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Abstract: Permanent-magnet vernier machines (PMVMs) have attracted much attention for their
high efficiency and output torque in low-speed application. However, the conventional PMVM
suffers from the problems of low power factor and high cogging torque. In this paper, a double-stator
flux-focusing split-pole permanent-magnet vernier machine (SP-PMVM) with low cogging torque
and high power factor has been proposed. The split-pole topology in the vernier motor has been used
mainly to modulate the magnetic flux in this paper, although the stator teeth are used for this purpose
in some cases. The newly-proposed SP-PMVM topology is characterized by reduced flux leakage
through using a flux-focusing topology and staggering approximately half of the pitch angularly
between the inner stator and outer stator. Firstly, the vernier principle of the proposed SP-PMVM has
been investigated by analytical methods. Secondly, a 12-slot-stator and 22-pole-pair-rotor SP-PMVM
has been optimized with the goal of maximum average steady-state torque and the minimum
cogging torque and ripple. Thirdly, the overall performance of the newly-proposed SP-PMVM has
been analyzed as compared with the conventional PMVM. The results verify that the SP-PMVM
can provide higher power factor, higher output torque and lower cogging torque than that of the
conventional PMVM in low-speed application.

Keywords: split-pole; cogging torque; flux-focusing; high-efficiency; permanent-magnet vernier
machine; power factor

1. Introduction

In recent years, permanent-magnet vernier machines (PMVMs) have attracted considerable
attention because of their favorable characteristics in direct-drive system, such as high torque,
high robustness, and simplicity. Many kinds of PMVMs have been proposed by researchers [1,2].
An outer-rotor PMVM, which has low power factor and high cogging torque has been proposed
by Li et al. for direct drive [3]. Zhao et al. have proposed a double-stator axial-flux spoke-type
PMVM and found that the power factor can be improved by using the spoke PMs [4]. Kim et al. have
analyzed the performances of PMVM by analytical method and proposed that larger power factor
than that of conventional PMVM can be obtained by selecting slot and pole combinations properly [5].
Nevertheless, the low power factor, which is one of the most significant problems, has not been fully
investigated and validated.

The non-negligible cogging torque of PMVM is another problem to be solved. As we know, the
cogging torque, which is generated by the interaction between the rotor magnet and the stator teeth in
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PMVMs, can cause vibration and noise [6]. Therefore, when the torque variation frequency is the same
as the inherent mechanical frequency of the stator or rotor, it will cause a resonance in the machine,
which will further increase the vibration and noise. The influence of cogging torque is more obvious
especially for the single-air-gap spoke type of conventional PMVMs [7].

In this paper, a double-stator split-pole permanent-magnet vernier machine (SP-PMVM) with
a flux-focusing topology, as show in Figure 1, has been proposed to improve the abovementioned
problems, namely, low power factor and high cogging torque. Firstly, the vernier principle of
the proposed SP-PMVM has been investigated by analytical methods. Secondly, a 12-slot-stator
and 44-pole-rotor SP-PMVM has been proposed and optimized based on the maximum average
steady-state torque and the minimum cogging torque and ripple. Thirdly, the overall performance of
the newly-proposed SP-PMVM has been compared with the conventional PMVM.
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Figure 1. 3D view of the SP-PMVM.

2. Machine Design

2.1. Mechanical Design

The mechanical design of the SP-PMVM is shown in Figure 2. It can be seen that the rotor is
sandwiched between the inner stator and outer stator through a rotor bracket and the rotor bracket is
combined directly with the output shaft. The inner stator is mounted on a supporter which is bolted to
the outer frame. To reduce the deformation of the inner stator supporter shaft, a reinforcing ring is
used in this paper. Since the rotor bracket is a torque-transferring part from the rotor to the output
shaft, it should have enough mechanical strength.
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Figure 2. Front view of the SP-PMVM.
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2.2. Machine Topology

The cross-sections of conventional PMVM and the newly-proposed SP-PMVM are shown in
Figure 3a,b, respectively. The newly-proposed SP-PMVM consists of an inner stator, an outer-stator,
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and a cup-rotor. The inner stator has 12 slots, which are imbedded with a three-phase four-pole
winding. Each stator tooth is punched into two flux-modulating poles. The outer stator has the same
number of slots, winding pole-pairs, and flux-modulating poles as with the inner stator. To minimize
the flux leakage, the inner stator and outer stator are staggered by about half of the pitch, angularly.
The cup rotor is composed of 44-pole permanent-magnet bulks which are fixed on a cup-shaped
bracket. The cup-rotor is sandwiched between the inner-stator and outer-stator.

