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Abstract: In this paper, an analytical method based on the series transform and skewed slot structure
of rotor is adopted to reduce the cogging torque of the variable flux memory permanent magnet
(VFMPM) machine. Firstly, the theory analysis of the cogging torque of the VFMPM machine
was completed. Secondly, a simulation model of the VFMPM machine was established, aiming at
calculating the cogging torque of the VFMPM machine and verifying the correctness of the above
analytical method. Thirdly, a prototype of 14 rotor slots and 12 stator slots of the VFMPM machine
was manufactured, and the experimental results of the cogging torque of the VFMPM machine
further verified the effectiveness of the above mentioned theory analysis. Besides, the load force of
the VFMPM machine including the cogging torque was also tested and analyzed in this paper.

Keywords: machines; series transform; skewed slot; cogging torque

1. Introduction

Since the structure of rotor and stator of the flux switching machine is the salient pole
type, the air-gap flux density of the flux switching machine is higher than some other kinds
of machines [1–3]. In this condition, the magnetic saturation occurs in the teeth end of
flux switching machine’s rotor and stator, which produces the cogging torque fluctuation
when the flux switching machine is working [4,5]. The cogging torque fluctuation will
lead to mechanical vibration and noise, which is disadvantageous for the constant-speed
and constant-torque operation of the flux switching machine, especially in the low-speed
condition [6]. As a kind of flux switching machine, the VFMPM machine also suffers from
the effect of cogging torque fluctuation.

In order to reduce the amplitude of the cogging torque of machines, experts have
proposed two kinds of methods, which are the operation control method and structure
design method. References [7,8] proposed a method of harmonic current injection to
compensate the cogging force of the linear synchronous motor. Reference [9] compared
the cogging torque compensation of a motor by harmonic current injection and model
predictive current control, which proved that the harmonic current injection method was
ordinary and the model predictive current control was slightly superior. Reference [10]
adopted a control method of field circuit coupling double closed-loop to improve the
operational performance of the brushless machine, and the experimental results indicated
that the torque ripple of brushless machine was small.

Besides, the main method of cogging torque reduction of the machine is structure
design, such as extending the stator magnetic circuit [11], yokeless secondary [12], hybrid
cores [13], asymmetric magnetomotive force and asymmetric permeance [14], angle of
stator tooth and rotor pole [2], and so on. Comparatively, the structure design method is
simpler and more economical than the operation control method, because the operation
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control method will involve control algorithm, current data collection, and hardware circuit,
and will even conflict with the speed and torque control of the flux switching machine.

For the VFMPM machine, it has the characteristics of enhanced flux and weakened
flux [15,16], which will improve the complexity of the operation control method. There-
fore, professor Yang Hui, etc. has proposed the stepwise magnetization control method
to investigate the operational performance of the VFMPM machine [17]. Although the
structure of the VFMPM machine is similar to the classic structure of the flux switching
permanent magnet (FSPM) machine [18,19], the cogging torque of the VFMPM machine
has not been researched thoroughly, because the VFMPM machine requires the special
working condition of enhanced flux and weakened flux. Therefore, the main work of this
paper is to investigate the cogging torque reduction of the VFMPM machine, including the
working condition of enhanced flux and weakened flux.

This paper is organized as follows. Firstly, an analytical expression based on the series
transform and skewed slot structure of the rotor was adopted to investigate the principle
of cogging torque of the VFMPM machine. With the analytical expression, the cogging
torque reduction method of the VFMPM machine was achieved. Secondly, a simulation
model was established to calculate the cogging torque of the VFMPM machine in different
flux regulation conditions (enhanced flux and weakened flux), and verify the validation of
the above analytical method preliminarily. Thirdly, a prototype of the VFMPM machine
and test rig was constructed, and the experimental results were identical with those of the
simulation model. Besides, the load force of the VFMPM machine, including the cogging
torque, were also tested and analyzed in this paper.

2. Theory Analysis of Cogging Torque

The VFMPM machine involved in this paper is shown in Figure 1. In Figure 1,
the structure of rotor and inner stator core is the salient pole type. The operation principle
of the VFMPM machine can be seen in [16]. When the relative motion between rotor
and stator occurs, the cogging torque will be produced by the theory of magnetic energy
variation [20]. For the cogging torque, the amplitude of magnetic energy variation is
only decided by the permanent magnet (Ndfe35 and LNG52 in the VFMPM machine).
Reference [21] had proposed the theory analysis of cogging torque based on the rotor tooth
of the flux switching machine. This paper adopted the analytical method on the basis of
the stator tooth of the VFMPM machine, and made a further simple derivation.

