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Abstract: Recently, the interest in consequent-pole flux-switching permanent magnet (CP-FSPM)
machines has been increasing because of the flux-focusing PM arrangements and the removal of the
flux-barrier effect. A simple and rigid outer-rotor salient pole rotor structure can be adopted in CP-
FSPM machines, making them applicable for in-wheel direct-drive applications. In this study, three
CP-FSPM machines with II-shaped (II-PM), V-shaped (V-PM), and straight U-shaped PM (SU-PM)
arrays are analyzed and compared. Moreover, a CP-FSPM machine with inclined U-shaped PM
(IU-PM) arrays is proposed to improve the flux-focusing effect and stator slot utilization. The working
principles of CP-FSPM machines are analyzed by adopting a semi-analytical model. Combining the
finite element analysis (FEA) results of air gap flux density and the analytical model of phase back
electromotive force (EMF), the contributions of multiple working harmonics to the back EMF are
quantitatively analyzed. Additionally, 6/16 and 6/17 CP-FSPM machines with different PM arrange-
ments are globally optimized. Both the no-load and on-load performance of the optimized machines
are included in the performance comparison. The results illustrate that the 6/16 and 6/17 machines
exhibit their respective merits, and the IU-PM machine shows the best torque production ability in
these CP-FSPM machines with the same design criteria.

Keywords: flux-switching machine; flux modulation effect; permanent magnet machine; torque
density

1. Introduction

Recently, electric vehicles (EVs) have been rapidly developed. The electric machine is
one of the key components in the EV driving system employed to provide traction. Due to
the inherent advantages of high torque density, power density, and efficiency, permanent
magnet synchronous machines (PMSMs) have been widely investigated in published
studies [1]. Currently, the centralized driving system is a popular choice in most EVs, where
the power of the traction motor is transmitted to the wheels through multiple mechanical
components. However, this type of driving system results in problems of increased weight,
power dissipation, and system complexity. Another driving system design is the distributed
layout by employing in-wheel direct-drive machines. The traction machines are embedded
into the wheels to transmit power directly. Therefore, the mechanical components in the
driving chain can be significantly simplified, and the flexibility of the control strategy is
prominently enhanced [2].

The outer-rotor (OR) PMSM is a potential choice for in-wheel direct-drive applications
as the rotor can be directly combined with the wheel hub [3]. In low-speed direct-drive ap-
plications, emerging magnetic-geared machines have been found to perform excellently [4].
However, the structure of magnetic-geared machines is complex, which is not applicable
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Armature

to industrial applications. Therefore, the vernier machine, which is also classified as a
flux modulation machine, was investigated as an in-wheel machine [5]. The mechanical
structure is largely simplified, and an enhanced torque density is exhibited.

Stator PM machines have gained significant interest in recent years because of their
merits, including rotor robustness and improved heat dissipation ability [6]. The flux-
switching PM (FSPM) machines adopt spoke-type PM on the stator, which is able to
produce high output torque because of the flux-focusing effect [7,8]. The in-wheel FSPM
machines with wedge-shaped magnets have been studied in [9]. However, this machine
suffers from the flux barrier effect caused by the thin flux bridges on the stator, leading
to a reduction in output torque. To address this issue, researchers proposed different
types of consequent-pole FSPM (CP-FSPM) machines [10-14]. The thin flux bridges on
convention-al FSPM machines can be removed in CP-FSPM machines. Therefore, the flux
barrier effect can be eliminated. In the meantime, the flux-focusing effect on CP-FSPM
machines is strengthened, which enhances their torque density.

However, only a V-shaped PM (V-PM) CP-FSPM machine was investigated for in-
wheel traction [12]. This study aims to conduct a comparative analysis of OR CP-FSPM
machines for in-wheel direct-drive applications. First, the study introduces various ma-
chine topologies, including the machines with typical II-shaped PM (II-PM), V-PM, straight
U-shaped PM (SU-PM), and a newly proposed inclined U-shaped PM (IU-PM). The IU-PM
arrangement is a combination of V-PM and SU-PM design, thereby enhancing the flux-
focusing effect to enhance the torque density. Then, using the flux modulation effect, the
contributions of multiple working harmonics to open-circuit back EMF are quantitatively
analyzed to reveal the working principle of the CP-FSPM machine. Subsequently, the
performance of these machines is optimized and compared under the same copper loss
and PM volume using a non-dominated sorting genetic algorithm II (NSGA-II). Previous
research has not yet investigated or compared the performance of these machines under
the same design considerations. Therefore, this study provides a comprehensive analysis
of their electromagnetic performance. The results show that the proposed IU-PM machine
exhibits the highest torque density.

