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Abstract—Vernier permanent magnet machines (VPMM) are
becoming increasingly attractive for low-speed direct drive
industrial applications. This paper presents a novel design
perspective of reducing non-working even-order armature
harmonics in VPMMs with concentrated winding to further
improve the overall electromagnetic performance. The armature
reaction MMF harmonics can be adjusted by controlling the
winding layout. In particular, a dual-stator VPMM (DS-VPMM)
is presented, in which the inner stator is shifted by a half slot pitch
relative to the outer stator, and the key is that dual concentrated
windings are reversely connected in series with a 180-degree
mechanical angle difference. Consequently, those non-working
even-order harmonics produced by the armature reaction can be
eliminated. As a result, the synchronous inductance is notably
reduced, which further improves the power factor without
sacrificing torque density. A non-dominated sorting genetic
algorithm II (NSGA-II) is adopted in the optimization process to
obtain optimal parameters of the proposed design. The finite-
element analysis (FEA) results show that, compared to
conventional VPMMs, the proposed design with reduced even-
order armature harmonics exhibits higher torque density and
higher power factor while the unbalanced force is mitigated.
Finally, a prototype is fabricated to verify this proposed approach.

Index Terms—Armature reaction, concentrated winding, even-
order harmonics, split-tooth, Vernier machine.

[. INTRODUCTION

studied and widely adopted in various practical
applications due to their high efficiency, torque density,
and reliability [1]-[3]. With the development of flux modulation
PM machines, Vernier machines have emerged as competitive
candidates for low-speed direct-drive applications in electrified
transportation owing to their higher torque density compared to
conventional permanent magnet (PM) machines [4]-[6]. A
number of studies have explored novel structures to further
improve torque density, including dual-stator, dual-sided PM,
claw-pole, coding-shaped tooth, etc.[7]-[11]. However, the
utilization of the flux modulation effect in Vernier machines
brings a high torque density but simultaneously leads to a low
power factor [12]. The characteristic of low power factor has
become a major problem in Vernier machines, which requires
converters with larger capacity for the same output power.
Taking into consideration of the driving system, this issue
severely limits the application potential of conventional Vernier
machines.
Therefore, the issue of the low power factor has received

PERMANENT magnet (PM) machines have been extensively

considerable attention, and several attempts have been made to
address this issue [13]-[17]. Generally, the enhancement of the
air gap flux density and reduction of the inductance are the two
possible ways to improve the power factor. A high power factor
Halbach-type Vernier machine without a rotor iron core was
proposed in [13]. In that design, an elevated back electromotive
force (EMF) and a reduced synchronous inductance facilitate
the improvement of the power factor. However, compared with
typical machines with an iron core structure, the output torque
is severely reduced. Meanwhile, the auxiliary DC field winding
is used to improve the power factor in [14], [15]. The DC
winding provides an additional excitation to enhance the air gap
flux density, but it leads to more copper loss at the same time.
Furthermore, dual-stator Vernier machines with higher power
factors were proposed in [16], [17]. In [16], a complementary
arrangement of dual stators is utilized to reduce the flux leakage
and enhance the air gap flux density. As a result, the machine
exhibits a high power factor of 0.9, which is significantly
improved compared with a conventional surface-mounted PM
Vernier machine. At the same time, literature [17] well studied
the mechanism for the power factor enhancement due to the
dual stator topology, which reveals the underlying reason for
improving modulated air gap flux density.

