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Cogging Torgue Minimization of Dual Rotor Axial Flux
Permanent Magnet Brushless DC Motor Using Magnet Shifting
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The reduction of cogging torque of a dual rotor axial flux brushless DC (AF-BLDC) motor
through rotor side design variation is presented in this article. Cogging torque
minimization is highly desirable as it deteriorates torque quality of motor. For exact
electromagnetic field analysis three-dimensional(3-D) finite element method is used. In
performance evaluations, the initially designed axial flux brushless DC motor is used as
the reference motor. Magnet shifting technique is performed on rotor side of an improved
motor with an objective of cogging torque minimization. Using the 3-D finite element
method, extensive research has been done to examine the effects of magnet shifting on the
average torque and cogging torque of the AF-BLDC motor. By comparison between
reference and improved ones the validity of the analysis results is also clarified. The
magnet shifting technique is found to be successful in reducing cogging torque of AF-

BLDC motors since the peak cogging torque value is reduced by 44.75%.

1. INTRODUCTION

Permanent magnet motors are used in a variety of
applications in the current electrical motor market that call
for efficient, a broad range of speed, small size, and quick
response [1]-[3]. The main driver behind the widespread use
of PMBLDC motors has been the development of
semiconductor switches and high energy permanent magnet
(PM) materials. PMBLDC motors are classified into two
types based on their magnetic flux distribution: radial flux
brushless dc (RF-BLDC) motors and axial flux brushless dc
(AF-BLDC) motors [4]. Flux sets orthogonal to the motor
shaft in RF-BLDC motors whereas, magnetic flux sets in
axial direction i.e., parallel to the shaft of the motor in AF-
BLDC motors. AF-BLDC motor with virtues such as
excellent efficiency, better copper utilization, high power
density, adjustable air gap length, compact structure and flat
shape [5] are widely used for vehicular propulsion system,
low-speed applications [6] and small direct-drive wind
energy conversion systems [7], etc.

Torque ripple very crucial performance factor in
applications that depend on torque quality. Hence,
assessment of torque quality is important and is a
challenging assignment in AF-BLDC motor. This is because
torque density is to be considered with torque ripple in
assessment. It is critical to comprehend the impact of high
torque ripple as it is more dominating in low-speed range
and results in vibration and noise [8]. Torque quality
improvement for performance enhancement is one of the

key research interests of many researches. There are four
sources that lead to generation torque ripple i.e., cogging
torque (CT), dc link voltage and fluctuation in delay time of
inverter, phase excitation switching, distorted counter EMF
and stator current waveform. CT is one of the major
components that contribute to torque ripple in permanent
magnet motors. It originates because of the interaction of
stator teeth and PM [9]. Hence, it is an inherent property of
permanent magnet motor. Cogging torque is independent of
load current and is proportional to reluctance variation and
PM flux. To improve the overall performance of AF-BLDC
motors, it is important to improve torque quality and one of
the methods to achieve that is by reducing CT. Because
every change in control technique will result in a reduction
in efficiency, reducing CT through design optimization is
always desirable. Several approaches have been proposed
for minimization of CT of BLDC motors like adding dummy
slots, skewing of rotor and/or stator, shaping of magnet pole,
selecting proper slot/pole ratio, slot opening optimizing, re-
shaping and/or notching of stator tooth, changing air-gap
length, notching of magnets, pole arc variation, stepped
stator slot, slot opening shifting, dual notching and etc. [10]—
[19]. Some of these approaches are directly applicable in
AF-BLDC motor. But cost and manufacturability are crucial
factors, as low cost and manufacturable approaches are
desirable. One of the efficient techniques for CT reduction
in AF-BLDC motors is magnet skewing [20,21]. One
disadvantage of the magnet skewing technique is the
formation of undesirable axial thrust [22]. CT can be
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reduced in AF-BLDC motors by stator side adjustments
such as skewed slot opening, relative displacement of slot
opening, and slot opening variation [23]. In AF-BLDC
motor CT is influences by magnet pole arc. Magnet pole arc
optimization technique reduces CT with compromise in
profile of back EMF and motor output. Magnet notching
technique is preferred for the reduction of CT of sandwiched
stator AF-BLDC motor [23]. Stator side modification in an
AF-BLDC motor is neither preferred and nor practical
approach as it increases the manufacturing complexity
which results in increment of manufacturing cost of the
motor. Whereas, CT minimization by rotor side
modifications is desirable in AF-BLDC motor as it is cost
effective and more practical compared to that of stator
modification methods.