Magnet Rotor  Winding

(a) (b)

Figure 3. Comparison of the two machines: (a) conventional PMVM; and (b) SP-PMVM.

For a PMVM with full pitch windings, the stator slot N can be represented by 6pg, where g is the
number of slots per pole per phase. If the relationship of Equation (1) is satisfied, the vernier effect is
built up [8]:

Nr = Ns+P 1)

where Ny, Ng, and P are the number of rotor magnet pole-pair number, flux-modulating pole number,
and winding pole-pair number, respectively. The relationship of Equation (1) is the key to obtaining
the vernier effect and high-torque low-speed characteristic.

3. Theoretical Analysis

Before the analysis, the definition of the key parameters of SP-PMVM should be given, which
are shown in Figure 4. It should be noted that the predefined positive rotating direction of stator
is counter-clockwise.

Outer stator

inner stator

Figure 4. Definition of parameters of SP-PMVM.

To calculate the flux density and the permeance, the rotor can be divided into 44 pieces, angularly,
and the magnetic circuit of each piece is shown in Figure 5. The potential along the edge facing the
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outer air gap is magnetically floating and the magnetic potential of each piece could be calculated.
In the figure, V is the potential of k" rotor piece, Fyug is the MMF of permanent magnet, Ry, is the lump
reluctance of a permanent magnet and Py is the lumped air gap permeance facing the k" rotor piece.

V=0
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Figure 5. Magnetic circuit of one section in the rotor of SP-PMVM.

Since the inner stator is shifted by half of the pitch relative to the outer stator, the outer air gap
and inner air gap specific permeance [9,10], Pgﬁ (0) is given in Equation (2):
P{(6) = Py F Py cos(Ns6) @)
where the quantities POi is the average permeance, Pli is the fundamental permeance, and 6 is the
angle of air gap of angular position.

In order to utilize the vernier effect and to avoid MMF oscillation and loss of permeability [11],
the rotating MMF and the air-gap flux density are given by Equations (3) and (4):

4 F
+ B mag _
Fg.PM(G) ~ AT R,T cos(Ng(6 — 6)) 3)

where F, ;'.Ep 11 is the MMF developed by PM, P is the permeance of a core piece, 6 is the angle of air gap
of angular position, and 60, is the angle between the rotor permanent magnet. The air-gap flux density
are given by Equation (4):
BE(0) = _ ABhw cos(NR (6 — ) (Py F Pi" cos(Nsb)) 4)
7 (2 + R Po)

where B, is the residual flux density of PM, h,;, is the rotor permanent magnet thickness, and pi, is the
permeability of permanent magnet.

By using Equation (4), the back-EMF (rms) of a phase winding induced in outer stator with g slots
per pole per phase and N, turns can be simplified, as in Equation (5):

E o 4lskwm
cp—pmom — \@7‘[

B}’D; (kwNph>SE.cp—pmvm (&)

where I is the stack length of core, w,, is a mechanical rotor speed, D; is the air gap diameter, ky,
is a slot space factor, N, is a slot space factor, and e cp—pmom is the back EMF coefficient of the
SP-PMVM motor.

4. Premise for Fair Comparison

To investigate the validity of the newly proposed SP-PMVV, it is optimized and compared with
the conventional PMVM machine proposed in [3], as shown in Figure 3a.

It is necessary to explain some key design data and coefficients in the following optimization
and comparison:
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1.  The original parameters of both machines are defined as shown in Figure 4. Other main
parameters are listed in Table 1.

