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Abstract: In this article, the influence of trapezoidal mag-
netization method on cogging torque of permanent magnet
motor is studied. First, the structure is analyzed by analy-
tical method to explain its mechanism of reducing cogging
torque. Then, in order to verify the effectiveness of the for-
mula, a six-slot four-pole motor is introduced for finite ele-
ment analysis. Through comparison of the original structure
motor, the magnet skew structure motor, and the trape-
zoidal magnetic pole structure motor, it demonstrates that
the trapezoidal magnetic pole structure motor can effec-
tively reduce the Cogging torque and does not produce
additional axial electromagnetic force. Finally, a magne-
tizing fixture with a trapezoidal magnetic pole structure is
made to magnetize the magnetic ring. The magnetized mag-
netic ring is installed on the motor, and the Cogging torque,
Back EMF, etfc., are tested. The test results are in good
agreement with the simulation results. This method can
be used to optimize the cogging torque of the permanent
magnet motor.
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1 Introduction

compared with traditional motors, permanent magnet
synchronous motors have the characteristics of high torque
density, high efficiency, and fast dynamic response, and are
widely used in servo drives such as automobiles. At the
same time, the permanent magnet motor will generate cog-
ging torque due to the interaction between the permanent
magnet and the stator slot. The cogging torque always exists
during the operation of the motor, which can cause pro-
blems such as vibration and noise [1,2].

At present, many scholars have proposed many methods
to reduce the cogging torque. Such as slot skewing [3,4]:
this method will increase the difficulty of stator processing
and increase the amount of copper. Magnet skewing [5-9]:
this method will increase the difficulty of processing and
assembly for the magnetic tile, increase the cost, and will
increase the extra-axial force of the motor. Magnetic pole
shifting [10-13]: the rotor dynamic balance is affected and
new harmonics are generated. Shifting the slot-openings
[14]: manufacturing costs increase. As well as adjusting
the shape of the slots or the tooth width [15,16], adding
auxiliary slots or teeth [17], new modular stator fractional
pole structure [18], axially tapered stator tooth tip [19],
using unequal width magnetic poles [20], the slot and
pole number combination [21], magnet pole clipping or
sinusoidal magnetization [22], and optimizing cogging
torque from a control perspective [23]. Regarding the ana-
lysis methods of cogging torque, there are currently energy
methods [6], [24] and calculation methods of cogging
torque based on Maxwell stress theory [25-27].

In sintered magnets, researchers have proposed trape-
zoidal pole distribution [28,29]. They all analyzed the struc-
ture from the angle that the trapezoidal magnetic pole
provides sinusoidal flux linkage and sinusoidal back EMF,
and did not give a specific angle calculation method. The
larger the angle is, the better it is. The selection of trapezoidal
pole distribution angle is related to the motor parameters.
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Magnetic rings are widely used in micro-motors because of
their high precision, low cost, and easy assembly [30,31]. Cog-
ging torque also exists in motors using magnetic rings. Among
the above-mentioned methods for reducing the cogging torque
by optimizing the permanent magnet, the magnet skew is
commonly used at present. The magnetic ring can realize the
inclined pole magnetization of the magnetic ring by designing
a magnetizing fixture. But the magnet skewing method will
reduce the output torque of the motor and bring additional
axial force. Because the bonded magnetic ring is very flexible,
it can easily realize the trapezoidal magnetic pole distribution
magnetization. Compared with traditional magnetization or
magnet skew magnetization, the cost will not change.

In this article, by virtue of the flexible magnetizing char-
acteristics of the bonded magnetic ring, the trapezoidal mag-
netic pole distribution of the bonded magnetic ring is directly
realized through magnetization. The trapezoidal magnetic
pole distribution magnetic ring is shown in Figure 1.

First, the structure is analyzed by analytical method
to explain its mechanism of reducing cogging torque. Then,
in order to verify the validity of the formula, a six-slot four-
pole permanent magnet motor is introduced for finite ele-
ment simulation analysis. The original structure motor, the
magnet skew structure motor, and the trapezoidal magnetic
pole structure motor are compared. The finite element cal-
culation results show that the trapezoidal magnetic pole
structure motor can effectively reduce the cogging torque
without generating axial electromagnetic force. Finally, a
magnetizing fixture with trapezoidal magnetic pole struc-
ture is made to magnetize the magnetic ring. The magne-
tized magnetic ring is installed in the motor and tested, and
the test results are consistent with the simulation results.

