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Mitigation of cogging torque in surface permanent magnet brushless DC motor
using slot opening shift

Introduction. Cogging torque deteriorates the torque quality of surface permanent magnet brushless DC (PMBLDC) motors.
Problem. Reducing cogging torque is indispensable for performance upgradation of PMBLDC motors, hence, it is an important
issue for motor designers. Goal. This paper presents a slot opening shift approach to reduce the cogging torque of radial flux surface
PMBLDC motors. Methodology. A 200 W, 1000 rpm radial flux surface PMBLDC motor is first designed based on different assumed
design variables and is treated as a reference model. The parallel stator teeth are uniformly distributed along the stator periphery,
and the slot opening is considered in the middle position in the reference design. The cogging torque of the reference design is
obtained from simulation and electromagnetic analysis. Results. A series of finite element simulations are performed to examine the
impact of design upgradation on the cogging torque of the surface PMBLDC motor. It is observed that the peak-to-peak cogging
torque is reduced by 44.5 %. Scientific novelty. The design is enhanced by applying slot opening shift to stator slots. The slot
opening is shifted in an anticlockwise direction, and subsequently, the cogging torque waveform is determined for the upgraded
motor from finite element modelling and analysis. Practical value. Research has revealed that this technique is effective in reducing
cogging torque, and it can also be applied to other topologies of permanent magnet motors. References 23, tables 2, figures 12.
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Bemyn. Ilynvcayis kpymnoco momenmy nocipuiye 1020 AKicmb y 6e3uimkogux O8USYHAX NOCMINUHO20 CMPYMY 3 HOCMIUHUMU
maznimamu (PMBLDC). Ilpoénema. 3nusicenns nyavcayii KpymHo2o MOMEHNY € HeoOXiOHOI0 YMO80I0 NiO8UUeH s NPOOYKMUBHOCTI
PMBLDC osucynis, momy ye € 8adcausum 3a80aHHAM O NPOEKMYBANbHUKI6 Osucynis. Mema. Y cmammi npedcmagnenuti nioxio,
3ACHOBAHULL HA 3MiWjeHHI Na3ie O1A 3HUdCeHHs nyavcayii KkpymHozo momenmy PMBLDC oOsuzyHie 3 padianvmumu HOGepXHeGUMU
maenimuumu nomoxamu. Memooonozcia. Cnovamky npoekmyemocsi PMBLDC 0sueyn 3 padianbHumu NOBEPXHESUMU MACSHIMHUMU
nomoxamu nomyacticmio 200 Bm ma wacmomoro obepmanna 1000 06/xé na ocnosi piznux nepe0bauy8anux npoEKMHUX 3MIHHUX, WO
posensadaemucs Ak emanonna mooens. Ilapanensvui 3yoyi cmamopa pisnomipno posnodineni no nepugepii cmamopa, a naz emaioHHOi
KOHCmpyKyii pozmawosanuti nocepedui. Ilynvcayis KpymHo2o MOMEHMY emanoHHOI KOHCMPYKYIl Ompumana 3 MOOemo8aHHs ma
enexmpomaznimnoz2o ananisy. Pesynemamu. IIposedeno psao ckinyenno-eneMenmuux Mooemoeans Ol 6UGHeHH s 6NIU8Y 600CKOHANEHOT
KOHCmpyKyii Ha nynvcayito kpymuozo momernmy PMBLDC dsucyna 3 nosepxnesumu mazhimamu. Bcmanoeneno, wo nikoeéa nyivcayis
Kpymmno2o momenmy 3uudicyemocsi ha 44,5 %. Haykoea noeusna. Koncmpyxyia 60ockonanena 3a paxymoK 3aCMOCY8AHHs YCYHEHHS
6IOKpumms. nasie cmamopa. Biokpumms naza 3miwgyemocsi npomu 200UHHUKOGOI CMpiaKu, [ 32000M opma nyavcayii Momennty
MOOEpPHI3068aH020 OBUSYHA  BUSHAYAEMbCA  3a  OONOMO20I0  CKIHUEHHO-eleMeNmHo20 MoOentoeants ma auanizy. Ilpakmuuna
3Hauumicms. Jlocniodcenns nokasanu, wo yet Memoo € eqpeKmueHUM Ol 3HUICEHHS NYIbCayii KPYmHO20 MOMEHMY, 1 1020 maKoic
MODJICHA 3ACMOCO8Y8aAMU 00 THUUUX MONONO2I 08USYHIE 3 nocmitihumu maehimamu. bion. 23, Tabn. 2, puc. 12.

