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Abstract: The purpose of this paper is the design, analysis, and optimization of a new structure
of a permanent magnet vernier machine (PMVM) with a high torque density and low rotor losses.
First, the modulation principle and topology of this PMVM is introduced. Then, its average torque
and rotor loss are enhanced and reduced by optimizing the flux modulation poles distribution.
For the sake of further reducing the rotor losses on the premise of maintaining the torque density,
the contribution of the air gap flux density harmonics to the rotor loss is analyzed. Then, a new
topological structure of a rotor with a flux barrier is introduced to reduce the rotor losses due to the
decrease of each harmful harmonic. Through the analysis of the structure of the PMVM with the
flux barrier, the influence of the parameters on the performance is built. After that, a multi-objective
optimization algorithm is used to optimize the PMVM so as to obtain the optimal performance.
Moreover, the electromagnetic performance comparison between the newly proposed machine and
the original one is presented to indicate that lower rotor losses can be obtained by the proposed
machine when the torque is ensured. Finally, a prototype of proposed PMVM is built and further
tested to verify the validities of the theoretical and finite-element analyses.

Keywords: permanent magnet vernier machine; rotor losses; vernier; flux barriers; harmonics
analysis; finite-element analysis

1. Introduction

Owing to the merits of high efficiency and torque, the permanent magnet (PM) ma-
chine has been widely researched and applied in a lot of fields [1-6]. In order to achieve
the requirement of a high torque at a low machine size, various high torque density PM
machines have been proposed at present, in which a permanent magnet vernier machine
(PMVM) as a relatively new machine topology has attracted wide attention because of the
characteristics of a simple structure and high torque density [7-14]. In the high torque
machine family, PMVM is considered to be a good potential candidate for the field of
direct-drive [15-18].

In recent years, plenty of research has been done on PMVM [19]. The working prin-
ciple of PMVM was intensely analyzed in [20]. Compared with the conventional PM
machine, PMVM obtains a larger torque density because of its special working principle of
the so-called magnetic gearing effect. In [21], the effect of salient poles and the modulation
principle were further analyzed by the theory magnetic gearing effect. On the other hand,
in order to improve the electromagnetic performance of PMVM, a lot of new topologies
were proposed. In [22], an advanced PMVM with multiple working harmonics was pro-
posed, where new working harmonics are modulated by introducing the structure of flux
modulation poles (FMPs) and thus improving its torque density. In [23-26], by adopting the
doubly PM excited structure in the PMVMs, the amplitudes of multiple working harmonics
were further improved. In addition, their torque densities were effectively boosted.

At the same time, there has been extensive research about the optimization of the ma-
chines in recent years. The various optimization technologies and the development trend of
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the machine for its structural size, shape, and topology designs have been discussed in [27].
Moreover, in order to avoid the negative effects of parameters and material tolerances on
performance, a robust optimization was utilized in the machine to improve the reliability
of the performance. In [28], different designs of experiment methodologies were integrated
into encapsuled FEM models using a Digital-Twin-Distiller. Through those methodologies,
the tolerances of the machine were analyzed in the process of optimization with a reduction
in the computational time. In [29], a PMVM was optimized considering the effect of the
manufacturing tolerance. Through the deterministic optimization algorithm and design
for the six sigma method, the power factor, torque, and robustness of the PMVM were
improved simultaneously.

However, some problems in the design, analysis, and optimization of PMVM need to
be solved. Especially noteworthy, abundant harmonics in PMVM can provide a high torque
while causing a large electromagnetic loss. Moreover, harmonics with rotation speed and
direction have a greatly significant effect on rotor loss [30]. The rotor losses will produce an
additional overheat of machine, which may result in a reduction of machine performances
and even irreversible demagnetization of PMs. Therefore, rotor loss suppression has be-
come an important direction for developing PMVM. Nowadays, the rotor loss suppression
for the conventional PM machine is mainly carried out from the following aspects, such
as optimizing the winding structure, segmenting PMs, and changing the stator and rotor
structure. In [31], a multilayer winding configuration was adopted for a conventional
interior PM machine to reduce stator magnetomotive force (MMF) harmonics, and then
the rotor losses could be reduced. Meanwhile, segmenting the PMs is a common method
to reduce PM eddy current (EC) loss [32]. However, up until now, the loss analysis and
suppression of PMVM was often neglected in previous work. In addition, except for PM
segmentation, other rotor loss suppression approaches for the conventional PM machine
could not be applied to the PMVM directly. This is likely to be invalid with suppression
of the harmonics producing rotor loss due to the multiple working harmonics principle.
Consequently, the torque is also significantly reduced with the loss reduction.