2 Cogging torque minimization

2.1 Analytical method

Cogging torque is the torque produced by the interaction
of the rotor permanent magnets with the stator cogging.

Figure 1: Trapezoidal magnetic pole structure.
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The cogging torque is related to the rotor position and
changes periodically with the rotor position.

In a surface mount permanent magnet brushless
motor, it is assumed that 1) the magnetic permeability
of the armature core is infinite, and 2) when not ener-
gized, the magnetic energy stored in the motor can be
approximated as the sum of the magnetic energy in the
permanent magnet (W) and the air gap (Wgyp):

1
W= Wom + Weap = ﬂJ-BZdV’ 1)
0
\’4

where g is the vacuum permeability. The distribution of
the air gap flux density along the armature surface can be
expressed as follows:

B0, a) = B,(8)G(0, a), )

where B,(6) is the permanent magnetic remanence flux
density distribution, a is the angle between the centerline
of a specified armature tooth and the centerline of a spe-
cified permanent magnet, G(6,a) is the included angle
between the magnetic pole centerline and the tooth cen-
terline is a The distribution of the effective air gap length
is reversed along the circumference of the circle. The
cogging torque can be expressed as follows:

Toog =~ LIB,Z(G)GZ(G, wdv|, 3)
oa | 2u,
14
where 6 is the position angle. Expanding B,.(6) and G(6, a)
with Fourier series, respectively, the analytical expres-
sion of cogging torque can be obtained:

nzL,
4u,

(R - RD) Y nGyBr(nzypysin(nza),  (4)

n=1

Tcog(a) =

where z is the number of slots, 2p is the number of poles,
and L, is the length of the core. In the inner rotor struc-
ture, R, and R, are the outer radius of the rotor yoke and
the inner radius of the stator, and n is an integer that
makes nz/2p an integer.

The analysis shows that the number of fundamental
cogging torque cycles y in each revolution of the perma-
nent magnet brushless motor rotor has the following rela-
tionship with the greatest common divisor (HCF) N,,, of the
number of stator slots z and the number of rotor poles 2p:

y=—" (©)

Since the greatest common divisor N, and the least
common multiple (LCM) N, have the following relationship:

2pz = N.Np. (6)
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Therefore, y = N, that is, the number of fundamental
wave cycles of the cogging torque when the rotor rotates
one circle is equal to the least common multiple N, of
the number of stator slots z and the number of poles 2p.
The mechanical angle corresponding to the fundamental
wave period of the cogging torque is 6; = 360°/N.. [32].

The cogging torque of the motor can be regarded as
the sum of the interaction between each edge of the per-
manent magnet and the slot opening. It is well known
that the magnet skew is an effective method to reduce the
cogging torque. In order to completely eliminate the cog-
ging torque, the skew angle of the magnet must be equal
to the cycle of the cogging torque. In this way, when the
magnetic pole conversion area of the permanent magnet
passes through the stator slot, the magnetic pole conver-
sion area is evenly distributed along the entire slot [33].

However, the skewing of the magnet will lead to the
generation of axial electromagnetic force. If one of the
magnetic pole conversion areas is tilted in the opposite
direction, a magnetic ring with trapezoidal magnetic pole
distribution can be obtained. When the two pole conver-
sion areas of each pole of the magnetic ring with trape-
zoidal magnetic pole distribution pass through the notch,
they are also evenly distributed. Therefore, the calcula-
tion formula of the skew pole angle of the trapezoidal
magnetic pole structure should be the same as that of
the traditional skew pole angle. As shown in Figure 1,
the magnet skew angle of the trapezoidal magnetic pole
structure is 65,. When the magnetic pole oblique angle 6,
is equal to 6,, the fundamental wave of cogging torque
can be eliminated:

O = 61 = 360°/N,. (7)

2.2 Design of the Prototype

A six-slot four-pole permanent magnet motor is used for
verification. This motor uses a bonded magnetic ring as
a permanent magnet rotor. Bonded magnets can be clas-
sified into isotropic bonded magnets and anisotropic
bonded magnets. Anisotropic bonded magnets are gra-
dually being used in various micro-motors due to their
high magnetic properties [30]. The magnetic rings used in
this article are radially oriented anisotropic bonded mag-
netic rings.

The two-dimensional topology and three-dimen-
sional cross-section of the motor used in this article
are shown in Figure 2. The specifications for the motor
are listed in Table 1.
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Stator core

winding

Figure 2: Two-dimensional topology map and three-dimensional
cross-sectional view of the motor.