2. Topologies and the Working Principle of OR CP-FSPM Machines
2.1. Machine Topologies

Figure 1 illustrates the topologies of the OR CP-FSPM machines, including the II-PM,
V-PM, SU-PM, and IU-PM machines. A salient pole OR design is adopted in CP-FSPM
machines, which is absent of windings and PMs. The armature winding coils and PM
segments are placed on the stator. The following figures illustrate PM segments in blue,
red, and yellow, with segments sharing the same magnetization direction being colored the
same. The direction of magnetization is indicated by arrows. Additionally, different colors
are used to represent the armature winding coils associated with different phases.
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Figure 1. Topologies of OR CP-FSPM machines: (a) II-PM machine; (b) V-PM machine; (c¢) SU-PM
machine; (d) proposed IU-PM machine.
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The CP-FSPM machines investigated in this study have six stator slots. In the mean-
time, machines with 16 (6/16) or 17 (6/17) rotor poles are notable due to the high open-
circuit back EMFs and torque densities. On the one hand, concentrated winding (CW)
with a high power factor can be applied in 6/16 machines to obtain short end-winding.
However, the torque ripple is generally high in even-order rotor pole number machines.
On the other hand, distributed winding (DW) is employed in 6/17 machines to achieve a
low torque ripple while maintaining a high winding factor. In the following sections, both
6/16 and 6/17 machines are optimized and compared.

A flux-focusing PM array is located on each stator tooth of the CP-FSPM machines,
and each array has the same polarity. As shown in Figure 1, the II-PM and V-PM array
are formed of two PM segments, while the SU-PM and IU-PM machines are formed of
three segments. The IU-PM machine is proposed by combining the features of the V-PM
and SU-PM machines to improve the flux-focusing effect, as shown in Figure 1d. Table 1
provides the design parameters. The outer diameter and active stack length of CP-FSPM
ma-chines are selected as 340 mm and 80 mm, respectively. The disk-like shape of the
ma-chine is suitable for in-wheel applications.

Table 1. General design parameters.

Parameters Unit Values
Rotor outer diameter mm 340
Active stack length mm 80
Air gap length mm 0.8
Rated rotation speed r/min 300
Conductor turns per coil - 75
Stator slot number - 6
Filling factor - 0.5
PM volume L 0.48
PM material - N38UH
Steel material - DW310_35

However, the parallel stator tooth design of the IU-PM machine leads to insufficient
usage of the stator slot area. Therefore, an unparallel tooth design is adopted, inspired
by [13]. As shown in Figure 2, the edges of the stator tooth are inclined to the same angle as
the PM segments in the modified design, which increases the slot area without influencing
the flow of the magnetic flux circuit. By adopting the improved stator topology, the slot area
of the inclined U-PM machine can increase by approximately 10%. In order to explicitly
showcase the merit of the unparallel stator tooth design, 6/17 inclined U-PM machines
with two types of stator topologies are optimized and compared with a current density of
4 A/mm?. As shown in Figure 3, the average torque is improved by 5.17% after modifying
the stator topology, although the torque ripple is increased as well. Furthermore, this
unparallel stator tooth design is also employed in the V-PM machine.

0=7/6

@@ g

Increased
slot area

Figure 2. Comparison of parallel and unparallel stator tooth design in the proposed IU-PM machine.
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Figure 3. Torque of the proposed IU-PM machine with parallel and unparallel stator tooth design.

