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Abstract—In this paper, a novel dual flux modulation (DFM)
machine with consequent-pole spoke-array permanent magnets
(PMs) in both stator and rotor is proposed to achieve a larger
torque density than regular flux modulation machines. The stator
has two portions of PMs, one is set next to the stator slot with
circumferential magnetization, and the other is inserted between
the stator yoke and flux bridge with radial magnetization. The
rotor has consequent-pole spoke-array PMs and alternative flux
bridges. The proposed DFMPM machine can be regarded as the
combination of the flux switching PM (FSPM) machine and
vernier PM (VPM) machine. First, the structure and operational
principle are introduced. Then, the proposed 12-stator-slot/10-
rotor-tooth dual flux modulation permanent magnet (DFMPM)
machine is compared with the FSPM machine and VPM machine
in terms of flux lines distribution, back-electromotive force (EMF),
cogging torque and average torque. Finally, the four proposed
DFMPM machines are optimized for maximum average torque
and minimum ripple torque considering the effects of split ratio,
slot opening ratio, PM depth, PM angle and iron angle.

Index Terms—Dual flux modulation (DFM), flux bridges,
torque density, flux switching (FS), vernier.

I. INTRODUCTION

IRECT-drive machines have a great potential in low-speed

high-torque applications, including wind power generator,
electric vehicles, etc. However, the low-speed and high-torque
characteristics always make direct-drive PM machines have
heavy weight and large material consumption. Hence, high
torque density PM machines have drawn a large attention and
many novel topologies, such as vernier PM (VPM) machine[1],
flux switching PM (FSPM) machine[2] and flux reversal PM
(FRPM) machine[3] are proposed. Based on the magnetic gear
effect [4] or flux modulation effect [5], VPM, FSPM and FRPM
machines are divided to flux modulation permanent magnet
(FMPM) machine family.

VPM machine was firstly proposed in 1995 [1], and the
operational principle of VPM machine, i.e., the magnetic gear
effect was introduced in [6]. Much outstanding work has been
done on the design and analysis of new VPM topologies [7-11].
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Fig. 1. Configuration of the proposed DFMPM machine
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Fig. 2. Decomposition of the proposed DFMPM machine: (a) Machine I;
(b) Machine 11

These novel machines can be classified by a) different rotor
topologies, i.e., surface mounted [7], Halbach-array type [8],
spoke-array type [9] and double rotor [10]; b) different stator
structures, such as split-tooth structure [11], hybrid-tooth
structure [12] and double stator [13].

FSPM machine was firstly presented in 1955 [14], and it has
several advantages [15], such as the simple rotor structure and
high power density, which make it become the promising
candidate for low-speed high-torque applications, like electric
vehicle [16], linear servo system [17], fault tolerant [18] and so
on. Many novel topologies including multi-tooth [19], E-core
stator [20], C-core stator [21] and hybrid FSPM [22] were
published to significantly reduce the magnet usage, while
increase the torque density.

In order to improve the torque density of direct-drive
machine, a novel flux modulation machine, which employs
three portions of PMs, two on the stator and the other in the
rotor, will be proposed in this paper. Two sets of PMs, which
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are attached to the side-faces of stator slots and rotor teeth,
respectively, are consequent-pole spoke-array PMs. Meanwhile,
the alternative flux bridges are designed to reduce the flux
barrier effect [23]. Besides, another set of PMs, which is
inserted between the flux bridge and the stator yoke, is radially
magnetized with the same polarity. The proposed machine can
be identified as the combination of the FSPM machine and
VPM machine. Hence, we name it as dual flux modulation
permanent magnet machine with consequent-pole spoke-array
PMs in both stator and rotor.

The organization of this paper is as follows. First, Section II
will introduce the structure of the proposed DFMPM machine.
Then, the operational principle of the DFMPM machine will be
analyzed in Section III. Additionally, the proposed DFMPM
machine will be compared to the optimized FSPM machine and
VPM machine in terms of flux lines distribution, back-EMF,
cogging torque and average torque by finite element analysis
(FEA) in Section IV. Moreover, in Section V, the optimal
design of some key parameters such as rotor tooth number, split
ratio, opening ratio, PM depths and angles on the torque
characteristics will be researched. Finally, some conclusions are
drawn in Section VI.