In order to solve this problem, the structure of the flux barriers was designed based
on the original PMVM. With the desirable suppression effect to the harmful harmonic,
the flux barrier design is facilitated to reduce the rotor loss significantly and maintain the
torque. Of course, the introduction of the flux barrier structure increases the structural
complexity to some extent. In this paper, through the analysis of rotor loss and torque,
key parameters of flux barrier and FMP structures on the performance can be determined.
Then, a multi-objective optimization algorithm is adopted for PMVM with flux barriers so
as to achieve both a high torque density and low rotor loss.

The rest of this paper is organized as follows. The topology of the original PMVM
and the modulation principle of the PMVM are introduced in Section 2. The torque of
the PMVM is improved by optimizing the FMPs distribution in Section 3. For the sake of
further reducing the rotor losses on the premise of maintaining the torque density, the loss
component of the PMVM is analyzed in Section 4. Based on this process, a novel topological
structure of the rotor is introduced to reduce the rotor losses in Section 5. The function of
flux barriers on the armature reaction field is analyzed using a simple analytical model.
Then, the flux barriers are designed considering the width and depth. In Section 6, the
PMVM with a flux barrier is optimized using an optimization algorithm and is compared
with the original PMVM. In Section 7, the electromagnetic performances of the original
and proposed PMVMs, such as flux linkage, air-gap flux density, no-load back-EMFs, rotor
losses, and torque, are analyzed using the method of finite element analysis (FEA). Section 8
presents the experiments on the prototypes of both machines. Lastly, the conclusions of
this paper are made in Section 9.

2. Topology and Working Principle

Figure 1 presents the topological structure of the both PMVMs. It can be seen that the
machine adopts an outer-rotor structure with 31 pole pairs of PMs evenly distributed on
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the rotor yoke. There are 20 stator teeth in the stator, and each stator tooth splits into two
FMPs. The modulation functions of these FMPs are same as the ferromagnetic pieces in
the magnetic gear. Moreover, the winding pattern of the machine adopts the concentrated
winding, which effectively reduces the end length of the windings. In addition, compared
with the original PMVM structure, the rotor loss of the PMVM is suppressed by the
proposed PMVM with the new structure of flux barriers at the rotor yoke.
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Figure 1. Topology of the original PMVM: (a) original and (b) proposed.

The operational principle of PMVM is based on the magnetic gearing effect. According
to the theory of the magnetic field modulation effect, a new harmonic component is
modulated to match the low-order armature harmonic with the high-order PM harmonic.
In this way, the magnetic field can change significantly due to the subtle change of the
position caused by the rotor rotation, which achieves a high torque density at a low speed.
To improve the torque performance by making use of the magnetic gearing effect, the
calculation formula between the pole pairs of the armature winding P, and pole pairs of
the rotor P, and FMPs P can be expressed as follows:

Pu:Pf—Pr (1)

3. Design and Optimization of FMPs

It is worth mentioning that, currently, most PMVMs use uniform distributed FMPs.
However, FMPs with different distributions will also have a certain influence on the
performance of machine. Figure 2 shows the detailed design parameters for the FMPs,
where 0; (FMP-slot width) represents the width between two FMPs on the same stator
tooth and 0, (FMP width) represents the width of a single FMP. Then, the FMP slot width
ratio ks and FMP width ratio k, can be expressed as follows:

6,P 6,P
ko= —L andk, = -7 b
7T 7T
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Figure 2. Detailed design parameters for FMPs.