2.2. Working Principle of CP-FSPM Machines

As one type of stator PM machine, the CP-FSPM machines operate based on the flux
modulation effect. This section investigates the machine working principle using a semi-
analytical model. The multiple working harmonics of air gap flux density are identified,
and the contributions of various harmonics to the open-circuit back EMF are quantitatively
analyzed.

In an open-circuit condition, the simplified models of the rotor permeance model and
the stator PM excited MMF are depicted in Figure 4. The distribution of rotor permeance
exhibits an uneven distribution at the air gap side due to the salient pole structure, modu-
lating the stator MMF to generate various harmonics of air gap flux density. The equivalent
stator MMF, considering the PM excitation and the modulation effect of stator teeth, is a
periodic function [15], which can be denoted by

F(0)= ) Fcos(iPsh), 1)
i=1,35...

where F;; is the i th-order MMF harmonic amplitude, and P is the fundamental PM MMF
order, which is equal to the stator slot number in CP-FSPM machines.

Simplified Model of Rotor Permeance
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Figure 4. Simplified MMF-permeance model of the proposed inclined U-PM CP-FSPM machine.

As shown in Figure 4, the permeance model of the salient pole rotor is periodically
distributed, which provides the essential flux modulation ability. The rotor permeance
function is expressed as
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Ar(0,t) = Ao+ Y, Ajeos(jN:(0 — w;t)), 2)
j=123...

where L is the average permeance value, and A, is the j th-order harmonic amplitude. In
addition, N, is the number of rotor poles, and w; is the rotor angular speed.
Consequently, the air gap flux density can be derived from (1) and (2), which is

shown as -
& ®© FS,'A' . . N, '
+ ¥ Y. —5Lcos[(iPs+ jN;)(6 F %wﬁ)}
i=135... j=1,2,3..

According to (3), the harmonic order of air gap flux density is related to both Ps; and
N;. It is worthwhile to further investigate the harmonic components and the corresponding
contributions to the generation of open-circuit back EMFE.

Figure 5a illustrates the finite element analysis (FEA) result of open-circuit air gap
flux density considering the flux modulation effect, and the main working harmonics
are identified, as shown in Figure 5b. The high amplitude of the 2nd- and 3rd-order of
the 6 pole pairs fundamental harmonic causes the modulated 2, 4, 28, and 34 pole pairs
harmonics to have relatively high amplitudes. In addition, the amplitudes of the 10 and
22 pole pairs harmonics are also high, which also significantly affects the back EMF. To
quantitatively investigate the contribution of different working harmonics, the back EMF
can be derived as

27
Epn(t) = —%[rgzst [ Bate, 0N (@8], )

where r, is the radius of the air gap, I is the effective stack length, and Ny,(6) is the winding
function, which can be expressed as

&0 2 N
Ny (6) = Z — —kuwy cos(vP,0), (5)
v=135.. 70 Pa

where N, is the number of conductors in series per phase, v is the harmonic order number,
and kyy is the winding factor of the specific harmonic.
Combining (4) and (5), the open-circuit back EMF can be further denoted by

Eph(t) = nglStNC Sin(NrWrt)ZBankwan, (6)
n

where 7 is the pole-pair number of the working harmonic, and By, ky,, and w, are the
harmonic amplitude of the air gap flux density, the winding factor of the harmonic, and the
electrical angular speed of the harmonic, respectively.
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Figure 5. Air gap flux density of the IU-PM machine: (a) distribution; (b) FFT spectrum.
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It can be observed from (6) that the key parameters affecting the amplitude of back
EMF are By, kyn, and wy,. Furthermore, the contributions of multiple working harmonics
are quantitatively investigated, as listed in Table 2.

Table 2. Composition of the open-circuit phase back EMF at 300 r/min.