Kniouosi cnosa: 0e3MIiTKOBHIl JBUIYH, aHAJ3 METOJOM CKIHYECHHHX €JEMEHTIB, 3CyB BiIKPHUTTS Na3y, KPYTHHUH MOMeEHT

3y04aToro odepTaHHs.

Introduction. Brushless DC motors offer better
operational efficiency, a high power-to-volume ratio, a
varied speed range, and rapid dynamic response. Due to
these characteristics, it has gained widespread acceptance in
various residential and industrial applications. Progress in
material technology in permanent magnet (PM) and semi-
conductor switches has accelerated the development of
brushless DC motors. Apparent torque ripple is one of the
biggest problems in permanent magnet brushless DC
(PMBLDC) motors. Torque ripple produces vibration and
unwanted audible noise which may deteriorate the overall
performance of the motor. The development of smooth
torque in brushless DC motors is a prime objective that
needs thorough attention to all aspects of motor design.
Torque ripple is inherent in brushless DC motors due to
cogging torque (CT), distorted back electromotive force
(EMF) waveform, non-ideal exciting current waveform, and
time delay in excitation pattern [1-3]. The torque ripple of
brushless DC motors can be reduced by either decreasing
the CT or improving the quality of back EMF and exciting
current waveforms. Reducing CT is a design issue, while
improving the quality of back EMF and exciting current
waveforms is a control issue. Any variation in control
techniques results in reduced operational efficiency of
brushless DC motor drives. CT is the major cause in
brushless DC motors for producing torque ripple. CT is
inherent because of the existence of PMs and a slotted stator
structure. The combination of the number of rotor poles and
the number of stator slots significantly affects the torque
quality and output of the PMBLDC motor. Inappropriate
combination of number of rotor poles and stator slots results
in a high CT and torque ripple [4]. The CT of PM motors

cannot be eliminated, but can be decreased with design
improvements. The reduction of torque ripple is
indispensable for applications that require smooth running.
Ideally, the torque ripple reduction technique should only
improve torque quality without affecting other performance
parameters of the motor. The average CT value is zero, and
its variation is achieved by unexcited stator windings. CT is
large for a more compact motor, having a smaller air gap
and stronger PM. CT reduction is a significant concern
while designing the PMBLDC motor and is considered an
important criterion for the quality of motor design.
Reduction of CT is a difficult task and it cannot be
eliminated but can be reduced to a certain extent [5].

In literature different techniques are available to
decrease the CT from a design perspective. Skewing,
shaping of PM, displacing magnets, inclusion of dummy
slots, variation of magnet pole arc, dual notching, slot
displacement and use of fractional number of slots are a
few methods used to mitigate CT of PM motors [6-21].
The length of the stator conductor and hence copper
losses increase with the application of skewing of the
stator slot. One of the most popular approaches for
mitigating CT is the skewing of PM. However, the stray
losses and leakage inductance increase, and the useful
magnetic flux linking with the stator winding decreases. It
also produces unbalanced axial electromagnetic force
which produces vibration and acoustic noise besides
damaging the bearing system. Shaping of PM reduces CT
but it adversely affects the back EMF waveform.
Displacing magnets and rotors cause the rotor’s center of
mass to shift away from the rotating axis. The use of
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dummy slots or teeth reduces the amplitude and increases
the frequency of CT. But an important drawback of this
method is manufacturing difficulties which results in
increased cost of motor. In the fractional number of slots,
each magnet has a different placement compared to stator
slots. Therefore, CT components due to individual PM
poles are out of phase relative to each other. Hence, the
resulting CT is decreased due to the mutual cancellation
of the sub-components of CT.