The aforementioned methods are mainly focused on the air
gap flux density improvement as well as the back EMF.
According to [18]-[21], reducing the non-working armature
reaction MMF harmonics for the decrease of the inductance is
another appealing option. As illustrated in [22], several
techniques have been investigated to reduce the harmonics,
including adding magnetic flux barriers in stator yoke [23],
[24], using the coils with different turns [25], applying
multilayer fractional-slot concentrated winding (FSCW) [26],
adopting multiphase FSCW [27], using dual slot layer stator
[28], etc. However, the first four methods listed above can only
reduce the low-order harmonics. The dual slot layer stator [28]
can simultaneously reduce the low-order and high-order
harmonics, but the issue of fundamental harmonic reduction
(~37%) cannot be ignored. Hence, the armature winding with
coil pitch of two slot pitches proposed in [29], [30] is a
competitive method to reduce the harmonics in conventional
PM machines, which eliminates the low-order and high-order
harmonics simultaneously while the fundamental harmonic is
not affected. In [18], this promising winding structure was
applied and well-studied in Vernier machines to achieve a
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higher power factor, and the design guideline based on the
theoretical analysis was also proposed. Additionally, a hybrid
concentrated-winding (CW) achieved through delta and star
winding connection was also investigated in a Vernier machine
to reduce sub- and high-order harmonics, effectively improving
the power factor[21].

This paper presents a novel dual-stator Vernier permanent
magnet machine (DS-VPMM) with a special armature winding
arrangement in which the two sets of windings in the inner and
outer stator are reversely connected in series and arranged in a
180-degree mechanical angle difference. Instead of only
focusing on one method to improve the power factor, the
proposed machine combines the advantages of a dual-stator
structure and an advanced winding design. Consequently, a
high power factor and improved torque density can be both
achieved due to the reduced non-working harmonics and
enhanced air gap flux density. The proposed structure and
working principle are described in Section II. Then, in Section
111, a non-dominated sorting genetic algorithm II (NSGAII) is
adopted to conduct the global optimization of the proposed
machine. To showcase the superiorities of the proposed design,
Section IV compares the electromagnetic performance between
the proposed DS-VPMM and the conventional Vernier machine.
To wvalidate the performance prediction, a prototype is
manufactured and tested in Section V.

II. MACHINE STRUCTURE AND WORKING PRINCIPLE

A. Origination of the Proposed Structure

The power factor can be improved by either reducing the
inductance or enhancing the back EMF. Based on this design
concept, a novel DS-VPMM comprised of two split-tooth
stators and a sandwiched rotor constituted with PMs is proposed,
as shown in Fig. 1, and the main design parameters are listed in
Table I.

Fig. 1. The structure of the proposed DS-VPMM.

TABLE I
MAIN DESIGN PARAMETERS OF THE PROPOSED MACHINE

Parameters Value
Number of stator slots 9
Number of rotor pole pairs 13
Stator outer diameter (mm) 200
Stack length (mm) 75
Air gap length (mm) 1
Rated speed (rpm) 300
PM material N38EH
Steel material WG35WW300

Different from the conventional split-tooth Vernier machine,
the split teeth in both inner and outer stators serve as the flux
modulator. Meanwhile, the armature winding structure is
innovatively arranged. As shown in Fig. 2, the armature

winding employs a double-layer concentrated connection. The
integrated armature winding consists of two sets of windings,
including outer stator winding (winding 1) and inner stator
winding (winding 2). The windings on both stators are
connected in series, and the inner stator winding is shifted by
180-mechanical-degree with an inverse connection compared
with the armature winding on the outer stator. By adopting this
novel winding topology, the non-working even-order space
harmonics can be effectively reduced, and the synchronous
inductance can be reduced at the same time, which will be
expanded in detail in the next part. Hence, the proposed
machine can achieve a higher power factor and enhanced torque

density.
]
B+
|A-
(Inncr statox;‘j U

Fig. 2. The proposed inner and outer winding connection.

B. Working Harmonics Analysis

Similar to conventional Vernier machines, the working
principle of the proposed machine is based on the flux
modulation effect [31]. However, compared with the
conventional design, the magnetic field produced by the rotor
PMs in the proposed machine is modulated by both inner and
outer stator teeth simultaneously. Consequently, abundant air
gap field harmonics are generated and contribute to torque
production. In this part, a magnetomotive force (MMF)-
permeance analytical model is adopted to identify the working
harmonics of the proposed machine.