Pole-Pair ko Wy B, (T) Eph V)
3P; — Ny, 2 0.866 16wy, /2 0.155 113.49
N, — 2P, 4 0.866 16wy, /4 0.267 97.71
4P; — N, 8 —0.866 16w, /8 0.063 —11.50
N, — Ps, 10 —0.866 16wy, /10 0.129 —18.90

5P; — Ny, 14 0.866 16wy, /14 0.119 12.40
6Ps — Ny, 20 —0.866 16w, /20 0.035 —2.55
Ps + N, 22 —0.866 16w, /22 0.165 —10.94
7Ps — Ny, 26 0.866 16wy, /26 0.013 0.74
2P; + Ny, 28 0.866 16w, /28 0.359 18.77
3Ps + Ny, 34 —0.866 16w, /34 0.250 -10.73
9P; — Ny, 38 0.866 16wy, /38 0.001 0.05
Total phase back EMF—analytical (V) 188.54
Total phase back EMF—FEA (V) 193.34

Due to a high pole ratio, harmonics with small pole pairs have higher electrical angular
speeds. Therefore, the 2 and 4 pole pairs harmonics generate a considerable portion of the
total back EMF. In contrast, because of the negative values of winding factors, the 8, 10, 20,
22, and 34 pole pairs harmonics produce negative back EMF. Considering the origination
of working harmonics, the 2nd- and 3rd-order stator PM MMFs lead to the generation of 2,
4, and 28 pole pairs harmonics, which contribute the most to the back EMFE. However, the
1st-order PM MMF is modulated to produce harmonics of 10 and 22 pole pairs, reducing
the amplitude of back EMFE. Thus, the enhancement of 2nd- and 3rd-order stator PM MMFs
is essential to improving the performance of the machine. Moreover, the analytical result
of the back EMF is close to the FEA results, with a slight error of 2.55%, validating the
accuracy of the MMEF-permeance model.

3. Design Considerations and Global Optimization

In order to pursue the optimal design of the CP-FSPM machines, global optimization
is conducted using the NSGA-II. The general design parameters listed in Table 1 are kept
the same in the CP-FSPM machines for a fair comparison. The structural design parameters
of these machines are presented in Figure 6, and the key parameter range is shown in
Table 3. The split ratio is defined as the ratio between the stator and rotor outer diameters.
As shown in Figure 6b,d, the unparallel stator tooth design is applied in V-PM and IU-PM
CP-FSPM machines to enlarge the effective area of the stator slot.

Dt
Dy,
T
S T,
T,,T
(a) (d)

Figure 6. Illustration of structural parameters: (a) II-PM machine; (b) V-PM machine; (c¢) SU-PM
machine; (d) IU-PM machine.
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Table 3. Variation ranges of design parameters in optimization.

Parameters Unit Range
Split ratio, Dso/Dio mm 0.7~0.9
Outer magnetic bridge thickness, T}, , mm 2~6
Inner magnetic bridge thickness, T}, ; mm 1~20
Side tooth thickness, Tt s mm 6~15
Middle tooth thickness, T} i mm 6~15
Main PM thickness, Tpps mm 6~12
Top PM thickness, Tpy; ¢ mm 6~12
VPM inclined angle, D ypy deg. 0~50
UPM inclined angle, D _i;ppm deg. 90~110
Rotor yoke thickness, Ty mm 10~30
Rotor tooth outer width ratio, Ry , - 0.2~0.7
Rotor tooth inner width ratio, R, ; - 0.2~0.9

As mentioned in Section 2, both 6/16 and 6/17 machines are considered. Taking
the proposed IU-PM machine as an example, the topologies of 6/16 and 6/17 machines,
considering the armature winding configuration, are presented in Figure 7. Figure 7a shows
the 6/16 inclined U-PM machine with CW, while the DW 6/17 machine with a coil pitch
of 2 is illustrated in Figure 7b. Compared to the 6/16 machine, the end winding of the
6/17 machine is largely lengthened, and the total stack length is also enlarged, including
the end winding height. On the one hand, the long end winding leads to an increased
copper loss, which is a notable disadvantage of the 6/17 machine. On the other hand, the
6/17 machine has the merits of low cogging torque and torque ripple. Therefore, both 6/16
and 6/17 machines should be considered, and a constant copper loss is applied for the four
types of CP-FSPM machines in order to conduct fair global optimization.

200mm

140mm

0mm

mﬁ o

(@) (b)

Figure 7. Configurations of the proposed inclined U-PM machine with the armature winding:
(a) 6/16 CW machine; (b) 6/17 DW machine.