Table 1: Specifications of the motor

Item Unit Value
Stator slots - 6
Magnet poles - 4
Rated speed rpm 18,000
Stator outer diameter mm 48
Stator inner diameter mm 27
Rotor diameter mm 26
Inside diameter of magnet mm 18
shaft diameter mm 5
Motor axial length mm 15

3 Finite element analysis

3.1 Verify the validity of the formula

The motor is modeled in finite element simulation soft-
ware, and the 3D model specifications used in the simu-
lation are consistent with the actual motor specifications.
As shown in Figure 3, (a) is the 3D simulation model, (b) is
the disassembled diagram of the model motor. In the simu-
lation, the inclination angle range 6 of the trapezoidal
magnetic pole structure is 0-50°, with a step size of 10°.
When 6 varies from 0-50°, the cogging torque
changes as shown in Figure 4 below. It can be seen

Figure 3: (a) 3D simulation model. (b) Disassembled prototype
motor.
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Figure 4: Relationship between cogging torque and magnet skew
angle.

from Figure 4 that as the skew angle of the magnet
increases, the amplitude of the cogging torque gradually
decreases, and the period of the cogging torque does not
change significantly.

The relationship between the peak-to-peak value of
cogging torque and the skew angle of the magnet is
shown in Figure 5.

It can be seen from Figures 4 and 5 that the cogging
torque of the motor decreases with the increase of the
skew angle of the magnet. When the skew angle 6, of
the magnet is 30°, the peak-to-peak value of the cogging
torque is the smallest. Subsequently, as the skew angle of
the magnet increases, the peak-to-peak value of the cog-
ging torque increases gradually. This result shows that
formula (7) is suitable for the calculation of the magnet
skew angle in the trapezoidal magnetic pole structure.
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Figure 5: Curve of peak-to-peak value of cogging torque and magnet
skew angle.

This magnetic pole structure can be used to optimize
the cogging torque of permanent magnet motors.

3.2 Comparison of cogging torque and rated
output torque

Contrast trapezoidal magnetic pole structure with magnet
skew structure and original structure (traditional four-
pole structure) motors. As shown in Figure 6, (a) is the
schematic diagram of the magnet skew structure motor
when the magnet skew angle is 30°. (b) is the original
structure motor.

The comparison between the cogging torque and the
output torque of the three types of magnetic pole struc-
ture motors is shown in Figure 7 below.

(a)

(b)

Figure 6: (a) Magnet skew structure motor. (b) Original structure motor.
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Figure 7: (@) Comparison of Cogging Torque; (b) comparison of Output Torque.

It can be seen from Figure 7(a) that the motor with
trapezoidal magnetic pole structure can effectively reduce
the cogging torque. It can be seen from Figure 7(b) that the
torque ripple is significantly reduced, and the output
torque is slightly decreased. Compared to the original
structure, using the trapezoidal magnetic pole structure
reduces cogging torque by 91.3%, while output torque
decreases by 0.7%, magnet skew structure reduces cog-
ging torque by 91.1% and output torque by 1.9%. It can
be seen that the use of the trapezoidal magnetic pole struc-
ture can effectively reduce the cogging torque and at the
same time reduce the drop of the output torque as much as
possible.
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Figure 8: Back EMF simulation results.

3.3 Back EMF

The comparison of the Back EMF of the trapezoidal mag-
netic pole structure, the magnet skew structure, and the
original structure motor is shown in Figure 8.

It can be seen from Figure 8 that the Back EMF wave-
form of the trapezoidal magnetic pole structure and the
magnet skew structure is obviously more sinusoidal than
the original structure motor. Fourier transform (FFT) ana-
lysis was performed on the Back EMF curve, and the
result is shown in Figure 9.

It can be seen from Figure 9 that the fifth harmonic is
the main harmonic, the amplitude of the 5th harmonic of

- original structure
B Trapezoidal magnetic pole structure

I Magnet skew structure

Amplitude (V)
=

S N B O

Harmonic Order

Figure 9: FFT Analysis of the back EMF.
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the trapezoidal magnetic pole structure is reduced by
80.4%, and the magnet skew structure is reduced by
69.2%. Among them, the amplitude of the fundamental
wave is also reduced to a certain extent, the trapezoidal
magnetic pole structure is reduced by about 4.4%, and
the magnet skew structure is reduced by about 4.5%.
Extract the analysis results, and bring the harmonics of
each order into formula (8) to calculate the total har-
monic distortion (THD).