When ks + k, = 2, all the FMP-slot widths and slot opening widths are equal,
i.e., uniformly distributed FMPs. Conversely, when ks + k, # 2, the width between FMPs
will change and become nonuniformly distributed FMPs. With the change of ks and k, the
air-gap field of the machine will change accordingly, which will affect the performance
of the machine. Figures 3 and 4 illustrate the average torque and rotor loss variations
of the PMVM with ks and k. As ks and k, increase, the average torque increases at the
beginning. However, the average torque begins to decrease when ks and k;, exceed a certain
range. The average torque is improved by 21.4% at the maximum value compared with
the fundamental model (ks = k, = 1). On the other hand, with the increase of ks and k;,
the rotor losses present a trend of first increasing and then decreasing. When the average
torque reaches its maximum value, the rotor losses decrease by about 10%. Although the
optimized PMVM reduces some of the rotor losses by optimizing the FMPs, the remaining
rotor losses cannot be further reduced. To ensure the torque density and minimize the
losses of PMVM, the factors affecting the loss need to be further investigated and analyzed.
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Figure 3. Variation of average torque with ks and k, in PMVM.
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Figure 4. Variation of rotor losses with ks and k;, in PMVM.

4. Rotor Losses Analysis

It should be noted that after field modulation, a large number of harmonics appear
in the PMVM. This could produce large rotor losses, because these harmonics are asyn-
chronous because of the rotation of the rotor. Furthermore, these negative effects are more
obvious due to the increase in the armature reaction field. Hence, it is important to analyze
the loss of PMVM.

The relationship between EC loss and the parameters of PMs was expressed in [33,34].
The EC loss with regard to the PMs can be achieved as follows:

(2n+1)ma
252 b2 +o tanh
peddy:abd.c"kl’Mk‘T(l_lgz.b. M 3)

24 ™ oa = (2n+1)°
where a and b are the height and weight of the PMs, respectively. Moreover, d is the
thickness of the PMs. ¢ and wy indicate the PM conductivity and the k-th harmonic rotation
speed, respectively. Bpyy is the amplitude of the k-th harmonic PM flux density. From
Equation (3), it can be seen that not only the structural parameters of PMs, but also the
harmonic amplitudes of the flux density had a great influence on PM EC loss.

Core loss, which consists of EC loss and hysteresis loss, can be approximately ex-
pressed from the flux density of each harmonic, as follows:

Pcore = E(AeszB%orek + Ahka%orek) )
k

where A, and f; are the EC loss coefficient and the frequency of different order harmonics,
respectively. Ay and Bcgyi are the coefficient of the hysteresis loss and the k order harmonic
amplitude of rotor core flux density, respectively. From Equation (4), it can be seen that the
frequency and flux density of each harmonic mainly affect core loss.

Because of the principle of the modulation effect, the harmonic components generated
by PMs can be expressed as follows

Py (i, j) = |iPr £ jNs| ®)



Energies 2022, 15, 1502

6 of 15

wherei=1,3,5...,j=0,1,2,... . It can be inferred that the working harmonics of the
machine are the 9th, 11th, 29th, 31st, etc. Figures 5 and 6 show the no-load and armature
reaction air-gap flux density, respectively. This reveals that the harmonic components
generated by the PM field were 9th, 11th, 29th, and 31st orders, while in addition to
these harmonics, the armature reaction field also had 1st, 19th, and 21st order harmonics.
Meanwhile, the 31st harmonic which mainly caused by the fundamental MMF move
synchronously with the rotor, which is a static harmonic and does not produce losses.
Figure 7 shows the on-load machine rotor losses of the original PMVM, including PM EC
loss and rotor core loss under the on-load situation. This indicates that the PM EC loss
corresponding to the 9th harmonic reached the peak value, while 1st harmonic was the
second largest value. The PM EC loss with regard to the 1st harmonic occupied about 22%
of the whole PM EC loss. In addition, the rotor core loss was mainly determined by the
1st harmonic, which occupied nearly 96% of the total rotor core loss. In summary, it was
found that the 1st harmonic has a huge influence on rotor losses. On the other hand, the 1st
harmonic was found to be a non-working harmonic that has no effect on torque. Therefore,
through reducing the 1st harmonic, the rotor losses could be reduced while maintaining
the torque density.
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Figure 5. No-load flux density harmonics distribution of PMVM: (a) waveform and (b) spectrum.
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Figure 6. Armature reaction flux density harmonics distribution of PMVM: (a) waveform and
(b) spectrum.
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Figure 7. The result of rotor losses in the original PMVM: (a) PM EC loss and (b) rotor core loss.
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5. Low Rotor Loss Design

In order to effectively depress the 1st armature harmonic, a new rotor structure of flux
barriers is introduced in PMVM. Flux barriers with a suitable size and position are placed
at the rotor yoke. Figure 8 shows the detailed design parameters for the flux barriers, where
wyp, represents the width of a single flux barrier and dg, represents the depth of a single
flux barrier.