Due to a large number of design parameters, the generation number of optimization is
selected as 100. In each generation, 80 individuals are simulated and ranked according to
the dual objectives of maximizing the average torque and minimizing the torque ripple.
In addition, the mutation and crossover factors are chosen as 0.1 and 0.9, respectively.
The optimization results of 6/16 and 6/17 machines with different PM arrangements are
depicted in Figure 8a—d. The optimal models of various CP-FSPM machines are selected on
the Pareto front of the optimization results, which are marked by yellow stars as shown
in Figure 8, and the optimized structural parameters of these machines are presented in
Table 4.
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Figure 8. Optimization results of 6/16 and 6/17 CP-FSPM machines: (a) II-PM machine; (b) V-PM
machine; (c) SU-PM machine; (d) IU-PM machine.

Table 4. Optimized structural parameters of CP-FSPM machines.

II-PM Machine V-PM Machine SU-PM Machine IU-PM Machine
Parameters Unit

6/16 6/17 6/16 6/17 6/16 6/17 6/16 6/17
Split ratio, Dso/Dio mm 0.82 0.79 0.82 0.81 0.82 0.79 0.81 0.8
Outer magnetic bridge thickness, T} , mm 2 2 2.04 2.02 2 2.39 2.11 2.01
Inner magnetic bridge thickness, T}, ; mm 1 1 1.83 9.03 199 19.6 10 14.3
Side tooth thickness, T; s mm 114 15 1491 14.74 12.3 11.1 12.8 12.8
Middle tooth thickness, Tt mm 15 15 - - 15 149 129 13.7
Main PM thickness, Tpy mm 7.63 9.59 11.59 7.8 7.71 11.17 7.54 9.73
Top PM thickness, Tpy ¢ mm - - - - 6.39 6.02 7.4 9.86
VPM inclined angle, D ypy deg. - - 35.9 24.8 - - - -
UPM inclined angle, D 1pm deg. - - - - - - 100.3 96.8
Rotor yoke thickness, Try mm 16.4 19.5 15.81 17.85 16.7 20.9 18.3 22.6
Rotor tooth outer width ratio, Ry o - 0.34 0.28 0.22 0.39 0.32 0.23 0.4 0.38
Rotor tooth inner width ratio, R,; ; - 0.46 041 0.59 0.57 0.5 047 0.65 0.42

4. Comparison of Electromagnetic Performance

The electromagnetic performance of the CP-FSPM machines is calculated and com-
pared using FEA in this section.

The open-circuit phase back EMF of 6/16 and 6/17 CP-FSPM machines is simulated
and compared, as shown in Figure 9a,b. Larger back EMF amplitudes can be observed
in 6/17 machines due to the much higher pole ratios of the main working harmonics;
in the 6/17 machines, the pole ratios of the main harmonics are 17 and 3.4, while the
values in the 6/16 machines are 8 and 4. The high pole ratios can elevate the electrical
angular speed of the working harmonics, which increases the back EMF. In addition, the
back EMF waveforms of 6/17 machines have significantly lower THD values compared to
6/16 machines, leading to low torque ripple. In contrast, because of the severe flux leakage
in the stator inner circumference, the II-PM machine shows the lowest back EMF. The
cogging torque is depicted in Figure 10, and the peak-to-peak values of 6/16 machines are
notably larger than 6/17 machines, except for the IU-PM machines. The II-PM and SU-PM
machines exhibit larger cogging torque in 6/16 machines, while the IU-PM machine shows
the largest cogging torque in 6/17 machines, except for the IU-PM machines. The II-PM
and SU-PM machines exhibit larger cogging torque in 6/16 machines, while the IU-PM
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Figure 9. Comparison of open-circuit back EMF: (a) 6/16 machines; (b) 6/17 machines.
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Figure 10. Comparison of cogging torques: (a) 6/16 machines; (b) 6/17 machines.