The MMF produced by rotor PMs can be simplified as a
square waveform and expressed in Fourier series expansion as

pmr

F _(6,t)= ZWF cos[nN, (8 —Q.1)] (1)

where F, denotes the magnitudes of PM MMF harmonics, @is
the circumferential position in the air gap, Q, is the mechanical
angular speed of the rotor, N, is the number of the PM pole pairs,
and 7 is the order of the Fourier series.
The air gap permeance due to both inner and outer stators can
be obtained by
Asl (‘9) i Asz (9)
o
g
where A,;(6) is the outer stator permeance, A;2(8) is the inner
stator permeance, L is the permeability of the vacuum, and g
denotes the air gap length. Using Fourier expansion, the
permeance functions of both stators are given in (3) and (4)

A (0)= 2

A (@)= Ay + D A, cos(kN ) 3)
k=1
A, (0)=A'y+ Y A", cos(kN .0 +6,) 4)

k=1
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where Ao and A’ are the average values of the outer and inner
stator permeance, respectively. A; and A’ refer to the amplitude
of the k™ harmonic of the outer and inner stator, respectively. N
represents the number of flux modulators which equals the
product of the number of stator slots (Ny,) and the number of
flux modulators per stator tooth (N,,) as presented in (5). 6y is
the mechanical angle difference between the inner and outer
stators, which is shown in (6)

N,=N,,N, )
2r 7«

0 === 6

N9 ©)

Therefore, the equivalent air gap permeance Ay(6) can be
obtained by combining (2)-(6)

A, (0) =L (AN + AOZA',( cos(kN.0+6,)
U,

’ - ©)
+A' ZA cos(kN.0) + Z cos[(2kN ) +cos 6,1}

Hence, the air gap ﬂux can be derived by the product of (1)
and (7)

B,(0,1) = (6’,t)A (6)

pmr
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Based on (8), the air-gap flux density harmonics produced by
rotor PMs are summarized in Table II. The harmonics can be
divided into five groups. The harmonics with orders of nV, in
Group I are the original PM harmonics without modulation.
Besides, the harmonics in Groups II, III, IV, and V are the
harmonics after modulation. The positive and negative speed of
the modulated harmonics represents the consistency compared
with the rotor rotating direction. In the proposed machine, N,
equals 13, and the n=1,3,5...etc. The space harmonic orders in

all five groups are in odd numbers.
TABLE I
HARMONICS OF AIR GAP FLUX DENSITY EXCITED BY ROTOR PMS

cos%)Fn cos[nN (8-, 1)]
£ cos[(KN, £nN )YOF nN Q¢ +§] (8)
£ cos[(kN, £ nN,)0F nN,Q. ]

Al {cos[(2kN, +nN )0 F nN O, 1]

Group number Space harmonic order Rotating speed

I nN, Q,

i} kKN, +nN, ﬁg

I kN, -nN, 7ﬁ9
v 2kN,+nN, ﬁg
v 2KN, —nN, 7ﬁ9

C. Inductance Analysis
Fig. 3 shows the phasor diagram when the /; =0 control

strategy is applied and the stator resistance is ignored.
Consequently, the power factor can be derived from Fig. 3,
which is given as follows.

1 1
cosQp = = ©))

xrI Y oLl Y
l+ S8 1+ e S8
EO EO

where I; is the stator current, w. is the electrical angular speed,
X, is the synchronous reactance, L, is the synchronous
inductance, and E) represents the back EMF.

A g-axis

b EO = a)ey/m

b [

s

Vi d-axis

Fig. 3. Phasor diagram of Vernier machines.

According to the flux modulation theory [31], the pole-pair

number of the armature winding is given as follows.
F,=N,-N, (10)

In the conventional FSCW design, a lot of space harmonics
are produced in the air gap, including several undesired non-
working space harmonics. These non-working harmonics lead
to an unexpected increase in inductance. It is obvious from (9)
that reducing the inductance is a very effective method to
improve the power factor when the electrical angular speed and
back EMF are kept constant. Hence, in this paper, a novel
winding arrangement is proposed to eliminate the even-order
space harmonics of armature reaction MMF, which further
reduces the inductance. Meanwhile, the odd-order working
harmonics are unaffected.