Figure 1. The structure of the VFMPM machine.
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2.1. Analysis of Cogging Torque with Stator Straight Slot

It is assumed that only one tooth (straight slot) exists in the inner stator core of the
VFMPM machine, which is named as the 0th stator tooth; then the corresponding cogging
torque of the VFMPM machine can be expressed as

TC0 =
∞

∑
n1 = 1

Tn1 sin(n1Nrθ) n1 = 1, 3, 5, 7 · · · (1)

where Tn1 is the amplitude of the cogging torque with n1th harmonics component, Nr is
the number of rotor tooth, and θ is the relative position angle between rotor tooth and
stator tooth (mechanical angle). Based on the Equation (1), the cogging torque of ith stator
tooth can be described as

TCi =
∞

∑
n1 = 1

Tn1 sin
(

n1Nr

(
θ +

2π

Ns − 1
i
))

(2)

where Ns is the number of stator teeth. Make a comparison between Equation (2) and
Equation (1); it can be found that there is only the phase difference occurring among the
cogging torque of a different stator tooth.

Thus, the total cogging torque of the VFMPM machine can be described as

TCtotal =
Ns−1

∑
i = 0

∞

∑
n1 = 1

Tn1 sin
(

n1Nr

(
θ +

2π

Ns − 1
i
))

(3)

In Equation (3), if α = n1Nrθ and β = n1Nr2π/(Ns − 1), then Equation (3) can be
rewritten as

TCtotal =
Ns−1

∑
i = 0

∞
∑

n1 = 1
Tn1 sin(α + βi)

=
∞
∑

n1 = 1
Tn1

[
sin(a)

Ns−1
∑

i = 0
cos(βi) + cos(a)

Ns−1
∑

i = 0
sin(βi)

] (4)

by the analytical expression of Fourier series of trigonometric function, Equation (4) can be
transformed into

TCtotal =
∞
∑

n1 = 1
Tn1

[
sin(a)

sin
(

β
2 (Ns−1)

)
cos( Ns

2 β)

sin
(

β
2

) + cos(a)
sin
(

β
2 (Ns−1)

)
sin( Ns

2 β)

sin
(

β
2

)
]

=
∞
∑

n1 = 1
Tn1

[
sin(n1Nrπ)

sin( n1Nrπ
Ns )

sin
(

a + Ns
2 β
)] (5)

In Equation (5), the analytical expression sin(n1Nrπ) ≡ 0 (n1 and Nr are integral
numbers). Therefore, only the analytical expression sin(n1Nrπ/Ns) = 0, then Equation (5)
can exist.

sin
(

n1Nrπ

Ns

)
= 0⇒ n1 = k1

Ns

GCD(Ns, Nr)
k1 = 1, 2, 3 · · · (6)

For the actual structure of the VFMPM machine, k1 should be as small as possible to
prevent the high harmonic proportion of cogging torque.

2.2. Analysis of Cogging Torque with Stator Skewed Slot

Equation (3) shows the cogging torque expression of the VFMPM machine with a
stator straight slot. Now we analyze the cogging torque expression of the VFMPM machine
with a stator skewed slot.

If the stator core is divided into m segments (in the radial direction), and the adjacent
parts of the stator core are rotated by δ mechanical angle, Equation (3) can be rewritten as

TCtotal =
m

∑
n2 = 1

∞

∑
n1 = 1

Tn1

m
sin(n1Nr(θ1 + δn2)) (7)
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It is assumed j = n1Nrθ1 and k = n1Nrδ, then Equation (7) can be transformed into

TCtotal =
∞
∑

n1 = 1

Tn1
m

(
sin j

m
∑

n2 = 1
cos(ki) + cos j

m
∑

n2 = 1
sin(ki)

)
=

∞
∑

n1 = 1

Tn1
m

sin(n1Nrδm/2)
sin(n1Nrδ/2) sin

(
j + m+1

2 k
) (8)

In Equation (8), only when the expression of numerator sin(n1Nrδm/2) = 0, then the
cogging torque TCtotal is reduced. For an example of a VFMPM machine with 12 stator slots
and 14 rotor slots, the adjacent mechanical angle δ of the stator core with 2 segments is

n1Nrδm/2 = π ⇒ δ =
2π

6× 14× 2
= 2.15◦ (9)

where n1 = k1Ns/GCD(Ns, Nr) = 1× 12/2 = 6 (see Equation (6)), and the total
shifted mechanical angle is δtotal = 4.3◦. Besides, when the adjacent mechanical angle is
δ = 2.15◦, the expression of denominator sin(n1Nrδ/2) 6= 0, which indicates Equation (9)
is reasonable.