2. Some original dimensions and parameters should be defined and explained. g ;;, and g5 ous are
the pole-arc to pole-pitch ratios of the inner and outer stators, respectively; s ;, and s_ous are
the stator tooth width of the inner and outer stators, respectively. The 1, is the rotor PM width
in degrees, and these parameters are used to define the coefficients:

kst = q)st_in/(l)s_np = G”st_out/gos_np 6)

ket = Gme/(q)pm + Gm) (7)

where Ps_np = Pst_in + Pss_in = Pst_out T Pss_out-
3. The s is the original rotor module tooth width, which satisfies:

Bs = 360°/P/N, = 360°/2/24 = 7.5° (8)

Here, 0 is twice of the s, so § = 2 x B; = 15°, and B is defined as the mechanical angle
between the outer stator teeth and the inner stator teeth [12], which can be described as:

,Bmec =0- Qin-out (9)

where 0;,,_,,; is the angle between d-axis and g-axis (in Figure 4).
4.  In addition, to analysis the cogging torque, the rotor speed is set as 1 rpm and all armature
winding current are set as zero [13].

Table 1. Design data comparison of PMVM and SP-PMVM.

Items PMVM SP-PMVM
Number of rotor pole pairs N 22 22
Number of stator slots N 24 24
Winding pole-pairs P 2 2
Based speed n;, (rpm) 150 150
Stack length, [, (mm) 84 84
Outer radius of outer rotor (stator), Rg, (mm) 144 144
Inner radius of outer rotor (stator), Ry;,, (mm) 100.8 100.8
Stator yoke length, wg, (mm) 2.6 2.6
Yoke angle, (g ;,, (deg) 8 8
Shaft radius, Ry (mm) 10 10
PM thickness, hy;, (mm) 10 10
PM width, g (mm) 2.5 2.5
Air gap length, ¢ (mm) 0.4 0.4
Maximum current, I jqx (A) 24.4 244
Motor power, x (kW) 5.88 14
Stator turns per coil, Ny 15 25
Number of slots per pole per phase, N 1 1
Wire per conductor, Ny, 1 1
Slot space factor B 0.65 0.65
Wires size (AWG) 19 19
Iron type DW310_35 the same
PM type NdFe30 the same
Shaft material 45Cr the same
Motor weight (kg) 38.45 34.93

For fair comparison, the following assumption is made. Namely, the two machines are designed
with the same: (a) overall dimensions, such as the stator outer diameter and stack length; (b) base
speed, and load ratings; (c) phase current and current density [14,15]; and (d) number of PMs.
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5. Optimization of SP-PMVM

The T 404 capability, the cogging torque T coq, and the torque ripple T ;. are the most important
performances to be considered in the following optimization of the SP-PMVM. From the analysis
above, the key parameters, such as kst, Bec, lin, and ky, are optimized finite element method (FEM)
software, while other parameters of the SP-PMVM are kept constant, as listed in Table 1.

5.1. Optimize kg

It should be noted that the inner stator and outer stator have consistent coefficients, namely,
Yot in = Pst_out, While optimizing k. In addition, the split ratio can be defined as:

ko = Rshaft/RSU (10)

The value k, of SP-PMVM is —0.15. The coefficient ks is optimized in the FEM software at
Imax = 244 A, and ¢y ;, and st our = 1°-7°. The kg is changed from 0.2-0.55 while keeping other
parameters constant, as listed in Table 1.

The results of average torque, cogging torque, and torque ripple at different ks are shown in
Figure 6. It can be seen that when the coefficient ks is about 0.4, the T ;¢ is at the maximum value.
However, the tendencies of T g and Tﬁ-}glgl,3 curves are not quite similar with T . When kst is about
0.47, T yippie reaches the minimum value. At this point, the T 4, decreases by 25% from the peak point
and the T g is decreased by 30%.
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Figure 6. Average torque, cogging torque, and torque ripple of SP-PMVM at different k.

From the above discussion, the optimization is a compromise between average output torque and
torque ripple. When the coefficients of ks = 0.46, a large torque can be obtained and the torque ripple
is acceptable. Consequently, ks; = 0.46 is adopted in this stage and used for the next step.