The torque characteristic is a crucial performance metric for electric machines. The
steady torque under the same copper loss is investigated. The ampere-turn values of
different CP-FS machines are shown in Table 5. As can be seen, the ampere-turn of
6/16 machines is higher than that of 6/17 machines, except for the V-PM machine, which is
attributed to the lower resistances of CWs applied in 6/16 machines. Figure 11a,b present
the output torque of 6/16 and 6/17 machines when the copper loss is set to a constant
value of 600 W. The proposed IU-PM and V-PM machines show the highest average torque
of 315 Nm and 309 Nm in 6/17 machines and 6/16 machines, respectively. Conversely,
the output torque of the II-PM machine is the lowest. The 6/16 and 6/17 machines have
their respective merits. On the one hand, due to the short end-winding in CW armature
winding, the 6/16 machines exhibit a higher output torque than the 6/17 machines in most
topologies, including the SU-PM machine, V-PM machine, and the II-PM machine, although
the open-circuit back EMFs are notably lower. On the other hand, the 6/17 machines show
low THD values of back EMF, and the cogging torque is significantly lower than in the
6/16 machines. Therefore, the torque ripple of the 6/17 machines at the rated condition is
greatly lower than that of the 6/16 machines.

Table 5. Operation parameters of CP-FSPM machines.

Parameters

II-PM Machine V-PM Machine SU-PM Machine IU-PM Machine

6/16 6/17 6/16 6/17 6/16 6/17 6/16 6/17

Copper loss

Ampere-turn
Rated rotation speed
Cooling method

600 W
3405 A-t 2255 At 2619 At 2836 At 3843 At 2592 At 3324 At 2458 At
300 r/min
Natural cooling
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Figure 11. Comparison of torque performance: (a) 6/16 machines; (b) 6/17 machines.

The loss and efficiency of CP-FSPM machines are summarized in Table 6. The 6/17 ma-
chines exhibit a larger iron loss than the 6/16 machines because of the increased working
frequency. Consequently, the efficiencies of 6/16 machines are higher than those of 6/17 ma-
chines due to larger output torques and lower losses. In addition, the proposed IU-PM and
V-PM machines exhibit the highest efficiencies in the 6/17 and 6/16 machines, respectively.
Table 6. Comparison of open-circuit and on-load performance.

IU-PM SU-PM V-PM II-PM
6/16 6/17 6/16 6/17 6/16 6/17 6/16 6/17
Eppase (V) 175 313 162 282 167 298 134 154
Tang (Nm) 308 315 300 272 309 299 261 239
Trippte (%) 14.82 2.56 5.47 1.8 7.25 1.88 7.09 242
Teog (Nm) 31.73 30.83 101.53 20.85 17.40 7.59 102.10 21.47
PCOppEI’ (W) 600
Piron (W) 172 224 174.1 206.5 95.7 188.9 123.5 126.6
7 (%) 92.6 92.3 92.4 914 93.3 92.2 91.9 91.2

5. Conclusions

This study presents a comprehensive investigation and comparison of four OR CP-
FSPM machines for in-wheel traction applications in EVs. The machines investigated
comprise those with II-PM, V-PM, and SU-PM arrangements, as well as a proposed IU-PM
arrangement that combines features of the V-PM and SU-PM arrangements to enhance the
flux-focusing effect. A semi-analytical MMF-permeance model is established to explain
the working principle. The model analyzes the main working harmonics of air gap flux
density and the harmonic contributions to the open-circuit back EMF. Furthermore, globally
optimized 6/16 and 6/17 CP-FSPM machines are compared. The 6/16 machines generally
exhibit higher torque densities and efficiencies, while the 6/17 machines show a more
stable output torque with torque ripples generally lower than 3%. Among these machines,
the proposed 6/17 IU-PM machine demonstrates the best performance in terms of output
torque, showing a 31.8% higher average torque compared to the 6/17 II-PM machine. In
addition, the 6/16 V-PM machine exhibits the highest efficiency of 93.3% among the OR
CP-FSPM machines. The performances of these machines will be further investigated and
compared in future works. The performance under different speeds and loadings will be
investigated to provide a comprehensive comparison of the proposed machines, especially
focusing on the efficiency maps and flux-weakening abilities. Additionally, multi-physics
simulations will be conducted, including the mechanical strength of machine components,
heat distribution, and vibration under different working conditions.
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