Wﬂ,
—

U % i

Figure 8. Detailed design parameters for flux barriers.

5.1. Analysis of Armature Reaction Field

The armature reaction field is analyzed by a simple analysis model, as shown
in Figure 9.

A r A4 T
A ) 4 13
U U
0 N ¢
-2 2
(a) (b)

Figure 9. Simple rotor permeance model for the armature reaction field analysis: (a) original and
(b) proposed.

Accordingly, the rotor permeance of the original PMVM and the proposed one can be
expressed as

Nor(0) = A (6)
Apr(0) = Ay — (A1 — Az)% - i Z(A;;AZ) sin(m;f/\> cos(mP,0) (7)
m=1

where A1 and A, are the Fourier coefficients, and A /T is ratio of flux barrier thickness with
regard to the rotor yoke thickness. It is worth noting that the abbreviations of or and pr
represent the original and proposed machines, respectively.

The armature reaction MMF of the PMVM can be expressed as

10F; N Imax
Faq(6,t) = #Zcos(q@ + wt) (8)
q

where F, is the Fourier coefficient, N is the number of turns per phase, Imax is the maximum
value of armature current,and g =10r +1,r=0,1,2....

Then, through multiplying the armature reaction MMF and original rotor permeance,
the original flux density in the armature flux field can be obtained as follows:

10F, N1
By (6, 1) = %Alz cos(q6 £ wt) )
q



Energies 2022, 15, 1502

8 of 15

Meanwhile, the proposed flux density of the armature reaction can be expressed as

10F; N Imax
Byr(6,t) = —7== [Al — (M — Az)%}%cos(q(? + wt)
10F; N Imax . s
_#(Al —Az)sm(”‘—;f/\)%; Zlcos[(q—l—mPy)Giwt] (10)
m=
10F; N Imax . o
_‘;T(Al - Ay) sm(mT”)‘)%: 21 cos[(q —mP,)8 & wt]
m=

Comparing Equations (9) and (10), it can be found that the amplitude of the armature
reaction flux density will decrease due to the effect of the flux barrier, hence suppressing
the rotor loss of the machine to some extent. On the other hand, due to the function of
field modulation by flux barrier, g + mP, and g — mP, order harmonics are introduced.
Figure 10 shows the amplitude variation of q order armature harmonic corresponding to
the change of the flux barrier width. From this figure, the amplitude of the 1st harmonic
significantly decreases because of the increase in the width of the flux barriers. According to
Equations (3) and (4), the loss caused by the 1st harmonic will be greatly reduced. On
the other hand, the 31st working harmonic mainly affecting the torque component nearly
has no change. Therefore, the torque of PMVM can be maintained and the rotor losses
can be lowered.

(Nm)
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24-24.1
24.1-24.2

Depth of Flux Barrier (mm)

u24.2-24.3

0 02 04 06 08 1 1.2 14 1.6
Width of Flux Barrier (mm)

Figure 10. Variation of average torque with wg, and dp, in the proposed PMVM.

5.2. Design of Flux Barriers

The armature reaction will produce some useless low order harmonics, which increase
the losses of the machine. These low order harmonics, especially the 1st harmonic produced
by the armature reaction, can be effectively suppressed by adopting flux barrier design.
Meanwhile, it will not have a significant influence on high order working harmonics, which
ensures the torque density. In order to maintain torque density and reduce rotor losses as
much as possible, it is very important to choose appropriate flux barriers. Figures 10 and 11
illustrate the average torque and rotor loss variations of PMVM with the flux barrier width
wpp and flux barrier depth dp,. As wp, and dp, increase, the average torque also increases
at the beginning. Then, the average torque begins to decrease when wg, and dy, exceed
a certain range. On the other hand, with the increase in Wy and dﬂ,, the rotor losses are
significantly reduced.
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Figure 11. Variation of rotor losses with wy, and dp, in the proposed PMVM.