5.2. Optimize Byec

Since the angle B has a great influence on T avg, the power factor and the Tjipple of the
SP-PMVM, the mechanical angle S, is optimized in the range of —2.5°-5° in the FEM software,
while other parameters are kept constant, as listed in Table 1.

Figure 7 shows the results of the average torque, cogging torque and torque ripple at different
Bmec- It can be found that the maximum torque is obtained at 0°. The T ¢ and Tﬂ-pple almost reach the
minimum values at this point as well. Hence, this point, namely B = 0, kst = 0.46, and ks = 0.3, is
better than initial values which are given in Table 2. Additionally, this set of parameters will be used
for the following analysis and optimization.
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Figure 7. Average torque, cogging torque, and torque ripple at different fyec.

Table 2. Optimized Dimension of SP-PMVM.

Items Initial Value Optimized Value

kst 0.46 0.46

Kyt 0.3 0.3
Binec (deg) 1 0

T 1og (N.m) 750 800

T _cog (N.m) 10 10.5

T ripple (%) 1.33 1.31
hyy (mm) 10 10

5.3. Optimize kyt and hy,

To obtain the region of maximum average torque with a variety of optimal PM size, the parameters
k;+ and hy;, are investigated by the FEM calculation. Based on optimized dimension of the SP-PMVM in
the last two steps, its average torque, cogging torque, and torque ripple are investigated when k;; and
hy, are in the range of 0.1-0.5 and 3-15 mm, respectively. Other parameters are kept the same as the
original ones which are given in Table 1.

The average torque at different k;;+ and &y, is shown in Figure 8. It demonstrates that the area
of maximum T g, can be obtained is in the region -y, which is defined between the contour Line
a and b. Line a corresponds to the parameters of k; and h;, in the range of 0.2-0.4 and from
10-15 mm, respectively.

F a3} fus} o
o ] o o
=] [=} [=} [=}
: 5

Average torque (N.m)

o
ma
v

Figure 8. Average torque at different k,; and k.
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Figure 9 shows the cogging torque at different k;; and h,,,. It can be seen that the influence of the
coefficient kyt on T ¢oq is irregular, but the T .o is sensitive to the hy,. Moreover, it also can be found
that the peak T ¢ falls in the - area.

Furthermore, the torque ripple at different k,+ and h,, is investigated, as shown in Figure 10.
It shows that, as compared with the influence of hy,, the T ;;,,c is more sensitive to the k. As long as it
remains in the 7y region, the T, is not very large. This indicates that although the T ¢ reaches the
highest value in the 7 area, the T gy and T ), reach in the maximum value and minimum value,
respectively. Therefore, we will adopt the design in the < region because the SP-PMVM has good
torque performance and the torque ripple is quite acceptable in this area.

Cogging torque (N.m)

— — b .
o [} = (A3}

Torque ripple (%)

=
o
n

Figure 10. Torque ripple at different k,; and hy,.

6. Performance Comparison

Some parameters may affect the electromagnetic performance to a large extent, such as ks¢, Bec, fm,
and k;;. With the assumptions that the steel saturation is ignored and the permeability of permanent
magnet is the same as the air, the magnetic field distribution of the conventional PMVM and the
SP-PMVM are given in Figure 11a,b, respectively. This shows that more flux links between the rotor
and stator of the newly-proposed SP-PMVM form than that of the conventional PMVM under the
same condition. This is mainly owing to the improved magnetic path of the SP-PMVM by shifting the
relative position of the inner stator and outer stator and the adopting of a flux-focusing topology.
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The outer air-gap flux density of the conventional PMVM and the SP-PMVM are calculated by
a time-stepping finite-element method (TS-FEM) at no-load, as shown in Figure 12. It can be noted
that the flux density of the conventional PMVM is much smaller than that of the SP-PMVM with the
same number of PMs. Quantitatively, the maximum outer air-gap flux density of the conventional
PMVM and SP-PMVM are 0.944 T and 1.8 T, respectively. The flux linkage of the conventional PMVM
at no-load is much smaller that of the SP-PMVM, as shown in Figure 13. The flux linkage of the
SP-PMVM is almost twice that of the conventional PMVM. It should be noted that the power factor of
the proposed SP-PMVM is 0.87, as listed in Table 3, which is much larger compared with that of the
conventional PMVM (about 0.4). One of the reasons of the improved flux density, the flux linkage and
the power factor is that the magnetic flux leakage of the SP-PMVM is much less than the conventional
PMVM owing to the shift angle between the inner stator and outer stator of the SP-PMVM. Other
reasons may include that the PMVM model based on the original design by other researchers, whereas
the SP-PMVM is optimized. It should also be noticed that the data calculated by 2D TS-FEM might be
higher than the actual value because the end effect is not considered.

