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ABSTRACT: Flux reversal machine (FRM) belongs to the stator permanent magnet (PM) machine, which has the advantages of high
reliability, high efficiency, and simple structure. However, large torque ripple and low torque density limit the development prospect of
FRMs. Therefore, a wavy rotor FRM (WR-FRM)with curved stator slots is proposed, which can reduce the torque ripple while improving
the average torque. The top surface of the rotor tooth consists of three sinusoidal functions, and the stator slots are constructed with a
spline curve. To obtain better electromagnetic performance, the multi-objective genetic algorithm is used to optimize the FRM and the
WR-FRM. Finally, the electromagnetic performances of the two machines is analyzed and compared by the finite element method. The
results show that compared with the FRM, the torque generated by the unit volume of PM is increased by 36.47%, and the torque ripple
is reduced by 62.7%.

1. INTRODUCTION

With the development of control theory and permanent
magnet (PM)material properties, PM brushless machines

have attracted widespread attention. Flux reversal machine
(FRM) is part of the PM brushless machine, which has a sim-
ple structure. The topology of FRM is shown in Figure 1. The
stator and rotor are made of silicon steel. The windings are in-
stalled in the stator slot, and the PMs are attached to the stator
teeth surface. The construction allows for high-temperature and
high-speed functioning. In addition, the machine also has the
characteristics of good fault tolerance and good speed regula-
tion performance, which is suitable for aerospace, electrically
driven vehicles, and other fields [1]. However, FRM also has
many disadvantages, such as large torque ripple and low torque
density.
To solve these problems, a method of adding a gap between

a pair of adjacent PMs is proposed in [2], which improves the
waveform of the back-EMFwhile minimizing the torque ripple.
The effect of coil pitch on harmonic components of back-EMF
is analyzed to reduce torque ripple [3]. In [4, 5], cogging torque
is reduced by increasing the lowest commonmultiple of the sta-
tor and rotor teeth. In [6], asymmetric rotor teeth are designed,
and the cogging torque phase is reversed. Consequently, the
cogging torque is reduced. In [7–9], spoke array and Halbach
array are used in the machine, which makes the torque improve
greatly. In [10], the fractional slot and integer slot machines
are compared, and the integer slot overlapping winding has a
higher electromagnetic torque. In [11], the toroidal winding
is proposed, which can effectively improve the pitch factor to
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FIGURE 1. Topology of FRM.

improve machine performance. In [12, 13], auxiliary teeth are
added to reduce magnetic leakage and increase torque.
In order to obtain torque ripple and high torque at the same

time, a novel FRM is proposed in this paper. Different from the
conventional FRM, the top surface of the rotor tooth is designed
with three sinusoidal functions with different periods and am-
plitudes, which are shaped like a wave. In addition, the stator
slots are composed of spline curves.
This paper has the following structure. In the second part, the

topology and working principle of the WR-FRM are presented.
In the third part, the wavy rotor tooth and the curved stator slot
are designed and analyzed. In the fourth part, the FRM and
WR-FRM are globally optimized. In the fifth part, the electro-
magnetic performances of the two machines are compared and
analyzed. In the sixth part, the conclusion is given.
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2. TOPOLOGY AND WORKING PRINCIPLE

2.1. Topology
The topology of the WR-FRM is shown in Figure 2. The rotor
is a simple salient pole core. The winding adopts concentrated
winding, which is wound on the stator teeth. The PM surface
is attached to the stator teeth. It should be noted that a curved
stator slot is proposed, replacing the conventional straight stator
slot. In the rotor tooth section, a wavy structure is proposed,
replacing the conventional smooth teeth.
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FIGURE 2. Topology of WR-FRM.

2.2. Working Principle
The working principle of WR-FRM is the same as FRM. Stable
PMs produce static magnetomotive force. As the rotor teeth
rotate to align with the stator teeth, the magnetic flux along the
stator teeth penetrates or penetrates out the windings according
to the principle of magnetic resistance. Therefore, the magnetic
flux changes value and polarity as the rotor rotates. Therefore,
the back-EMF is generated.
The product of the PMmagnet motive force and rotor air gap

permeance can be used to define the no-load air gap magnetic
flux density. PM magnet motive force can be expressed as:

FPM =

∞∑
n=1,2,3,...

Fn cos (nNstθ) (1)

where Fn is the Fourier coefficient when n takes 1, 2, 3 . . ., and
Nst is the number of stator slots. Rotor air gap permeance can
be expressed as [14]:

Λr (θ, t) ≈ Λr0 +

∞∑
m=0,1,2,...

Λrm cos [mNrt (θ − ωrt)] (2)

whereΛr0,Λrm are the Fourier coefficient, andNrt is the num-
ber of rotor slots. Therefore, the no-load air gap flux density can
be expressed as:

B (θ, t) = FPMΛr (θ, t) =

∞∑
n=1,2,3,...