The mechanism of the inductance reduction is illustrated as
follows. The synchronous inductance can be expressed as

L=L, +L, (11)

where L, is the inductance of the armature reaction, and Ly is
the leakage inductance.

The L,,s can be obtained by

7
L =— 12
ms ] ( )

m

=11, [ B, (O.ON,(©)d0 (13)

where y, is the flux linkage of phase A, I, is the peak value of
the phase current, r¢ is the air gap radius, /o is the effective
length of the machine, B, is the flux density produced by
armature winding, and N, is the winding function of phase A as
given in (14) [32]

l//a

Nk
—L " cos(vO)

N,©@)=32

v=1 v

(14)

where V, is the total number of turns in phase A, v is the winding
harmonics, and k. is the winding factor of the v harmonic.

The armature reaction MMF of the proposed winding and the
corresponding air gap flux density are given in Fig. 4. The
MMF of three-phase armature winding is expressed as

=i (H)N,(0)+i,(t)N,(0)+i.(t)N_(0) (15)

a w
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Fig. 4. Armature winding MMF and air gap flux density waveforms.

where i, i5, and i. are the current of phases A, B, and C,
respectively.

In the proposed machine, the armature winding is split into
winding 1 and winding 2, respectively, which are connected in
series. To eliminate the even-order harmonics, the polarity of
winding 2 is inversed, and the position is shifted by 180-degree
(0) compared to windingl. The MMFs of both winding sets are
expressed separately in (16) and (17). Their corresponding
MMF waveforms are depicted in Fig.4, which agree well with
the winding arrangement. The MMF waveform of winding 2 is
inversed and shifted 180 degrees compared to winding 1. The
MMFs of winding 1 and winding 2 are given as follows

Nt
3 Tkwv
F == —=— ] cos(wt—vl 16
awl 2":;1 v m ( ) ( )
£=0,1,2.

3 Ttkwv
F == —=—[-1 cos(wt—v(@—-0 17
=y 3 Tl costw—v@=a0] (1)

k=0,1,2...

Consequently, the synthetic MMF can be obtained by
superposition of the MMF of winding 1 and winding 2, which
is expressed as follows.

Fan = Fanl + FaMZ (18)
2
F, = 32Nk, — ], cos(wt—v0), v is odd
2 v (19)
F =0 , vis even
2Nk
F. _3 > e cos(wt—v6) (20)

w
2, o v
k=0,1,2...

It can be observed that only the odd-order harmonics exist
from the above equations. The waveform of synthetic MMF in
Fig. 4 also shows the elimination of the even-order harmonics.

Considering the modulation effect of the split teeth, the air
gap flux density excited by an individual winding set and the
resultant air gap flux density are illustrated in the lower position
of Fig. 4, which exhibits a similar even-order harmonic
elimination effect.

To validate the aforementioned analysis, the air gap flux
density waveforms excited by armature windings obtained
through finite element analysis (FEA) are presented in Fig. 5
and Fig.6. The waveforms of air gap flux densities excited by
outer stator winding and inner stator winding are depicted in
Fig. 5(a) and (b), respectively. It can be observed that the
simulation results are consistent with the waveforms presented
in Fig. 4. In addition, Fig. 6 presents the synthetic air gap flux
density excited by both sets of armature windings. The fast
Fourier transform (FFT) results in Fig. 6 (b) show that only odd-
order harmonics exist, thereby validating the foregoing analysis.
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; 0.05 ; 0.05

£ 0.051 £ 005

= =

g g

= =

= 0.004 = 0.004

| |
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<010 . : . ; . <010 . : . ; .
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Air gap circumferential position (Mcch. deg) Air gap circumferential position (Mcch. deg)
(a) (b)
Fig. 5. Air gap flux densities excited by a single set of armature winding. (a)
Outer stator winding. (b) Inner stator winding.
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Fig. 6. Air gap flux density excited by both sets of the armature windings. (a)
Waveform. (b) Harmonic distribution.