6. Performance Optimization

Through the above-mentioned design and analysis of the PMVM structure, it can
be seen that the FMP slot width ratio ks, FMP width ratio k, the flux barrier width Wy,
and the flux barrier depth dp, influenced the performance of PMVM. In order to obtain
the optimal torque and rotor loss, a multi-objective optimization non-dominated sorting
genetic algorithm II (NSGA-II) was used to optimize the torque and rotor loss. Figure 12
shows the Pareto frontiers of PMVM with flux barriers and original PMVM using this
optimization method. It can be seen that all the Pareto design points with regard to the
PMVM with flux barrier present lower rotor loss than the original PMVM. In order to
obtain minimal rotor loss, the green points were selected as the optimization results to
conduct further research. The torque and rotor loss of the selected optimal PMVM with
flux barriers were 23.72 Nm and 0.6 W, respectively. Therefore, the parameters ks and k;,
were finally chosen as 1.4 and 1.0, respectively, and wg, and dp, were finally determined to
be 1.2 mm and 6 mm, respectively. Compared with the 23.69 Nm torque and 15 W rotor
loss of the original machine, the rotor losses of the proposed machine with flux barriers
were reduced significantly, while the torque was basically unchanged.

™

0690 OB
o o PMVM with flux barriers

< Original PMVM
= Selected optimal points

20

Rotor loss(W)
=) >

w
1

23 24 25 26 27 28
Torque (Nm)

Figure 12. Pareto design frontiers calculated by NSGA-IL

7. Performance Evaluation

The electromagnetic performances of both PMVMs are compared comprehensively
by FEA in this section. The results reveal that lower rotor losses could be obtained by
the proposed machine without sacrificing the torque density, which verifies the above
theoretical analysis.

7.1. Open-Circuit Characteristics

Figure 13 presents the no-load magnetic field distributions of the original PMVM and
proposed PMVM. It can be seen that the magnetic field distributions were almost same
between the two machines. This phenomenon means that the PM magnetic field was not
influenced by flux barriers with an appropriate position and size. The no-load back-EMF
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waveforms are illustrated in Figure 14. It can be observed that the flux barrier design had
little effect on the no-load back-EMFs.
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Figure 13. Magnetic field distributions of both PMVMs in open-circuit operation: (a) original and
(b) proposed.
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Figure 14. Phase open-circuit back-EMFs of both PMVMs: (a) waveform and (b) spectrum.

Figure 15 makes a comparison between the no-load flux density waveform and har-
monic spectrum of the PMVMs. It can be seen that the waveform and spectrum of the
air-gap flux density of the proposed machine were basically coincident with the original
one. The new rotor topology had only a slight influence on the PM field, which indicates
that the torque performance of the proposed machine will not degrade.

s —Original Proposed 1.2
’ ~ 1 4 ®Original = Proposed
~ 1 =)
g 0s 2 0.8 -
g '0_ £ 0.6
3 T 0.4 -
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. 0 60 120 180 240 300 360 1 5 9 13 17. 21 25 29 33
Rotor position (mech.deg.) Harmonic order
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Figure 15. Comparison of the open-circuit flux density of both PMVMs: (a) waveform and
(b) spectrum.

7.2. Armature Reaction Characteristics

Figure 16 depicts the armature reaction magnetic field nephogram. As shown, the
proposed machine obtained greater strength for the armature magnetic field than the
original one. Figure 17 shows the flux density waveforms of the armature reaction and
harmonics of the two PMVMs. As can be seen, the 1st harmonic had a significant decline,
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while the higher working harmonics were not greatly affected. The obvious weakening
of the 1st harmonic from the magnetic field distribution can be seen in Figure 16b. At the
same time, some new modulation harmonics could be produced by the flux barriers (such
as the 20th and 22th order). It is worth mentioning that if the core saturation was high, the
torque of the PMVM would be limited. Through the new proposed flux barrier in the rotor,
the core saturation could be significantly reduced, which increased the torque capacity
of the machine. As a result, although the back-EMF of the machine shown in Figure 14
decreased slightly, the torque of the machine could improve to a certain extent.