In this work, the suggested magnet shifting technique
addresses the reduction in CT of the AF-BLDC motor.
Effect of shifting of magnet on CT profile and back EMF
profile are addressed. To address electromagnetic problems
and simulate approaches, three-dimensional finite element
analysis (FEA) is employed. This method is easily
implementable and doesn't incur any additional costs.
Section 2 describes the fundamentals of CT and its
reduction. Section 3 provides brief summary of reference
dual rotor AF-BLDC motor. Section 4 explains the magnet
shifting approach. Section 5 discusses the simulation and
results of the proposed technique. Section 6 finally presents
the conclusion.

2. BASICS OF COGGING TORQUE

Cogging torque is present even without supplying power to
the motor. It is generated due to interactions between the
anisotropy created by slots and PM mounted on the rotor.
During rotation, magnetic field energy changes because of
this anisotropy and cogging torque is produced according to
following equation (1) where W, is magnetic field energy
and & is rotor angle.

1)

r

Although cogging torque does not add to the total amount
of work done, it interferes with the electromagnetic torque
and results innto inferior torque quality. As it is outcome of
the interplay between permanent magnet on rotor side and
the opening of stator slots, cogging torque period can be
represnted from the number of rotor poles and stator slots.
The resultant CT is sum of harmonic torques on account of
interaction between the edges of each magnet and the slot
openings. CT periods (Np) contained in a single rotor
revolution can be derived from equation 2. This important
indication provides information on the spatial displacement
of the fundamental CT waveforms [25].

N, = LCM{S,,2p} ()

Where, Ss is the number of stator slots and 2p is the number
of poles. The spatial period of the CT waveform, T, can be
expressed by the following relationship:

2
T, =
LCM{S;,2p} ?)

where, T, is inversely proportional to N, as illustrated in
equation 3. Maximum value of CT is achieved when the
phases of elementary torques are same, that means value of
Np is minimum (N, = 1 in equation 3). The resultant CT
value will be minimum if the elementary torques are
different phases. And higher values of N, lead to reduced
value of CT due to the distribution of elementary torques
along the slot pitch. Equation 4 represents the expression for
CT waveform using Fourier series.

Toogs =iTprisin(Npia) @
i=1

where, i is order of harmonics, « is relative displacement of
motor and T,Npi is Fourier coefficient. Many approaches are
attempted to minimize the amplitude of the primary
harmonics by focusing either on one of squared magneto-
motive force (MMF) and permanence or by focusing on both
quantities, as magnetic energy is a function of these physical
guantities.

3. REFERENCE DUAL ROTOR AXIAL FLUX BLDC
MACHINE

As shown in fig.1, this section describes the design of a
reference machine for a three phase 250 W, 150 rpm dual
rotor AF-BLDC motor for electrical vehicle applications.
Initially designed AF-BLDC motor has one stator with 48
slots placed in between two 8 poles PM rotors. Stator core
of the machine is made of M19 — 29 Gage cold rolled
electrical steel martial with ring type winding. Whereas,
rotor discs comprise rotor core made of the same M19 — 29
Gage material and poles made of NdFeB grade 50 to ensure
better performance.

Stator
Winding

Permanent
Magnet

Rotor

Stator || ‘ Core

Fig. 1. Axial Flux BLDC Motor.
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Fig. 2. Rotor disc of reference motor.

The following merits guided the selection of the PM
materials:

i. Core & teeth size compatibility
ii. Working temperature resistant
iii. High magnetic flux density
iv. Cost & availability
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Fig. 3. Flow chart to obtain CT profile.

Specific magnetic loading, specific electric loading,
stator current density, space factor, diametric ratio, slot-pole
combination, assumed flux density in respective core section
are few design variables assumed in motor design. The
above-mentioned various design variables are appropriately

assumed based on application requirements, availability of
materials and manufacturability. The model that was
originally designed serve as a benchmark for evaluating and
analyzing performance. The initially intended motor is not
subjected to any of the CT reduction procedures. Initial
design has uniformly distributed magnets poles on each
rotor. The improved model retains all the dimensions of
reference motor except placement of permanent magnets on
rotor disc. The significant design details for the reference
motor are shown in Table I. Figure 2 shows one of the rotor
discs with eight permanent magnet poles designed using
NdFeB grade 50 type material and other different parts. For
accurate electromagnetic field analysis, 3D modelling and
simulation is considered in AF-BLDC motor. Commercially
accessible finite element software is used for modelling and
simulation. FEA is used for obtaining the CT at a particular
rotor position. And this is iterated till the final rotor position
is reached. Figure 3 show the flow chart for this process of
obtaining the CT profile of designed and improved dual
rotor AF-BLDC motor. It is observed that the CT variation
is periodic w.r.t. rotor position because of motor’s structural
symmetry. The peak CT value of initially designed AF-
BLDC motor is 5.43 N.m. as shown in Fig. 4.