II. STRUCTURE

Fig.1 shows the structure of the proposed DFMPM machine.
The stator has two portions of PMs with different magnetization
directions. As shown in Fig. 1, the magnets marked with blue
color set near the stator slots with circumferential
magnetization in the same polarity, and the PMs signed with
pink color, which on the top of each flux bridge, are radially
magnetized. The magnetization direction of the radial PMs is
opposite with that of the pole leakage flux to reduce the flux
leakage and increase the main flux. Meanwhile, the rotor has a
consequent-pole structure with spoke-array PMs, which are
circumferentially magnetized with the same polarity (either N
or S). The alternate flux bridges next to rotor PMs are designed
to weaken the flux barrier effect [23] and strengthen the flux
modulation effect. Moreover, the consequent-pole spoke-array
PMs in both stator and rotor are magnetized in the same
direction. It can be seen that the configuration of armature
winding is similar to that of conventional three-phase winding
types including concentrated winding and distributed winding.

The proposed dual flux modulation machine can be regarded
as overlay of two different machines: a consequent-pole FSPM
machine with alternate flux bridges (Machine I) and a
consequent-pole  VPM machine taking iron flux bridges
(Machine II), shown in Fig.2. The Machine I is made up of a
stator having two sets of PMs with iron flux bridges and a
reluctance rotor, which can be considered as the flux
modulation machine with stationary excitation MMF. The
Machine II is composed of the open-slot stator and consequent-
pole spoke-array PM rotor with alternative flux bridges, which
can be realized as the flux modulation machine with stationary
flux modulator. Hence, the proposed machine works on dual
flux modulation effect.

III. OPERATIONAL PRINCIPLE

The operational principle of the proposed DFMPM machine
is based on the flux modulation principle. In order to make the
magnetic fields created by PMs in both stator and rotor induce
back-EMF in the same stator armature winding, the number of
winding pole pair np, rotor tooth Z; and stator slot Zs should
satisfy:

Z.tZ

r s

n,={

;GCD(és,np) =3k (1)

k=1273..

To illustrate the operational principle, the analytical method
and 2-D FEA method are used. Before the analytical study,
several assumptions are made as following:

¢ The stator iron and rotor iron are unsaturated.

*  The fringing effect and the end effect are neglected.

¢ Atthe initial time, both the magnetomotive force (MMF)

and permeance are set in the original point.

*  High-order harmonics of PM MMF and air-gap

permeance are neglected..

Based on the dual flux modulation effect, the PM MMF can
be divided into two parts corresponding to Machine II and 1.

F(0,,1) = Fy Oy, 1) + Fs (1)
=F, cos(Z,.6,, —wt) 2)
+ F cos(Z,0,,)]

where Fr is the PM MMF excited by the rotor PMs, Fg is the
PM MMEF created by the stator PMs, o is the electrical velocity,
Ors and Og are the particular positions on the stator when two
portions of PMs are worked separately. The air-gap permeance
function can be calculated as:

A@.,1)=5[A,,-A, cos(Z.0,
Gt = CosZ0)] 3)

X [ArO - Arl COS(Z/‘QS - wt)]

where A is the air-gap permeance function of slotted stator and
A 1s the air-gap permeance function of slotted rotor.
Only considering the main working flux harmonics, the flux
density can be expressed as:
B(HV 1) = F(QY,I)A(Q,I)

= By(0,.0)+ By(6,,.1) @

By (0 ,1) = FRA A, -cos(Z,.6,, —t)
—%FRA“AM -cos[(Z, - Z,)6,, +wt)]
F2FA A eoS((Z, + Z)0, — 0] (5)
By (O) == Fil oA -cosl(Z, ~2,)6,, + )]

1
+ 5 FoA (A, -cos[(Z, +Z )b, — wt)]

where Bg is the air-gap flux density excited by the rotor PMs,
By is the air-gap flux density created by the stator PMs.
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Fig. 3. Flux density waveform in air-gap and their FFT spectrum. (a) Excited
by stator PMs (b) Excited by rotor PMs (c) Excited by stator and rotor PMs

To explain the operational principle of the dual flux
modulation PM machine more clearly, a proposed DFMPM
machine with 12-stator-slot /10-rotor-tooth is taken as an
example. The Fig. 3 is obtained via FEA method. The magnetic
field created by the PMs on the stator is illustrated in Fig.3 (a).
The 2™ (Zs-Z) pole pair air-gap flux density takes the largest
contribution to the production of no-load back-EMF, while the
12 (Zs) harmonic is static that not generates the back-EMF in
the stator armature winding. As shown in Fig. 3. (b), the
magnetic field excited by the PMs on the rotor is taken into
account. It can be seen that the main flux density harmonics in
the air-gap are the 2" (Z-Z;) and the 10™ (Z;) pole pairs, which
produce by interaction of rotor PM MMF with stator air-gap
permeance fundamental harmonic As; and constant component
Ao, respectively. The air-gap flux density of the proposed
DFMPM machine is shown in Fig. 3 (c). The PM MMFs excited
by stator and rotor PMs are 12 (Z;) and 10% (Z,). After the dual

flux modulation effect, there are additional 2™ (Zs-Z,) and 22"
(Zs+Z:) pole pair flux density in the air-gap, and the 2™ pole
pair air-gap flux density becomes the main working flux
harmonic. According to the expressions (4) and (5), the results
of air-gap flux density harmonics by FEA study match well
with abovementioned analytical analysis.