2.3. The Influence of Pole-Arc Coefficient on the Cogging Torque

Actually, before reducing the cogging torque of the VFMPM machine by the suitable
skewed slot degree of rotor, the pole-arc coefficient (tooth width and slot width of rotor
and stator) should be optimized first. If the pole-arc coefficient is larger, then the magnetic
saturation will occur in the teeth of the rotor and stator of the VFMPM machine, which is
not a benefit for the operational performance of the VFMPM machine.

Therefore, we have investigated and optimized the pole-arc coefficient of the VFMPM
machine in Reference [16] comprehensively, and the pole-arc coefficient is determined
as 1.2.

3. Simulation and Calculation

Because of the complex structure, it is impossible to achieve the skewed slot in the
stator core of the VFMPM machine. However, we can achieve a skewed slot in the rotor
core of the VFMPM machine, because the cogging torque is produced by the interaction of
rotor core and stator core. In this section, the software ANSYS is used to build a simulation
model and calculate the cogging torque of the VFMPM machine, aiming at verifying the
correctness of the theory analysis above. The ANSYS is a finite element simulation and
calculation software, which can be used in structural mechanics, hydrodynamics, circuit
science, electromagnetism, thermodynamics, acoustics, etc.

For example, if the 12 stator slots and 14 rotor slots of the VFMPM machine are
divided into 10 segments, the adjacent mechanical angle is δ = 0.43◦, and the total shifted
mechanical angle is δtotal = 4.3◦. For another example, if the VFMPM machine is divided
into 100 segments, then the adjacent mechanical angle is δ = 0.043◦, and the total shifted
mechanical angle is also δtotal = 4.3◦. This means that no matter how many segments are
divided, the total shifted mechanical angle of the VFMPM machine remains 4.3◦. Therefore,
if the rotor core is divided into many segments, then the rotor core slot of the VFMPM
machine can be considered as a continuous skewed slot, as shown in Figure 2.

In order to calculate the cogging torque of the VFMPM machine accurately, a two-
dimensional model of the VFMPM machine is achieved by the finite element analysis
software, as illustrated in Figure 3. In order to calculate conveniently by the simulation
software, the total skewed slot degree (total shifted mechanical angle) of the rotor of the
VFMPM machine is 5◦ (divided into 5 segments, and the adjacent mechanical angle is
δ = 1◦). Figure 3a shows the vector magnetic potential distribution of the VFMPM machine
in the weakened flux condition, and Figure 3b describes its enhanced flux condition.
The dimension parameters of the VFMPM machine are shown in Table 1. The principle of
weakened flux and enhanced flux of the VFMPM machine can be seen in Reference [16].
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By comparison, the air-gap magnetic potential distribution of weakened flux condition is
lower than the enhanced flux condition’s, which means that the amplitude of back EMF
of weakened flux condition is lower than the enhanced flux condition’s amplitude (at the
same speed), and the same is the cogging torque amplitude.

Figure 2. The continuous skewed slot structure of rotor core of the VFMPM machine.

Table 1. The dimension parameters of the VFMPM machine.

Descriptions VFMPM

Stator

Outer radius 79.2 mm
Inner radius 35 mm
Tooth width 8.22 deg

Slots 12

Rotor
Outer radius 34.5 mm
Tooth width 10 deg

Poles 14

NdFeB35
Thick 3.5 mm

Length 15 mm

LNG52
Length 12 mm
Thick 5 mm

Others

Air gap wide 0.5 mm
Turns of armature winding per phase 140

Turns of field regulating winding per LNG52 60
Axial length 75 mm

By the simulation model, Figure 4 shows the back EMF variation of the VFMPM machine
in the enhanced flux process, and the enhanced flux current is 12 A. After the enhanced flux,
the amplitude of back EMF of the VFMPM machine can be increased from 13.5 V to 29.2 V.
When the enhanced flux current is larger than 15 A, the amplitude of back EMF of the VFMPM
machine will no longer increase (about 32.5 V), which indicates that the maximum work point
of permanent magnet LNG52 can be achieved by the 15 A of enhanced flux current.