Accordingly, the resultant flux density can be expressed as
B, (0,1)=F,, -A,(9) 21)
Therefore, the flux linkage and inductance in phase A can
be deduced.

3 8 '
y/azgﬂ—Avolmrglef >

Hy v=6kxl
£=0.12...

[(ﬁ] cos(wt)] (22)
\%/4

2
Ve _3 & p A 2Nk,
=T =T AR > [7 (23)

ms I
m 0 v=6k+1
k=01,2...
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According to (23), v=6k£1 in the proposed machine is
different from v=3%+1 in the conventional design. Obviously,
only odd-order harmonics exist in the proposed design, while
the conventional design contains both even-order and odd-order
harmonics. Therefore, the inductance in the proposed machine
is reduced, and the power factor is improved compared to the
conventional split-tooth Vernier machine.

III. DESIGN OPTIMIZATION

Fig. 7. Main structural parameters of the proposed DS-VPMM.

The proposed machine has a large number of structural
design parameters, as shown in Fig. 7. In order to obtain the
optimal values of these parameters, the NSGA 1I is adopted for
design optimization. Maximizing average torque and power
factor are the objectives of this optimization, which can be
expressed as

&), f() =T,
max
L), f,(x) =P,

where 7., is the average output torque, and Py refers to the
power factor. Among all parameters, the outer diameter, the
stack length of the iron core, and the air gap length are fixed,
and the other 18 design parameters can vary in certain ranges,
as listed in Table I1I. Meanwhile, the constraints are listed as

J =54/ mm*
P.20.5

(24)

(25)

where J is the current density.
TABLE IIT
DESIGN PARAMETERS AND THE VARIATION RANGES

Parameters Range

Height of outer stator yoke (H,;) 5-15 mm
Height of outer stator main tooth (/) 5-15 mm
Height between outer stator main tooth and split 0.5-5 mm
tooth (H) ’

Height of outer stator split tooth (H,.) 3-10 mm
Width of outer stator main tooth () 10-28 mm
Arc of one outer stator split teeth unit (D,;) 20-35 deg
Arc of outer stator dummy slot (D ;) 2-15 deg
Height of outer stator dummy slot (Hy,) 1-8 mm
Height of rotor PM (H,) 3-12 mm
Arc of rotor PM (D,) 9-13.2 deg
Height of inner stator yoke (H,2) 8-15 mm
Height of inner stator main tooth (H,,) 8-20 mm
Height between inner stator main tooth and split 0.5-5 mm
tooth (Hy) !

Height of inner stator split tooth (Hjp) 3-10 mm
Width of inner stator main tooth (7;,) 5-15 mm
Arc of one inner stator split teeth unit (D,) 20-35 deg
Arc of inner stator dummy slot (Dy2) 2-15 deg
Height of inner stator dummy slot (H2) 1-8 mm

The optimization process is illustrated in Fig.8. In this
optimization process, the FEA program is embedded into
NSGA-II for the computation of the machine performance.
Firstly, the models with different values of the design
parameters in the 1% generation are generated and calculated.
Then, the results are saved and ranked based on the objectives.
Secondly, the child population is generated by mutation and
crossover, which is calculated as follows. The parent and child
individuals are combined, and 100 individuals are selected
based on the ranking result. Finally, the optimization progress
is finished if the generation reaches the maximum number. The
generation number during optimization is 50, and the
population number in each generation is 100. Moreover, the
crossover and mutation factors are chosen as 0.8 and 0.05,
respectively.

The optimization result, which shows the tradeoff between
the average torque and power factor, is shown in Fig. 9. The
Pareto front curve of this scatter diagram is marked with a black
line. In addition, a turning point located on the Pareto front
curve is selected as the optimal design and highlighted by the
red circle, which has both relatively high average torque and

power factor.