IV. PERFORMANCE ANALYSIS

In this part, the electromagnetic performances including flux
lines distribution, back-EMF, average torque, ripple torque etc.
of the proposed DFMPM machine are assessed by using FEA
method. The simulation is used by Ansoft Maxwell 15.0
transient analysis, and the air-gap region is separated to four-
layer meshes. For further validation, three cases are modeled
for comparative study: FSPM machine only with stator PMs
(Machine I), VPM machine only with rotor PMs (Machine II)
and the proposed DFMPM machine with both rotor PMs and
stator PMs (Machine III). In order to ensure the fairness of the
comparison, some main dimensions of the three FMPM
machines are the same such as the stator outer diameter, stack
length, rotation speed, armature winding configuration etc. as
listed in Table 1. The three FMPM machines have been
optimized respectively.

TABLE I
MAIN DIMENSIONS OF THREE FLUX-MODULATION MACHINES
Parameter Machine I Machine 11 Machine 11T
Stator outer diameter 124mm
Stator inner diameter 81.84mm
Stack length 120mm
Airgap length 0.6mm
Rotor inner diameter 26mm
Series turns per phase 200
PM material N42SH
Iron core material 35TW250
Rotation speed 300rpm
Rated current SA
PM volume 86.803cm’ 51.84cm’ 128.528 cm?

ALWh/m]
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Fig. 4. Flux lines distribution of three machines: (a) Machine I; (b) Machine
1L; (c) Machine III
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Fig. 4 illustrates the flux lines distribution plots of three
machines. It can be noted that the pole pair number of the stator
armature winding should be 2, which is agreed with the
theoretical analysis on Eqn.l1. (Z&=12, Z~=10, n,=12-10=2).
Moreover, the pole pair numbers of the Machine I and II are
both 2. Therefore, a steady torque can be yielded by the
interaction between the 2-pole-pair stator excitation field by the
stator PMs, 2-pole-pair rotor excitation field by the rotor PMs
and the 2-pole-pair armature field by the stator armature
winding. Fig. 5 (a) shows the results of no-load back-EMF
waveforms and the FFT spectrums of back-EMF waveforms are
depicted in Fig. 5 (b). The fundamental amplitudes of back-
EMF are72.54V, 65.05V and 123.52V for Machine I, II and III,
respectively. It can be seen that the waveforms of the three PM
machines are distorted a little, but there is no phase difference
between the back-EMF waveforms excited by the stator PMs
and rotor PMs.
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Fig. 5. Comparison of no-load back-EMF: (a) Waveforms; (b) FFT spectrum

Then, the torque capability is analyzed by injecting AC
current into the stator armature winding. Based on the natural
cooling and heat capacity, the current density of the three
machines is selected as 120 A/cm, and the root-mean-square
(rms) value of AC current is SA. The cogging torques of the
three flux modulation machines are illustrated in Fig.6. It can
be seen that the Machine III exhibits the largest cogging torque,
which the amplitude is about 2 Nm. Moreover, as shown in
Fig.7 the average torques of three machine are 21.98 Nm, 20.12
Nm and 37.76 Nm for Machine I, II and III, respectively. It is
obvious that the proposed DFMPM machine can achieve 71.8%
higher and 87.8% higher torque than that of the Machine I and
I1, respectively.
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TABLE II
MAIN PARAMETERS OF THE PROPOSED DFMPM MACHINE
Parameter Value
Stator slot number Z 12
Rotor tooth number Z, 10 11 13 14
Winding pole pair number P, 2 1 1 2
Pole ratio PR 5 11 13 7
Stator outer diameter 124mm
Stack length 120mm
Airgap length 0.6mm
Series turns per phase 200
Split ratio 0.6
PM material N42SH
Iron core material 35TW250
Rotation speed 300rpm
Winding pitch 1
Rated current SA

PS: PR stands for the pole ratio that equals to the ratio of rotor tooth number Z,
to winding pole pair number n,