FnΛr0 cos (nNstθ)

+

∞∑
n=1,2,3,...

∞∑
m=0,1,2,...

FnΛrm

2

cos [(nNst ±mNrt) θ −mNrtωrt] (3)

According to Equation (3), the harmonic pole-pair number
of air gap flux density is nNst ± mNrt, and the rotational
speed of the harmonic ismNrtωr/(nNst±mNrt). The smaller
modulation coefficients n and m produce the main average
torque according to the principle of magnetic field modulation.
Therefore, when n takes 1, 2, and m takes 0, 1, that is, Nst,
|Nst±Nrt|, 2Nst, |2Nst±Nrt| harmonics contribute the main
average torque.

3. DESIGN AND ANALYSIS OF WAVY ROTOR TOOTH
AND CURVED STATOR SLOT

3.1. Wavy Rotor
The structure of the wavy rotor tooth is shown in Figure 3. The
tooth top of the rotor consists of three sinusoidal functions with
different periods and different amplitudes. The amplitude of
the sinusoidal function in the middle is hbo, and the period is
b · wrt. The amplitude of the sinusoidal function on both sides
is (1− k) ·hbo, and the period is (1− b) ·wrt. k and b are scale
factors.

 wrt

b·wrt

(1-k)·hbo h
b
o

FIGURE 3. The structure of wavy rotor tooth.

hbo is an important parameter related to the magnitude of the
three sinusoidal wave amplitudes, which reflects the maximum
length of the air gap. Other parameters of the machines remain
unchanged, and only the structure of the rotor tooth surface is
changed. Figure 4 shows the torque characteristics change with
hbo. It should be noted that hbo = 0 represents the conventional
smooth rotor tooth. When hbo is 0mm, the average torque is
20.44N ·m, and torque ripple is 4.5%. When hbo is 0.2, the
torque ripple is the smallest, which is 0.64%, and the torque
is 19.71N ·m. The air gap length increases with the increase
of hbo, and the magnetic field modulation effect is weakened
consequently. However, the torque reduction caused by the in-
crease of hbo is small. At the expense of 3.57% of the average
torque, the torque ripple is decreased by 85.78%.
The change of k and b affects the unevenness of the air gap.

k and b affect the period of the sine function. Figure 5 shows
the influence of k and b on the torque ripple of the machine.
With the increase of k and b, the torque ripple increases first
and then decreases.
Considering the influence of k, b and hbo on the torque per-

formance, the harmonic analysis of the no-load air gap flux den-
sity is carried out. The radial and tangential air gap flux densi-
ties of the conventional smooth teeth machine and wavy teeth
machine are shown in Figures 6–7. Due to the wavy rotor teeth,
the equivalent air gap of the machine becomes larger, resulting
in smaller working harmonics of 1st, 12th, 24th, and 25th.
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FIGURE 4. Variation of torque characteristics with hbo. FIGURE 5. Variation of torque ripple with k and b.
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FIGURE 6. Radial flux density harmonic distribution. (a) 1–36 harmonic analysis. (b) 37–72 harmonic analysis.
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FIGURE 7. Tangential flux density harmonic distribution. (a) 1–36 harmonic analysis. (b) 37–72 harmonic analysis.

In addition to the main operating harmonics, other higher-
order harmonics are suppressed. What can be observed is that
the radial harmonic amplitudes of 23rd, 39th, 42nd, 44th, 47th,
57th, and 70th are close to 0, and the amplitude of the harmon-
ics such as 38th, 41st, 49th, and 53rd are weakened to a certain
extent. The amplitude change of each harmonic order in the ra-
dial direction is very similar to the amplitude change in the tan-
gential direction. The reduction of the amplitude of the higher
harmonics reduces the torque ripple. Therefore, the torque rip-
ple is reduced.

3.2. Curved Stator Slot

The structure of the curved stator slot is shown in Figure 8.
The curved stator slot is composed of spline curves composed
of Point 1, Point 2, Point 3, and Point 4. Point 1 and Point 2 de-
termine the PM width and thickness of stator pole shoe, which
are the same as a conventional stator slot. It is worth noting
that the parameters that determine the area of the curved stator
slot are Point 3 (a3, o3) and Point 4 (a4, o4), and the parameter

that determines the area of the conventional stator slot is h. The
larger the slot area is, the more windings can be wound in the
stator slot, which can increase the average torque.
According to the design experience of FRM, the slot fill fac-

tor of the conventional slot machine and the curved slot ma-
chine is set to 0.4 [15]. Under the condition that only the pa-
rameters of the stator slot change, curved slot machines have a
higher average torque after finite element analysis. The simula-
tion results are shown in Figure 9. The average torque of curved
slot machines can reach 21.5N ·m, and the average torque of
conventional slot machines is 20.03N ·m. The average torque
of the curved slot can be increased by at least 7.34%.