Initial the 1** generation
(population number n=100)|

Calculate the average torque, power factor by
FEA software

Output non-dominated
designs

Non-dominated

sorting

Generation >Max
generation?

Selection, crossover.

s >

and mutation

Calculate the average torque, power factor by
FEA software

Gen=Gen+1

[Merge parent and child individuals]

Non-dominated

sorting

Fig.8. Flow chart of the optimization process.

100
90 Optimal point
& -
—~ 80 o o oo@‘%?;%
£ LN
z 704 88, 2 00°6°4
T 60 ofecd ol
g_ - 00 oo o‘}) ° o
= 50 o 8
= o ° D0 0
& 40 o 0% 0 o0°%
30 o0 ,©
20 ; e :
0.5 0.6 0.7 0.8 0.9 1.0

Power factor

Fig.9. Optimization result of the proposed DS-VPMM.

IV. ELECTROMAGNETIC PERFORMANCE COMPARISON

To demonstrate the merits of the proposed DS-VPMM, a
performance comparison is conducted between the proposed
machine and the conventional multi-tooth Vernier machine. To
perform a fair comparison, the conventional machine is also
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globally optimized under the same overall size and air gap
length as the proposed machine. The optimized design

parameters of both machines are listed in Table I'V.
TABLE IV
THE OPTIMIZED DESIGN PARAMETERS

Conventional Proposed
Parameters . .
machine machine

Stator outer diameter 200 mm
Stack length of iron core 75 mm
Air gap length 1 mm
Current density 5 A/mm?
Phase number of turns in series 420
Rated speed 300 rpm
Height of outer stator yoke (H,;) 10.1 mm 8.1 mm
Height of outer stator main tooth (H,;) 16.8 mm 8.8 mm
Height between outer stator main tooth 35 mm 29 mm
and split tooth (H,;) : ’
Height of outer stator split tooth (H,) 4.9 mm 3.5 mm
Width of outer stator main tooth (¥,;) 17.4 mm 23.9 mm
Arc of one outer stator split teeth unit (D,;) 33 deg 31 deg
Arc of outer stator dummy slot (D7) 15.5 deg 9 deg
Height of outer stator dummy slot (Hm;) 3.5 mm 4.6 mm
Height of rotor PM (H,) 7.5 mm 10 mm
Height of rotor yoke (H,,) 14 mm /
Arc of rotor PM (D) 12.35 deg 12.5 deg
Height of inner stator yoke (H,,) / 11.9 mm
Height of inner stator main tooth (H,,) / 18.1 mm
Height between inner stator main tooth / 2.6 mm
and split tooth (H,;) ’
Height of inner stator split tooth (H;) / 4.9 mm
Width of inner stator main tooth (W;,) / 13.4 mm
Arc of one inner stator split teeth unit (D) / 31 deg
Arc of inner stator dummy slot (Dg2) / 9 deg
Height of inner stator dummy slot (Hn2) / 2.5 mm

A. Open-Circuit Performances

Fig. 10 shows the optimal structures of both machines and
the corresponding open-circuit magnetic field distribution.
Obviously, a modulation field with five pole pairs can be found
in both machines. The no-load air gap flux density waveforms
and the spectrums of both machines are shown in Fig. 11, which
further validates the existence of the five pole pairs component.
It can be observed that, apart from the fundamental harmonic of
13 pole pairs, several odd-order harmonics also exist due to the
modulation effect and contribute to the torque production,
which matches well with the analysis in Section II.

b
Fig. 10. Open-circuit magnetic field distribution. (a) Conve(ntgonal machine.
(b) Proposed DS-VPMM.

The no-load phase back EMF waveforms and spectra of the
proposed and conventional machines at 300 rpm are compared
in Fig. 12. Apparently, the back EMF waveforms of both
machines are sinusoidal, while the proposed machine has a
higher amplitude. As shown in Fig. 12 (b), the proposed
machine has a larger fundamental component. Meanwhile, the
third-order harmonic is also increased in the proposed machine.