V. OPTIMAL DESIGN

Based on the flux modulation effect, the stator slot and rotor
tooth structures of the proposed machines are not only to
provide the flux path, but also to modulate the magnetic circuit.
Hence, the air-gap configuration significantly influences the
key electromagnetic performances such as average torque and
ripple torque. According to the analysis results in [6], 12-stator-
slot FMPM machines with 10-, 11-, 13-, 14-rotor- tooth are
found to produce relatively high torque density compared with
other combination. Therefore, the above four combinations of
DFMPM machines with the proposed topology are selected to
optimize for relatively higher average torque and lower ripple
torque. Firstly, the initial design parameters of four DFMPM
machines are shown in Table II. It can be found that the stator
outer diameter, winding pitch, rotation speed and materials of
PMs are kept completely the same. Then, the influences of split
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ratio, opening ratio, PM depth, PM angle and iron flux-bridge
angle on the torque characteristics are researched by FEA
method. Besides, the stator and rotor iron depths, which mean
the lengths of the flux bridges, are equal to the corresponding
PM depths.

A.  Split Ratio Optimization

The split ratio is defined as the ratio of the stator inner
diameter to stator outer diameter. When optimizing the split
ratio, the stator slot opening ratio, rotor slot opening ratio, stator
PM depth, rotor PM depth, stator PM angle, rotor PM angle,
stator iron angle and rotor iron angle are kept as 0.76, 0.7,
10mm, 11mm, 5deg, Sdeg, Sdeg and 4deg, respectively. The
ripple torque is considered as the ratio of peak-to-peak value of
average torque waveform to average torque. Fig.8 (a) shows the
effect of split ratio on average torque. It can be found that the
optimal split ratio values for maximal average torque of the 10-
and 14- rotor-tooth DFMPM machines are 0.68 and that of the
11- and 13- rotor-tooth DFMPM machines are 0.60 and 0.62,
respectively. Due to the effect of the stator yoke saturation, the
more winding pole pair and the less PR will make the stator
yoke thickness smaller and the optimal split ratio larger. After
that, the effect of split ratio on ripple torque is illustrated in
Fig.8 (b). Author in [24] proved that the ripple torque relates to
N, where N, is given as:

N,=LCM(Z,,Z,) (6)

and LCM(Zs, Z;) stands for the least common multiple of stator
slots and rotor teeth. The larger N,, the lower ripple torque. The
values of N, in 10-, 11-, 13- and 14-rotor-tooth proposed
DFMPM machines are 60, 132, 156 and 84. Therefore, the
12/11 and 12/13 proposed DFMPM machines have smaller
ripple torque than that of 12/10 and 12/14 machines.
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B.  Slot Opening Ratio Optimization

The slot opening ratio is defined as the ratio of the slot
opening width to slot pitch. When optimizing the stator slot
opening ratio, the split ratio is kept as its corresponding optimal
value, and the rotor slot opening ratio, stator PM depth, rotor
PM depth, stator PM angle, rotor PM angle, stator iron angle
and rotor iron angle are chose as 0.7, 10mm, 11mm, 5deg, Sdeg,
Sdeg and 4deg, respectively. Fig. 9 presents the influences of
stator slot opening ratio on average torque and ripple torque. It
can be found that the average torque increases with the stator
slot opening ratio in the beginning, due to the stronger flux
modulation effect. However, when crossing the optimal point
of stator slot opening ratio, the torque density decreases while
the stator slot opening width becomes wider and wider. The
main reason is that a wider stator slot opening width will
increase the equivalent air-gap length. Meanwhile, as the stator
slot opening ratio increases, the ripple torque decreases at first,
and then it grows up. Additionally, a small stator slot opening
ratio could bring the difficulty of stator winding arrangement.
Hence, the optimal stator slot opening ratios for maximal torque
and minimum ripple torque of 10-, 11-, 13- and 14-rotor-tooth
DFMPM machines are 0.68, 0.7, 0.72 and 0.72.
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Then, the effect of the rotor slot opening ratio on torque
characteristic is shown in Fig. 10. When optimizing the rotor
slot opening ratio, the split ratio and stator slot opening ratio are
kept as their corresponding optimal values, and the stator PM
depth, rotor PM depth, stator PM angle, rotor PM angle, stator
iron angle and rotor iron angle of those four DFMPM machines
are selected as 10mm, 11mm, 5deg, 5deg, Sdeg and 4deg,
respectively. It is interesting to find that as the rotor slot opening
ratio increases, the average torque gets larger initially due to the
stronger modulation effect of rotor teeth, but it decreases
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afterwards mainly because the rotor teeth are saturated.
Furthermore, the lowest ripple torque of 12/10 and 12/14
proposed DFMPM machines is obtained when the rotor slot
opening ratio is around 0.69, while that of the 12/11 and 12/13
proposed DFMPM machines does not change dramatically.
Therefore, taking both average torque and ripple torque into
consideration, the rotor slot opening ratios of 10-, 11-, 13-, and
14-rotor-tooth proposed DFMPM machines are 0.69, 0.72, 0.69
and 0.66, respectively.
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C. PM Depth and PM Angle Optimization