Table 1. Details of initial motor

Parameters Symbol Unit Value
No. of phase Nph - 3
No. of slots Ns - 48
No. of poles p - 16
Outer dia. Do mm 182
Inner dia. Di mm 104
PM length Lm mm 2.7
Air-gap length Lg mm 0.5
PM remanence Br T 1.2
Type of PM - Grade 50 NdFeB
Core material type - - M19
6
E a
_g' 2
8§ 2

Rotor position [mech. degree]

Fig. 4. CT profile of initially designed motor.
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4. MAGNET SHIFTING TECHNIQUE

This section discusses the Magnet Shifting (MS) technique
for CT reduction for a dual rotor AF-BLDC motors. Various
design approaches for CT reduction of BLDC permanent
magnet machines are listed in literature. CT is produced in
AF-BLDC motors on account of interaction between flux
and reluctance variation at air-gap. And it can be mitigated
by reducing variation in air-gap reluctance. This section
presents a new rotor with shifted magnets. If the ends of all
the magnets are evenly spaced apart, overall CT represents
the sum of the contributions from each magnet.

s
- I
N

Y. X

Fig 5. (a) Reference rotor design without PM shift (b)
Improved rotor design with shifted PM.

Cogging torque is the sum of series of cogging torque
harmonics. As a result, the cogging torque produced by a
single permanent magnet can alternatively be thought of as
the sum of series harmonics. Following equation represents
cogging torque from each magnet.

Tons, = ngNpisin(Npia) o

here, TyNyi is per magnet coefficient. Each permanent
magnet has the same relative position to respective stator

slot hence considered as repeating unit and generates
cogging torque that is in phase. Total cogging torque is
characterized with equation 6 as under.

Teogg, = 2P T,N,isin(N i)

= (6)
Using neighboring k repeating units to cancel harmonics,
equation 6 becomes:

1kfl 0

Toogs, =EZZTprisin(Npi(a+ j9))

j=0 i=L 7)

where, j is number of repeating units of PM, and &is angle
of magnet shifting relative to each other so as to have
cancellation effect on harmonics of cogging torque given by,
gt _ 27

k- N_nk ®)
where, n is harmonic order of cogging torque harmonics, and
Tn is the cycle time of this harmonic. With the application of
right MS technique, the harmonic sum of the cogging torque
of all magnets could be reduced as per equations 6 and 7.
Because the magnet position is one of the key components
in air-gap flux variation, it is critical to only shift magnets to
obtain trapezoidal back EMF and reduced CT. Rotor magnet
poles are grouped (north pole and south pole) and shifted in
group in anti-clockwise and clockwise respectively as
shown in the accompanyingFigure 5(b).

The reference design is shown in Figure 5(a), which does
not include magnet shifting. Figure 5(b) illustrates one of the
modified rotors with magnet shifted by 3.5°. It is vital to
realize that just magnets are displaced while all other
dimensions remain constant i.e., magnet width, rotor
diameter, rotor core depth, magnet shape, magnet height,
and etc.

5. RESULTS

The reference model created with the information shown in
Table 1 is subjected to the Magnet Shifting approach
covered in Section 4. Three dimensional (3D) FEA is used
to obtain cogging torque profiles with the application of MS
technique. Improved model incorporates magnets shifted by
1°,2°, 3° 3.5° and 4° respectively.

Compression of CT profiles of improved model with
different MS values and initial motor is done to present the
effectiveness of the MS technique and is displayed in Fig. 6.

It is analysed that the net CT is reduced due to shifting of
rotor magnets (where north pole magnets are shifted in
clockwise direction and south pole magnets are shifted in
anti-clockwise direction as discussed in previous section).
Table 2 indicates variation of cogging torque and average
torque of AF-BLDC motor. The peak CT value of initial AF-
BLDC is 5.43 N.m. while improved motor with magnet shift
of 3.5° has peak CT of 3.0 N.m. This decrease in CT (peak
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to peak) from 5.43 N.m. to 3.0 N.m. was achieved with just
a minor compromise in average torque.