B [teslal

1. 6000
-1.‘0933
1.3867

\ JLZB&

(a) (b) (c)

Figure 16. Comparison of the armature reaction field nephogram: (a) color scale, (b) original, and
(c) proposed.
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Figure 17. Comparison of the flux density of two PMVMs in the armature reaction: (a) waveform
and (b) scheme.

7.3. Rotor Losses

Figure 18 shows the rotor losses by FEA. From Figure 18, the proposed machine
obtained much lower rotor losses than the original machine. The PM EC loss decreased by
26% while the rotor core loss of the proposed machine was also reduced by 96%. Figure 19
depicts the variation of the rotor losses versus rotor speed of both machines. As observed,
with increasing the rotor speed, the increase of rotor core loss of the original machine was
much higher than that of the proposed one. Meanwhile, with increasing the rotor speed,
the increment of PM EC loss of the original PMVM was larger than that of the proposed
one. Thus, the proposed machine could offer a much lower rotor loss when increasing the
rotor speed.
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Figure 18. Comparison of the rotor losses between the original and proposed machines.
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Figure 19. Rotor losses with the rotor speed of both machines: (a) rotor core loss and (b) PM EC loss.

7.4. Torque Capacity

The average torque and torque pulsation are shown in Figure 20. It can be seen that
both the original and proposed PMVM had a high torque and low torque ripple, which is
an advantage of PMVM. Meanwhile, the average torque and torque ripple of both PMVMs
was basically unchanged. These results prove the correctness of the preceding analysis.

30 1
OTorque I Torque ripple —_
I o - 08 &
€24 [ . 2
% Bl ¢ - 0.6 =
g 157 [ £
= = w0 B 0.4 (-5}
5107 [ = e =
= 5 o R S = - 0.2 s
S S =
0 — —— 0
Original Proposed

Figure 20. Average torque and torque pulsation of both PMVMs.

8. Experimental Validation

Based on the above analysis, a new PMVM with low rotor losses was built. The new
proposed PMVM could significantly reduce rotor losses, while maintaining the torque
density. To verify the effectiveness of the analysis results through the experiment, the
original and proposed PMVMs were manufactured and tested, respectively. The prototypes
for both PMVMs were manufactured as shown in Figure 21.
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Figure 21. Prototype machines: (a) stator, (b) original rotor, and (c) new rotor with flux barriers.

Throughout the measurements, the no-load back-EMFs of the original and proposed
machines were tested at 600 r/min, as shown in Figure 22. It can be seen that the dif-
ferences between the measured and FEA results of the original and proposed PMVMs
were lower than 6%. The differences were mainly due to experimental errors. In addition,
the amplitude of the no-load back-EMF of both machines was basically unchanged, and
the waveforms were approximately sinusoidal. This also verified the consistency of the
machine performance between the simulation and experiment by introducing the flux
barriers in the proposed machine.
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40 4 ° FEA—original .

—Measured—proposed J
o FEA—proposed y

Back-EMF (V)
S

0 90 180 270 360
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Figure 22. FEA and measured back EMFs of the original and proposed PMVMs.

9. Conclusions

In this paper, a new PMVM with a high torque density and low rotor losses is proposed.
First of all, this paper introduces the topological structure and working principle of PMVM.
Then, the torque of PMVM is effectively enhanced by optimizing the parameters of FMPs.
To reduce rotor losses, the loss component of PMVM is analyzed. The results show that the
first harmonic causes rotor losses while having no effect on the average torque. Therefore,
the 1st harmonic is considered to be reduced in order to maintain the torque and reduce the
rotor loss. Based on this process, a new rotor structure with flux barriers is designed. The
influence of the flux barriers on the first harmonic is revealed. It is found that with appropriate
flux barrier design, the first harmonic produced by the armature reaction field can be greatly
reduced and the reduction of working harmonics is slight. As a result, the rotor losses are
effectively reduced while maintaining the torque density. Furthermore, the proposed and
original PMVMs are compared by FEA. Finally, the two PMVMs are fabricated and final test
results verify the effectives of the theoretical analysis and FEA results.
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