4. GLOBAL OPTIMIZATION

In order to fairly compare the electromagnetic performance, the
axial length, outer diameter, material, etc. of the two machines
are the same. Table 1 shows the design parameters of the ma-
chine.
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FIGURE 8. Slot structures. (a) Curved stator slot. (b) Conventional stator slot.
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FIGURE 9. Variation of average torque. (a) Change of curved structure parameters. (b) Change of conventional structure parameters.

TABLE 1. Design parameters.

Parameters Value
Outer radius (mm) 62

Speed (rpm) 600
Current density (A/mm2) 9
Diameter of wire (mm2) 1
Material of stator and rotor DW315-50

Material of PM NdFeB
Radius of the air gap (mm) 0.5

Axial length (mm) 120

In FRMs, rry and rsy affect the saturation of the machine
stator and rotor yoke. wrt, hbo, k, b are the relevant parameters
of the rotor modulation teeth, which affect the modulation ef-
fect of the rotor on the magnetic field. rsi is closely related to
torque. hPM and wPM are parameters related to PMs, which
affect the excitation capacity of PM and the effective length of
the air gap. hsh affects the torque ripple of the machine. ws,
a3, o3 affect the slot area and stator tooth saturation. The above
parameters affect the performance of the machine to a certain
extent but are constrained geometrically. Therefore, consid-

ering the interaction between multiple parameters, the multi-
objective genetic algorithm is used for global optimization.
The parametricmodels of the twomachines are shown in Fig-

ure 10. Through the analysis and single parameter sweep in the
third part, the value range of each parameter is determined and
shown in Table 2. Then, the polynomial of the response surface
is fitted by CCD, and the sample points are calculated in the fi-
nite element to obtain the response surface model. According
to the obtained response surface model, a multi-objective ge-
netic algorithm model is established, and the genetic algorithm
is used to optimize. Finally, the optimal solution set is obtained.
The optimization flowchart is shown in Figure 11.

The established optimization function is:

f(xi) = λ
fTavg(xi)

Tavg0
+ λ1

Tpkavg0

fTpkavg(xi)
(4)

where Tavg0 and Tpkavg0 are the initial average torque and torque rip-
ple; fTavg(xi) and fTpkavg(xi) are optimized objective functions. λ
and λ1 are the weight coefficients. The objective of optimization is to
lower torque ripple while raising the average torque. Observing Equa-
tion (4), fTavg(xi)/Tavg0 becomes larger as the optimization value
fTavg(xi) becomes larger. Tpkavg0/fTpkavg(xi) increases with the
decrease of the optimization value fTpkavg(xi). Therefore, finding
the maximum value of Equation (4) can meet the design requirements.
Both fTavg(xi) and fTpkavg(xi) are the objectives to be optimized
by FRM and have the same importance. Therefore, the weight coeffi-
cients of both are 0.5.
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FIGURE 12. Optimization results. (a) FRM (b). WR-FRM.

The optimization results of the two machines are shown in Fig-
ure 12. It can be seen from Figure 12 that the edge of the separate
point presents a curve trend. The separate blue points constitute the
Pareto optimal solution set. Observing the optimal solution set of the
two machines, the torque ripple of WR-FRM is always lower than that
of FRM under the same torque. It can be found that the torque rip-
ple reaches 7% when the FRM is 19.5N ·m. When the WR-FRM is
19.5N ·m, the torque ripple is less than 1%. Therefore, the torque
characteristics of WR-FRM are due to FRM. Considering the torque
and torque ripple, the optimization points selected are shown in Fig-
ure 12.

5. COMPARISON OF ELECTROMAGNETIC PROPER-
TIES

5.1. Air Gap Flux Density
Figure 13 shows the air gap flux density of the two machines. The air
gap flux density amplitude of WR-FRM is 1.09 T, while the FRM air
gap flux density reaches 1.21 T. Compared with the FRM, the amount
of PM used in the WR-FRM is reduced by 20.6%. Consequently, the
air gap flux density amplitude of the WR-FRM is reduced. The reduc-
tion of the air gap flux density amplitude can alleviate the saturation of
the stator and rotor teeth. The working harmonics of bothmachines are
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FIGURE 13. Air gap flux density. (a) Air gap flux density distribution. (b) Harmonic spectra.
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FIGURE 14. Phase back-EMF. (a) Waveform. (b) Harmonic spectra.

TABLE 2. Range and the final value of parameters.