Besides, before or after enhanced flux, the total harmonic distortion (THD) of back
EMF is nearly constant, which is 1.91% and 1.84%, respectively [16]. This phenomenon will
benefit the optimization control of the VFMPM machine.

Figure 5 shows the simulation results of the VFMPM machine in weakened flux
condition. The comparison results of Figure 5a indicate that the back EMF waveform
of rotor skewed slot type (skewed slot degree = 5◦) is more sinusoidal than the rotor
straight slot type (skewed slot degree = 0◦), and Figure 5b reveals that the cogging torque
amplitude can be decreased dramatically by the rotor skewed slot type (5◦). Figure 6
shows the simulation results of the VFMPM machine in enhanced flux condition. After the
enhanced flux, the amplitudes of back EMF waveforms are increased (compared with
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the weakened flux condition), and the sinusoidal degree of back EMF waveform of rotor
skewed slot type (5◦) is still higher than the rotor straight slot type (0◦), as shown in
Figure 6a. Figure 6b also shows that the cogging torque can be decreased in the enhanced
flux condition of rotor skewed type (5◦).

Figure 3. Magnetic potential distribution of the VFMPM machine. (a) Weakened flux condition;
(b) Enhanced flux condition.

Actually, the back EMF waveform of rotor skewed slot degree = 5◦ is equal to the
average value of rotor straight slot, which is located at the 0◦, 1◦, 2◦, 3◦, 4◦, 5◦ degree of
rotor, respectively. Due to the existence of phase difference, the amplitude of back EMF
waveform of rotor skewed slot type is lower than the rotor straight slot type’s. The detailed
explanation is shown in Appendix A.

Consequently, the simulation and comparison results indicate that the above theory
analysis for cogging torque reduction is reasonable.
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Figure 4. Enhanced flux process of VFMPM machine.

Figure 5. The comparison of back EMF waveform and cogging torque of the VFMPM machine in
weakened flux condition. (a) Back EMF waveform; (b) Cogging torque.
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Figure 6. The comparison of back EMF waveform and cogging torque of the VFMPM machine in
enhanced flux condition. (a) Back EMF waveform; (b) Cogging torque.

4. Experiment and Comparison

In order to further verify the validity of theory analysis, a prototype of the VFMPM
machine with 12 stator slots and 14 rotor slots was manufactured and experimented on,
as shown in Figure 7. The main dimension parameters of this prototype are shown in
Table 1. In Figure 7b, the function of DC power 2 is to provide the electric source for the
weakened flux and enhanced flux of the VFMPM machine.

4.1. Cogging Torque of the VFMPM Machine in Weakened Flux Condition

Figure 8 shows the experimental and comparison results of the VFMPM machine in
weakened flux condition. Figure 8a shows the tested back EMF waveforms of the VFMPM
machine, and the speed is 1000 r/min. From Figure 8a, it can be concluded that the amplitude
of back EMF waveforms of the VFMPM machine is about 13.2 V, which is coincident with
the simulation results (see Figure 8c). Figure 8b illustrates the tested cogging torque of the
VFMPM machine by torque sensor and oscilloscope. The test scope of torque sensor is
0 Nm~20 Nm, with corresponding voltage output 0 V~10 V. Due to the need for accurate
measurement of cogging torque, the speed is lower than 1000 r/min. Due to the fact that the
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mechanical friction occurs in the VFMPM machine, driver machine, and transmission system,
the horizontal ordinate is lower than the zero point of the cogging torque. Figure 8d shows
the agreement of cogging torques between experimental and simulation results. Besides,
because the sampling accuracy of the torque sensor is low, the cogging torque waveforms of
experimental results are presented as ladder-shaped (see Figure 8b,d).

Figure 7. The prototype of the VFMPM machine and test rig. (a) VFMPM machine; (b) Test rig.

