclusions. The design of a permanent magnet
synchronous motor and its finite element analysis is
conducted for performance analysis. This initial design is
considered a reference for further comparative performance
analysis. Design optimization is performed with the
objective of cogging torque minimization by optimization of
magnet v-angle, and keeping all other dimensions constant.
From the results obtained, it is analyzed that the magnet v-
angle has a major impact on cogging torque. The cogging
torque is reduced up to 18.41 % compared to the reference
design. In addition to that, the average torque is increased by
0.71 % and the total harmonic distortions of back
electromotive force reduces from 5.13 % to 5.04 % by
application of magnet v-angle optimization.
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