Parameters Range FRM WR-FRM
Inner radius of rotor yoke rri (mm) 13–17 14.9 15.4
Outer radius of rotor yoke rry (mm) 27–33 29 31

Inner radius of stator rsi (mm) 38–43 42 40.4
Inner radius of stator yoke rsy (mm) 52–56 55.4 54.2

Width of rotor teeth wrt (deg.) 7.5–9.5 8.4 7.6
Width of stator teeth ws (deg.) 4–12 10.6 5.8
Width of PM wPM (deg.) 20–25 24.8 23

Thickness of PM hPM (mm) 1.5–2.5 2 1.8
Ordinate of point 3 o3 (mm) 2.5–5 / 4
Abscissa of point 2 a3 (mm) 42–47 / 43

Amplitude of wave rotor hbo (mm) 0.1-0.5 / 0.1
Amplitude ratio coefficient k 0.4–0.8 / 0.5
Period ratio coefficient b 0.1–0.3 / 0.2

1st, 12th, 24th, and 25th. The working harmonic amplitude is reduced
to a certain extent due to the decrease of the magnetomotive force and
the increase of the effective length of the air gap.

5.2. No-Load BackEMF
Figure 14 shows the no-load back-EMF of the two machines. The
no-load back-EMF amplitude of the WR-FRPM is 88.32V, which is
15.94% higher than that of the FRM. This is because the curved stator

slot can accommodate more coils. The no-load back-EMF harmon-
ics of the two machines are shown in Figure 14(b). The back EMF
waveform distortion rate can be expressed as:

THD =

√
n∑

i=2

B2
δi

Bδ1
× 100% (5)

The fundamental amplitude of the FRM is larger than that of the
FRM, and the 3rd harmonic is very small. The back-EMF waveform
aberration rate of the WR-FRM is 2.18%.

5.3. Torque
Figure 15 shows the torque characteristics of the twomachines. Due to
the wavy rotor structure, high-order harmonics are suppressed. Con-
sequently, the torque ripple is reduced by 62.7%. Due to the expan-
sion of the stator slot area, the torque of the WR-FRM is increased by
8.53%. It is worth noting that the PM consumption of the WR-FRM is
reduced by 1/5. Therefore, it is necessary to compare the torque gen-
erated by the unit volume of PM. Table 3 lists the relevant parameter
values. The torque generated by the unit PM volume of the WR-FRM
is much higher than that of the FRM. In addition, the volumes of the
two machines are the same, and the torque density of WR-FRM is
13.86 kN ·m/m3, which is 8.54% higher than that of FRM. Therefore,
the WR-FRM has greater competitiveness.

5.4. Losses and Efficiency
Figure 16 shows a comparison of the loss components of the two ma-
chines at rated currents. After finite element analysis, the core loss
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TABLE 3. Torque characteristics and PM volume.

FRM WR-FRM
Average torque (N ·m) 18.52 20.1
Torque ripple (%) 3.11 1.16

Unit volume of PM (m3) 5.11e-5 4.06e-5
Torque generated by the unit volume of PM (kN ·m/m3) 362.08 494.03

Torque density (kN ·m/m3) 12.77 13.86

TABLE 4. Loss components and efficiency.

FRM WR-FRM
Core loss pcore (W) 27.46 26.84
PM loss pPM (W) 6.5 4.5
Copper loss pcu (W) 61.24 79.7

Output power Pem (W) 1163.65 1262.92
Efficiency η 92.44% 91.92%
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FIGURE 15. Torque characteristics.
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FIGURE 16. Comparison of main losses. (a) FRM. (b) WR-FRM.

and PM loss of the two machines are similar. The largest difference is
copper loss, which is mainly due to the installation of more windings
in the WR-FRM.

The efficiency of the machine is calculated as:

η = Pem/(Pem + pcore + pPM + pcu) (6)

Although the output power of the WR-FRM is larger, the efficiency
of the WR-FRM is slightly lower than that of the FRM due to the large
copper loss of the WR-FRM. Table 4 lists the loss components and
efficiency.

6. CONCLUSION
In this paper, a wavy rotor FRM with curved stator slots is proposed
and analyzed from the working principle, key parameter analysis,

global optimization, and comparison of the electromagnetic perfor-
mance of the FRM. Some of the findings and discussions are sum-
marized below:

1) When only the shape of the rotor tooth surface is changed, the
wavy rotor machine sacrifices 3.57% of the average torque com-
pared to the smooth rotor machine, and the torque ripple can be
reduced by 85.78%.

2) When only the shape of the stator slot is changed, the curved slot
can be increased by at least 7.34% compared with the conven-
tional straight slot.

3) Compared with conventional FRM, the proposed WR-FRM can
provide a 15.94% increase in back EMF, an 8.53% increase in av-
erage torque, a 62.7% reduction in torque ripple, and a 36.47%
increase in torque generated by the unit volume of PM. There-
fore, WR-FRM has better competitiveness.
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