Goal. This paper presents a slot opening shift
approach to reduce the cogging torque of radial flux
surface PMBLDC motors.

Cogging torque. The slot opening shift method’s
influence on surface PMBLDC motor performance is
examined and presented. Extensive simulations utilizing
finite element (FE) modelling and analysis [22] are
conducted to arrive at a result. CT and its associated
equations are explained. A detailed explanation of the
reference PMBLDC motor model is provided. An enhanced
design is introduced that utilizes a slot opening shift
mechanism to reduce the CT of the reference BLDC motor.

CT is immanent in PM motors due to the association
between air-gap permeability changes and rotor
magnetomotive force. CT exists without stator current and is
periodic in nature. The subsequent equation represents the CT
generated in PMBLDC motors in the absence of skewing [23]:

Teog = ZTNpk sm(Npka)a (1
k=1

where £ is the order of harmonics; N, is the number of CT
cycles in one mechanical rotation; it is determined by LCM
of the number of stator slots (N;), and the number of rotor
poles (p); a is the angular difference between the stator’s
and the rotor’s teeth; Ty, is the coefficient resulting from

the fast Fourier transform (FFT) of the CT profile.
Equation (1) is used for each stator tooth of the
motor to calculate the total CT. The total CT is the
cumulative effect of the CTs produced by each stator
tooth. The N, in (1) must be a multiple of the rotor pole
numbers p. The CT produced can be shown as the ratio of
N, to p, denoted by i, for any given teeth represented by j

P
(where 1 <j < N):

0
chj = ZTsci sin pi(a + ¢j)’ (2)
1

i=
where T, is the Fourier coefficient; ¢, is the positioning
of tooth number j of the stator, with respect to tooth
number 1 of the reference stator.

Hence,
¢j = 2”(j_1)/Ns :
By adding together, the CT contributions from each
of the N, stator teeth, the total CT can be calculated as:

N, o

5 . 2z .

Tcog:Z ercisnlpl a+ (]_1) : (3)

j=1 i=1 Ny

From (3), when p/N; is a whole number, then
regardless of teeth number j:

. 2z . L
sin pi| o +—(] ~1)|=sin pic .
NS

This indicates that the CT produced by each stator
tooth and the total CT are in phase with each other.
Therefore, the total CT is equal to the product of N, and
individual CT, and can be represented as:

o0

Teog :stTscismpia . “)
i=1

The CT produced by dissimilar tooth is out of phase
if the ratio p/N; is not a whole number. Consequently,
equation (3) poses a challenge in terms of simplification.
A set of a specific number of adjacent slots can be
arranged to find the solution. The groups are selected such
that the CT generated by different groups is always in
phase. As a result, there is a direct correlation among the
total CT and the CT of each group [23].

Taking into account A neighbouring slots (tooth) as a
single group, A = N,/p. Using the formula n = Np/N,, the
number of groups (n), can be calculated. The CT for a
specific tooth j is represented by (2), which can be
reformulated as:

- o 27 .
Tscj = erci Slnpl|:0! +Fﬂ(1 _1):| : (5)
i=1

N

The CT produced by a specific group of 4 teeth is
determined by adding up the CTs created by individual
tooth within this group. This can be expressed as:

A ©
Tcog = Z ZTsci Sin{])l’[a + ]2\[_”(] - 1)):| . (6)

j=1 i=1 s
Equation (6) can be simplified as:
L, sin(pAz/Ny) pArn  pr
Tpo =) Tyoi———3sin| pia +———-—1. (7
cog ; sci Sil’l(pﬂi/Ns) p N N, (7
Since pli/N; in (7) is an integer number, value of
sin(pAzi/N;) is zero. Therefore, just the CT component will

be present for a specific harmonic index i. Equation (7) can
be shortened to these values of 7 and is expressed as:

o0
Teog = ZTSCilsin pia . ®)
i=1

N

To get total CT, multiply the CT of a single group,
as provided by (8), by the number of groups »:
0

Toog =1 Tyeisin pia . ©)
i=1

Design of reference motor. The first motor
designed for the analysis is a 200 W, 1000 rpm surface
mounted PMBLDC motor, which serves as a reference
motor. Figure 1 displays the reference motor’s cross-
sectional view.