Figure 11. Magnetic field distribution: (a) conventional PMVM; and (b) SP-PMVM.
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Figure 12. Air gap flux density.
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Figure 13. Flux linkage.
Table 3. Optimized Parameters.
Items Conventional PMVM Proposed SP-PMVM
kst 0.46 0.46
Kyt 0.3 0.3
Binec (deg) - 0
Linax 244 244
hy (mm) 12 12
T apg (N.m) 235 800
T cog (N.m) 28 10.5
T yippie (%) 12.7 1.31
Power factor 0.4 0.87
Efficiency 63% 91%
Shear stress (kN/m?2) 40 93
Torque density (N-m/ cmd) 0.14 0.49

Figure 14 shows the no-load cogging torque waveform of the two machines, while the speed
of the motor is set as 1 rpm. The peak to peak values of cogging torque T o, and the torque ripple
percentage T ;1. of both machines are listed in Table 3. It can be seen that the T ;. of the proposed
SP-PMVM is 1.31%, which is much lower than that of the conventional PMVM. Therefore, the cogging
torque and torque ripple can be reduced by using the proposed design structure.

16 - T T T T T T
| | —a— SP-PMVM
124 i'| == Traditional PMVM

Cogging torque (N.m)
o
L

o

T T T T T

Time(ms)

Figure 14. Cogging torque.
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Additionally, the steady-state average torque T sy is shown in Figure 15. It can be found that the
averaged steady-state torque of proposed SP-PMVM is 800 N-m, while for the conventional PMVM
is 235 N-m, namely, the torque-handling ability of the proposed machine is 319% higher than the
conventional PMVM.

800 T T T T
700 MW

600 + —=— SP-PMVM A

—— Traditional PMVM
500 4

400 - : : -

T e e S o v S

Output torque (N.m)

200Xl N M

T . 5 S SR S

T
0 5 10 15 20 25
Time (ms)

Figure 15. Output torque.

According to above analysis, the power factor, torque, and efficiency are improved to a great
extent. The reasons for lower torque ripple, improved output torque, and efficiency may include,

e The SP-PMVM has two air gaps instead of one; therefore, the active area of the machine is
almost doubled.

e Comparing with the conventional PMVM with a low power factor (about 0.3-0.6 [8]), the
SP-PMVM topology can improve the power factor significantly by staggering about half of
the pitch angularly between the inner stator and outer stator.

e  Comparing with the conventional PMVM, the magnetic flux leakage of the SP-PMVM has been
reduced significantly.

7. Conclusions

In this paper, a new double-stator SP-PMVM with a flux-focusing topology has been proposed.
The performances of the SP-PMVM have been optimized and compared with the conventional PMVM.
The results show that the SP-PMVM has more favorable characteristics than the previously-designed
PMVM. To summarize, the advantages of SP-PMVM are listed as follows:

1.  The torque-handling ability is improved by 240%. The output torque per kg PM of the SP-PMVM
is about 2.4 times of that of the conventional PMVM.

2. The power factor, which is one of the most significant problems of PMVM, has been improved
from about 0.4 to 0.87. For the same current, the SP-PMVM has a lower requirement on the
battery for electric drive vehicles (EDVs).

3. The torque ripple is induced from 12.7% to 1.31%. This may broaden the potential application
area of the SP-PMVM.
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