—— Initial design —Magnet shift 1° Magnet shift 2°
Magnet shift 3° ——Magnet shift 3.5° ——Magnet shift 4°
6 1" shift
T
=3
g 2]
g
g
20 !
2
§ 2 |
-4 | 3.5° shift
4" shift
6 "

Rotor position [mech. degree]

Fig. 6. CT profiles compression for different MS value (in °)
with initial motor.

Table 2. Initial and upgraded axial flux motor design

comparison
CT Avg. Torque
Magnet
o : - TR %
Shifting | Peak| Reduction | , | Reduction
N.m. (%) o (%)
OO
[Initial | 5.43 - 15.09 - 47.29
design]
1° 4.84 10.86 14.91 1.19 40.23
2° 4.7 13.44 14.88 1.39 33.59
3° 3.05 43.83 14.82 1.78 29.0
3.5° 3.0 44.75 14.81 1.85 23.63
4° 3.41 37.20 14.85 1.59 31.64

—— Initial model ——Magnet shift 1°  ——Magnet shift 2°
e Magnet shift 3° ——Magnet shift 3.5° ——Magnet shift 4°
Initial 2° shift % srift
20 —

P

[
[

Torque (N.m.)
=
5]
H-
“w
=
&
w
“w
=2
=4

[

Rotor angle (mech. degree)

Fig. 7. Torque profiles compression for different MS value (in
o) with initial motor.

Figure 7 depicts the torque profiles of the original motor
and the improved motor with magnet shifting. The average
torque of initially designed AF-BLDC is 15.09 N.m. while
improved motor with magnet shift of 3.5° has average torque
of 14.81 N.m. It is analyzed that reduction in cogging torque

is 44.75 % with marginal reduction of 1.85 % in average
torque of motor. Torque ripple (TR) is reduced from 47.29
% to 23.63 % due to design modification with magnet
shifting technique. The back EMF waveforms of the initial
and modified motors should be compared and analysed. As
a result, fig. 8 compares the back EMF profile of the original
and improved motor. It has been found that using the magnet
shifting technique improves the back EMF waveform
compared to using the original motor.

30 5 — Initial design
Improved design

—— With magnet shifting
20 -

Initial design
10 -

100 280 300 400

Back emf [Volt]
o

-10 -

=20 -

Rotor position [mech.degree]

=30 -~

Fig. 8. Back emf waveforms of initial design and improved

Shaded Plot
|B| smoothed
1

Shaded Plot
|B| smoothed
1

0.14

Fig. 9. Improved motor flux density profile.
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It is very essential to evaluate flux density profile of
reference design and improved deign. To evaluate actual
flux densities in various motor parts and to validate
reference & improved designs electromagnetic field analysis
(EMFA) is performed. Using finite element method flux
density calculation is done [26].

On the basis of anticipated performance and material
characteristics, flux density is initially assumed. As flux
density assumption directly affects the overall performance
of motor. Improper selection can lead to saturation of
material which will degrade the performance of the motor
hence its evaluation is quite significant. The flux density
distribution in the redesigned stator and rotor is shown in
Figures 9(a) and 9(b) respectively. It has been shown that
the actual flux density in various portions is very similar to
the initial estimated flux densities, confirming the accuracy
and efficacy of the suggested design technique.

6. CONCLUSION

Cogging torque is inherent in AF-BLDC motors and is one
of the major problems for low-speed vehicular applications.
Hence reduction of CT is highly desirable during design
process of motor. This paper presents CT reduction of a 250
W, 150 rpm, dual rotor surface permanent magnet AF-
BLDC motor. Initially reference motor was designed and
EMFA is done using 3D FEA method. Magnet shifting
technique is applied to the two rotors of 8 poles each to
obtain the overall CT reduction. With application of
proposed technique, it is analyzed that the 44.75 % reduction
is achieved in peak value of CT with negligible reduction in
average torque. The back EMF profile is also improved and
remains symmetrical. In different motor sections, the actual
flux densities closely match the corresponding predicted
flux densities. Therefore, it can be said that the magnet
shifting technique is a successful strategy for reduction of
CT of dual rotor AF-BLDC motor and can be used for other
permanent magnet motor topologies as well.
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