Stator
teeth

PM
Stator
slot

™ Rotor core
Stator

core
Fig. 1. Reference radial flux PMBLDC motor

The motor is designed by selecting suitable values of
various design variables viz., specific magnetic and
electric loadings, slot fill factor, distribution factor and
pitch factor of winding, stacking factor of laminations,
conductor current density etc. The FE model of the
reference PMBLDC motor is created in accordance with
the design calculations, and appropriate materials are
assigned in respective sections. The neodymium iron-
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boron (NdFeB) material is used as PM material for better
performance. PMs are fixed on the periphery of the rotor.
NdFeB holds the maximum energy product of all
commercially available magnets at room temperature.
High flux density in air gap due to the application of
NdFeB leads to remarkable reductions in motor frame
size for the same rating. The laminations of stator and
rotor are allocated M 19 silicon steel material. The specific
iron loss of M19 silicon steel material at 1.4 T and 50 Hz
frequency is 2 W/kg. The design particulars of the
reference BLDC motor are given in Table 1.

Table 1

Design details of reference BLDC motor
Stator’s outer diameter, mm 87
Rotor’s outer diameter, mm 51
Stack length, mm 50
Stator’s inner diameter, mm 52
Width of stator teeth, mm 3.5
Slot opening, mm 1.7
Magnet pole arc, degree 57
Number of slots 24
Number of phases/poles 3/4
Magnet’s thickness, mm 5
Air gap length, mm 0.5
Type of PM NdFeB
Stator and rotor core material M19, 29 Ga

The FE model of reference surface mounted BLDC
motor is devised using commercially available FE software
and an appropriate boundary condition is assigned. The solver
creates meshing and the model is divided into triangular
elements [22]. Several simulation exercises were performed
to acquire the CT waveform of reference motor. With the
stator winding unenergized, the rotor is mechanically rotated
by 1° increments up to 15°. The torque value obtained for
each degree of rotation of the rotor is noted and the curve is
plotted between torque values and rotor positions.

It has been analyzed that the reference PMBLDC
motor has a peak-to-peak CT of 1.1 N-m. The CT profile is
shown in Fig. 2.
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Fig. 2. CT profile of reference motor

The average torque output of the motor is calculated
using 2D FE analysis. The rotor is created as a motion
component in this analysis, and rotated at the rated speed
of 1000 rpm. The correct operation of the inverter
energizes stator winding. The torque at distinct rotor
positions is calculated and shown against them. Figure 3
depicts the torque waveform of the reference motor. The
average torque derived from FE analysis is 1.91 N-m.

Upgraded design using slot-opening shift
approach. The CT profile is periodic because of the
symmetrical structure of PM motors. The magnitude of
harmonics of CT should be reduced to mitigate vibration.
Conventional skew of slots and slot openings result in
to decentralization of winding function and deterioration of

25 47 Nm
2
15
1

0.5 Rotor position,

mech. degree
>
>

0

0 10 20 30
Fig. 3. Torque waveform of reference 200 W PMBLDC motor

back EMF waveform. The air-gap reluctance variation is
due to slot openings hence shifting of only slot openings
smoothies the air-gap reluctance variation without
adversely affecting back EMF waveform. This can be
considered as an apparent advantage of slot opening
shifting in comparison to slot skewing. Slot openings are in
the middle in the reference design of the 200 W PMBLDC
motor. The upgraded design accomplishes the slot openings
shifted in an anticlockwise direction by 3.75° mechanical.
Stator stampings of reference design and upgraded design
are illustrated respectively in Fig. 4.
<]

Slot

Stator
core

Slot

Teeth opening

2]

Slot

Stator
core

Teeth Slot

opening

Fig. 4. Stator stampings: a — reference design; b — upgraded design

An upgraded model with shifted stator slot openings
in an anticlockwise direction is shown in Fig. 5. All other
design details of the upgraded model are the same as the
reference model.