However, it can be ignored since it can be eliminated in the line
back EMF waveform in a three-phase machine.
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Fig. 11. Open-circuit air gap flux density. (a) Waveforms. (b) Harmonics.
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Fig. 12. No-load back EMF. (a) Waveforms. (b) Harmonics distribution.

B. On-load Performance
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Fig. 13. Torque performance comparison.

Fig. 13 shows the torque comparison between the
conventional machine and the proposed DS-VPMM under the
rated condition (current density=5 A/mm?). Both machines
have a relatively low torque ripple of lower than 1%.
Meanwhile, the proposed machine exhibits a 30.1% larger
average torque than the conventional machine, which is mainly
attributed to the enhanced air-gap flux density working
harmonics.
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Fig. 14. Torque and power factor versus the input current.

Fig. 14 compares the torque and power factor of both
machines under different input currents. The proposed machine
demonstrates a better overload capacity compared with the
conventional machine. It can be found that there is no clear
difference in average torque and power factor between the
conventional machine and the proposed machine when the
current is very low. However, with increasing currents, the
proposed machine has a much larger output torque and power
factor than the conventional machine. The proposed machine
performs better linearity in torque performance under overload
conditions. Meanwhile, with the current increasing from 1A to
15A, the proposed machine experiences a decrease in power
factor to approximately 0.72, which is significantly less drastic
than the sharp drop to 0.3 of the conventional machine.

The excellent overload capability of the proposed machine is
mainly due to the reduced armature reaction. The non-working
harmonics of the armature winding are notably reduced, while
the working harmonics are unaffected. Fig. 15 compares the
flux density distribution of the conventional and proposed
machines under an overload condition with a current of 15 A.
The conventional machine performs more serious saturation,
which increases the magnetic reluctance and reduces the
effective magnetic loading. Hence, the torque production of the
conventional machine under the overload condition is affected,
which drops sharply with the increase of currents compared to
the proposed machine.

a b
Fig. 15. Flux( density distribution of both machines un(dgr an overload
condition. (a) Conventional machine. (b) Proposed DS-VPMM.

The reduced armature reaction MMF harmonics are also
reflected in a smaller inductance, as shown in Fig. 16. Fig.16
presents the synchronous inductance of both machines.
Compared with the conventional machine, the inductance of the
proposed machine is reduced a lot, which is only 36.4% of the
conventional machine. The result well validates the theoretical
analysis in Section II. In addition, the smaller inductance also
contributes to the improved power factor, as illustrated in (1).
Fig. 17 depicts the induced voltages with only the fundamental
harmonics of both machines under the 7A input current. The

power factor angles of both machines can be easily obtained for
calculating the corresponding power factors. Obviously, the
proposed machine has a much smaller power factor angle,
which results in a higher power factor.
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Fig. 16. Comparison of synchronous inductance.
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Fig. 17. Input current and induced voltage. (Current=7A, 300rpm)

C. Radial Unbalanced Magnetic Force

The radial unbalanced magnetic force is a non-neglectable
issue in industrial applications. The dual-stator machines
typically perform lower unbalanced forces compared to
conventional single-stator machines due to a more symmetrical
magnetic field distribution. Fig. 18 (a) and (b) illustrate the
open-circuit field distributions of both conventional and
proposed machines, respectively. It is evident that the flux
distribution of the proposed DS-VPMM is more symmetrical than
that of the conventional machine. Consequently, the unbalanced
force of the proposed machine under no-load conditions is
significantly reduced compared to the conventional machine,
with a reduction of approximately 74.65%, as shown in Fig.
19(a).

(b)
Fig. 18. Open-circuit magnetic field distribution of both machines. (a)
Conventional machine. (b) Proposed DS-VPMM.