4.2. Cogging Torque of the VFMPM Machine in Enhanced Flux Condition

Figure 9 shows the experimental and comparison results of the VFMPM machine
in enhanced flux condition. Compared with Figure 8a,b, Figure 9a,b indicate that the
amplitudes of back EMF waveform and cogging torque are increased, which are mainly
due to the higher air-gap flux density of the VFMPM machine (see Figure 3b). Figure 9c
shows the comparison of back EMF waveforms of experimental and simulation results,
and Figure 9d shows the comparison results of the cogging torque. In Figures 8c and 9c,
the amplitude of back EMF waveform of the experimental results is a little lower than
the simulation results. The reason for this phenomenon is that some flux effects such as
axial end flux effect are not considered in the simulation calculation process by software,
especially in the enhanced flux situation. Figure 9d shows that the forward amplitude of
the cogging torque of the experimental result is larger than the simulation one, but the
peak-to-peak cogging torques of experimental and simulation results are identical.



Electronics 2021, 10, 1913 10 of 15

Figure 8. The experimental and comparison results of the VFMPM machine in weakened flux
condition. (a) Experimental results of back EMF waveforms; (b) Experimental results of cogging
torque; (c) Comparison of back EMF waveforms; (d) Comparison of cogging torques.
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Figure 9. The experimental and comparison results of the VFMPM machine in enhanced flux
condition. (a) Experimental results of back EMF waveforms; (b) Experimental results of cogging
torque; (c) Comparison of back EMF waveforms; (d) Comparison of cogging torques.
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4.3. Load Force Test of the VFMPM Machine

In order to further verify the cogging torque of the VFMPM machine (the no-load test
results of cogging torque may be affected seriously by the mechanical friction), the cogging
torque of the VFMPM machine with the load condition is tested, including the weakened
flux condition and enhanced flux condition. Figure 10 shows the test rig of the cogging
torque of the VFMPM machine in the load condition.

Figure 10. Test rig of cogging torque of the VFMPM machine in the load condition.

Figure 11 shows the test results of the cogging torque of the VFMPM machine in the
load condition, and the load is provided by the eddy current brake (see Figure 10). For the
weakened flux condition of the VFMPM machine, Figure 11a shows that the peak-to-peak
cogging torque of the VFMPM machine is 112 mN·m, in accordance with the no-load test
result (115 mN·m, see Figure 8d).

Then, the peak-to-peak cogging torque of the VFMPM machine in the enhanced flux
condition is illustrated in Figure 11b, and the test result (180 mN·m) is slightly smaller than
the no-load test result (240 mN·m, see Figure 9d).

Actually, the larger the load force (including the friction force), the smaller the peak-
to-peak cogging torque. This phenomenon may be related to the precision of the torque
measurement device, where the signal conversion from torque force (including the cogging
torque and friction force in this paper) to voltage is not absolutely linear.

Figure 11. Cont.
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Figure 11. Test results of cogging torque of the VFMPM machine in the load condition. (a) In the
weakened flux condition; (b) In the enhanced flux condition.

5. Conclusions

This paper proposed an analytical expression to uncover one method of cogging
torque reduction of the VFMPM machine. Then, in order to verify the correctness of the
analytical expression, a simulation model of 14 rotor slots and 12 stator slots of the VFMPM
machine is established, and the back EMF waveform and cogging torque are calculated.
Finally, a prototype of the VFMPM machine is manufactured and experimented on, and the
experimental results further verify the effectiveness of the above theory analysis. Besides,
the load force of the VFMPM machine, including the cogging torque, is also tested and
analyzed in this paper, which will be a benefit for test rig improvements of the VFMPM
machine in the future, such as high-precision torque sensors and so on.
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Appendix A

Take the case of weakened flux condition as an example, Figure A1 shows why the
amplitude of back EMF waveform of rotor skewed slot type is lower than the rotor straight
slot type’s. For example, if the rotor straight slots are located at the 0◦, 1◦, 2◦, 3◦, 4◦, and 5◦

mechanical degree of rotor (see Figure A1a), the average value of back EMF waveforms
of rotor straight slot (0◦, 1◦, 2◦, 3◦, 4◦, and 5◦) is equal to the back EMF waveform of rotor
skewed slot degree = 5◦ (see Figure A1b). However, the amplitude of back EMF waveform
in Figure A1b is 17.3 V, which is lower than the amplitude of back EMF waveform in
Figure A1a (18.7 V). The reason for this phenomenon is that the phase difference exists in
the rotor straight slots. Therefore, the amplitude of back EMF waveform of rotor skewed
slot type is lower than the rotor straight slot type’s.
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Figure A1. The back EMF waveform of the VFMPM machine (weakened flux condition). (a) Rotor
straight slot type (straight slot located at different mechanical degree of rotor); (b) Rotor skewed
slot type.
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