THD = i(ﬂ)z,

n=2\ 1

(8)

where n is the harmonic order, H is the highest harmonic
order, G, is the nth harmonic amplitude, and G, is the
fundamental wave amplitude. The THD of the original
structure motor can be calculated as (THD)origina1 = 14.2%,
the trapezoidal magnetic pole structure motor is
(THD)trapezoidal = 2.8%, and the magnet skew structure
motor is (THD)gyew = 5.3%. The THD has been significantly
improved after optimization.

3.4 Axial electromagnetic force

Compared with the magnet skew structure motor, the
trapezoidal magnetic pole structure motor does not gen-
erate axial electromagnetic force due to its axial symmetry.
Both use a magnet skew angle of 30°. At the maximum
load torque operating point, the axial electromagnetic
force comparison of the two motors is shown in Figure 10.

Magnet skew
Trapezoidal pole structure
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Figure 10: Simulation results of the axial electromagnetic force of
the motor.
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(@) (b)

Figure 11: (a) Trapezoidal magnetic pole structure magnetization
fixture; (b) trapezoidal magnetic pole structure magnet.

It can be seen that the axial electromagnetic force of the
motor using the trapezoidal magnetic pole structure is
almost zero. This structure can effectively reduce the cog-
ging torque without generating axial electromagnetic force,
effectively prolonging the life of the bearing and reducing
small vibration noise, and improve motor control accuracy.

4 Prototype test

In order to further verify the validity of the simulation
results, a prototype rotor with trapezoidal magnetic pole
structure was made for testing. According to the simula-
tion results above, a trapezoidal magnetic pole structure
magnetization fixture with a magnetic pole skew angle
Osx = 30° is made, and the magnet ring is magnetized.
Figure 11 shows the trapezoidal magnetic pole structure
magnetization fixture.

The trapezoidal magnetic pole structure magnet ring
is installed and tested, as shown in Figure 12. The one
with the white fan in the figure is the trapezoidal

Trapezoidal magnet
structure rotor

Original structure rotor

Stator

Figure 12: Trapezoidal magnetic pole structure and original struc-
ture motor.
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Figure 13: Cogging torque test device.

magnetic pole structure rotor, the red fan is the original
structure rotor, and the two rotors use the same stator.

4.1 Cogging torque test

The cogging torque test device is shown in Figure 13.
The test results are shown in Figure 14. Using the
trapezoidal magnetic pole structure, the cogging torque
is significantly reduced, and the peak-to-peak value is
reduced from 77.64 to 9.02mN m, and the reduction is
88.4%, which is close to the simulation result of 91.3%.

4.2 Back EMF test

Back EMF test device is shown in Figure 15.

N
(=]

Trapezoidal magnetic
pole structure

Y
S
L]

Cogging Torque (mN-m)
(=}

40 F
_60 L L il L L
0 15 30 45 60 75 90
Mechanical Angle (deg)

Figure 14: Measured value of cogging torque.
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Figure 15: Back EMF test device.

The test results are shown in Figure 16. (a) is the Back
EMF of the original structure motor at a speed of 18,000 rpm,
and (b) is the Back EMF of the trapezoidal magnetic pole
structure motor at a speed of 18,000 rpm.

It can be seen from Figure 16 that the Back EMF
waveform of the trapezoidal magnetic pole structure
motor is closer to sinusoidal. The Back EMF amplitude
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Figure 16: (a) Back EMF of the original structure motor at a speed of
18,000 rpm. (b) Back EMF of the trapezoidal magnetic pole structure
motor at a speed of 18,000 rpm.
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of the trapezoidal magnetic pole structure is reduced by
6.8%. The simulation result is a decrease of 4.4%, which
is close to the simulation results.

5 Conclusions

This article studies the influence of trapezoidal pole dis-
tribution on cogging torque of permanent magnet motors.
The mechanism of the trapezoidal pole structure weak-
ening the cogging torque of the permanent magnet motor
is explained by analytical method, and the calculation
formula of the oblique pole angle is derived. In order to
further verify the validity of the formula, the trapezoidal
magnetic pole structure is tested by combining simula-
tion with experiment. The results show that the trape-
zoidal pole structure can effectively reduce the cogging
torque of permanent magnet motors by more than 90%.
Compared with the traditional oblique pole method, the
trapezoidal pole structure does not generate additional
axial electromagnetic force.

This method can be used to optimize the cogging
torque of the permanent magnet motor. Especially in a
magnet ring, the trapezoidal magnetic pole structure can
be realized only by changing the design of the magne-
tizing fixture, which will not increase the cost of the man-
ufacturing process of the magnet.
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