Figure 6 depicts a comparison of the reference and
modified motors’ CT patterns. It is analyzed that the
reference design has a CT (peak-to-peak) of 1.1 N-m.
When the slot opening of all slots is shifted in an
anticlockwise direction, the CT (peak-to-peak) obtained is
0.61 N-m. The CT (peak-to-peak) decreases from 1.1 N-m
to 0.61 N-m as slot openings shift anticlockwise.
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Fig. 5. Radial flux PMBLDC motor with the shifted slot opening
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Fig. 6. Comparison of CT profiles

Table 2 depicts variation in CT with slot-opening shift
methods. Slot openings are shifted in the anticlockwise
direction. It is observed that a 44.5 % reduction in CT (peak-
to-peak) is attained with a borderline drop in average torque.

Table 2
Comparison between reference and upgraded design
. . CT (peak-to-| Average
Design details peak), N-m | torque, N-m
Reference design 1.1 1.91
Upgraded design with slot-opening 061 186
shift in the anticlockwise direction ) )

Figure 7 depicts FFT analysis of CT waveforms of
reference design and upgraded design. The fundamental,
2™ order and 3™ order components of CT are significantly
reduced on the application of the slot opening shift approach.

04

035

03

0.25

02

0.15

0.1

0.05

0

4 Tpp, N'm M Reference design
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Fig. 7. Comparison of FFT analysis of CT

Figure 8 shows a comparison of the reference
design’s average torque and that of an upgraded design
employing the slot opening shift method. The reference
design produces an average torque of 1.91 N-m. When the
slot opening of all slots is shifted in an anticlockwise
direction, the average torque attained is 1.86 N-m. Thus,
using the slot opening modification approach, the CT of
the surface PM motor is substantially reduced while
average torque is marginally reduced.

Figure 9 shows back EMF profiles for reference and
upgraded designs. The amplitude of the back EMF
waveform is marginally lowered in the modified design
compared to the reference design.

T, N-m 1 —Reference design 2 ——Slot opening shift
25 . ©
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Fig. 8. Comparison of torque profiles of reference design and
upgraded design
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Fi;g. 9. Comparison of back EMF profile of reference design
and upgraded design

Figure 10 shows the back EMF’s harmonic spectrum
for both the reference and upgraded designs. The total
harmonic distortion (THD) of the reference design is 8.03 %
while the THD of the upgraded design is 6.9 %. Hence, it is
analyzed that the quality of back EMF waveform is
improved with a reduction in THD.

14 A Epoern V M Reference design
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O Slot opening shift
10
8
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1] | | Tl - >
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Fig. 10. Comparison of FFT analysis of back EMF

Flux densities are assessed in different motor sections
using electromagnetic field analysis. This helps to
demonstrate the correctness of improved and reference
designs. Figures 11, 12 show the flux density distributions
for the reference design and the upgraded designs.

Conclusions. This research presents a slot opening
shift technique to reduce the CT of a surface PMBLDC
motor.

Shaded Plot
|B| smoothed

Fig. 11. Distribution of flux density in the reference design
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Fig. 12. Distribution of flux density in upgraded design
having slot-opening shifted anticlockwise

The reference design for a 200 W, 1000 rpm surface-
mounted BLDC motor does not include any shifting of slot
opening. The design is upgraded with the slot opening of all
slots shifted in an anticlockwise direction by 3.75°
mechanical keeping the center line of slots unchanged. The
CT waveform of reference and upgraded designs is obtained
from FE modelling and analysis. It is observed that with the
application of the slot opening shift approach peak-to-peak
CT of the surface PMBLDC motor is reduced by 44.5 %
with a borderline reduction in average torque. The slot
opening shift approach is a practically implementable
approach without any extra manufacturing difficulty and
cost. The slot opening shift is an effective and practical
method for reducing the CT of a surface PMBLDC motor.
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