The effects of both stator PM depth and rotor PM depth on
average torque and ripple torque are illustrated in Fig. 11 and
Fig. 12. When optimizing the PM depth, the split ratio and slot
opening ratio are kept as their corresponding optimal values,
and the stator PM angle, rotor PM angle, stator iron angle and
rotor iron angle of four proposed DFMPM machines are
selected as 5deg, Sdeg, Sdeg and 4deg, respectively. It can be
seen that as the PM depth becomes larger and larger, the torque
density gets higher in the beginning, but when the PM depth
keeps rising, the torque density gets smaller as a result. This is
because a deeper magnet not only produces a bigger PM MMF
and a larger main flux, which increases the average torque, but
also increases the saturation effect at the bottom of the stator
slot and rotor tooth, which reduces the torque density. Then, the
variations of ripple torque with the stator PM depth and rotor
PM depth are depicted in Fig.11 (b) and Fig.12 (b). It shows
that the ripple torque just changes a little with the increase of
the PM depth. To take a comprehensive consideration, the
optimal stator PM depth for the best torque performance of the
four DFMPM machines is around 10.5mm to 11mm, and the
optimal rotor PM depth is about 9.5mm to 10.5mm.
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Another significant parameter of the magnets is the PM angle
in circumferentially direction, whose effect on the average
torque is revealed in Fig.13 (a) and Fig.14 (a). When optimizing
the PM angle, the split ratio, slot opening ratio and PM depth
are kept as their corresponding optimal values, and the stator
iron angle and rotor iron angle of the four proposed DFMPM
machines are chose as 5deg and 4deg, respectively. For the
stator PM angle, the average torque monotonically increases
with the PM width since a larger stator PM angle will generate
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a higher PM MMF magnitude. However, with the
considerations of the material cost and stator armature winding
installation, the stator PM angle cannot be too large. Then, for
the rotor PM angle, the average torque initially goes up with
PM width, since the field excitation increases the magnet MMF
value, and it reaches the maximum, while decreases as the
saturation effect of the rotor tooth. Moreover, the effects of PM
angle on ripple torque are shown in Fig.13 (b) and Fig.14 (b). It
can be found that the ripple torques achieve their minimum
values when the average torques obtain their corresponding
maximum values.
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torque; (b) Ripple torque.
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Fig.14. Effect of rotor PM angle on torque performances: (a) Average torque;
(b) Ripple torque.

D. Iron Angle Optimization

The iron angle is defined as the angle of iron flux bridge in
circumferentially direction. Fig. 15 and Fig. 16 analyze the
influences of iron angle on average torque and ripple torque.
When optimizing the iron angle, the split ratio, slot opening
ratio PM depth and PM angle are kept as their corresponding
optimal values. It can be noted that the average torques of 10-,
11-, 13- and 14-rotor-tooth DFMPM machines have the
maximal values when stator iron angles are kept as Sdeg, 4.6deg,
3.8deg and 4.2deg, respectively. However, when the rotor iron
angle becomes higher, the average torque monotonically
decreases due to the increase of the flux leakage and the
reduction of the main flux. In order to facilitate the installation
of the flux bridges, the rotor iron angle cannot be set too small.
Therefore, the optimal rotor iron angle of four proposed
DFMPM machines is 3 deg.
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Fig.15. Effect of stator iron angle on torque performances: (a) Average
torque; (b) Ripple torque.
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VI. CONCLUSION

In this paper, a novel dual flux modulation machine with
consequent-pole spoke-array permanent magnets in both stator
and rotor is proposed and analyzed. Based on the dual flux
modulation effect, the analytical method and FEA method are
used to investigate the working flux density harmonics of the
proposed DFMPM machine. Furthermore, through comparing
to a FSPM machine and a VPM machine, it is found that the
proposed DFMPM machine can obtain more than 70% higher
torque. Additionally, the effects of design parameters including
rotor slot number, split ratio, slot opening ratio, PM depth, PM
angle and iron angle on the torque characteristics have been
researched. It can be seen that 11-rotor-tooth DFMPM machine
exhibits larger torque than others, while the 13-rotor-tooth
DFMPM machine has the lowest ripple torque.
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