Fig. 19 (a) and Fig. 19(b) compare the unbalanced force
between the conventional machine and the proposed machine
under no-load and the rated conditions, respectively. It is clear
that, in both machines, the unbalanced force is much higher
under the rated condition. This is mainly due to the influence of
the armature reaction field. Fig. 20 shows the armature reaction
field distributions of both machines. In the proposed machine,
an additional set of the inner stator winding is reversed and
arranged in a 180 mechanical degree difference from the outer
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stator winding, effectively resolving the asymmetrical
displacement issue of phase windings observed in the
conventional machine. Consequently, the proposed machine
exhibits a more uniform flux distribution across the entire
structure compared to the conventional machine. Thus, due to
the compensation effect of the inner stator and winding, the
unbalanced force of the proposed DS-VPMM under the rated
condition is significantly reduced compared to the conventional
machine as well. Specifically, the unbalanced force is 76.4%
lower than that of the conventional machine, as shown in Fig.
19 (b).

200

1200

I+ Conventional —— Propased] |+ Conventional —— Proposedl
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Fig. 19. Radial unbalanced magnetic force. (a) No-load condition. (b) Rated
condition.

(a)
Fig. 20. Armature reaction field distribution of both machines. (a)
Conventional machine. (b) Proposed DS-VPMM.

D. Loss and Efficiency

The detailed electromagnetic performance comparison is
summarized in Table V. The main losses, including copper loss,
core loss, and PM eddy current loss, are well investigated. It can
be found that the average torque of the proposed machine is
improved. However, compared with the conventional machine,
the main losses of the proposed machine are increased as well.
Consequently, the overall efficiency increases from 89.9% to
91.1%.

TABLE V
PERFORMANCE COMPARISON OF THE CONVENTIONAL AND PROPOSED
'VERNIER MACHINES
Conventional Proposed
Items . N
machine machine
Torque (Nm) 60.2 78.34
Cogging torque (Nm) 0.115 0.31
Torque ripple (%) 0.6 0.61
Synchronous inductance (mH) 51.6 18.8
Power factor 0.62 091
Unbalanced force (N) 988 233
Copper loss (W) 196 209
Core loss (W) 11.1 16.2
PM eddy current loss (W) 5.8 15
Efficiency 89.9% 91.1%

V. PROTOTYPE FABRICATION AND EXPERIMENTAL
VALIDATION

To verify the foregoing analysis, a prototype is manufactured
and tested. The relevant dimensions are listed in Table IV, and
the mechanical structure design is shown in Fig. 21. As shown
in Fig. 21, the proposed machine has a dual-stator, single-rotor
structure in which the rotor is sandwiched between the inner
and outer stator. To locate the rotor PMs, a stainless-steel rotor
shell is manufactured. Fig. 21 shows that 13 magnet cavities are
fabricated on both the front and rear ends of the rotor shell. In
order to provide sufficient mechanical strength, the outer stator
is connected to the machine housing, and the inner stator is
connected to a supporting shaft extended from the rear end
cover. Meanwhile, the front end of the rotor support is fixed
with the output shaft by bolts, and a bearing is employed to hold
the output shaft on the machine housing. On the rear side, the
other bearing is used to hold the rotor shell on the inner stator

support.
Machine Outer stator
housing Magnets
Inner stator
Rotor shell

Rear bearing
Front bearing

Output
P Rear inner stator

support

Front

end cover —

Fig.21. Subdivision of the proposed machine configuration.

The manufactured main components and their assemblies are
shown in Fig. 22. The test rigs are presented in Fig. 23. A servo
motor is adopted as the load machine, as shown in Fig. 23(a).
Fig. 23(b) illustrates the cogging torque test rig. The stator is
held rigid by a dividing head, and a balanced beam is fixed to
the motor shaft to measure force. By rotating the dividing head,
the variation of force at different positions can be obtained, and
the corresponding torque can be calculated.

Outer stator

E e
Stator assembly Prototype

(d) (e)
Fig. 22. The prototype of the proposed DS-VPMM. (a) Inner stator. (b) Outer
stator. (c) Rotor. (d) Stator assembly. (¢) Prototype.
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. © ;
Fig. 23. The test rigs of the proposed DS-VPMM. (a) Load test rig. (b) Cogging
torque test rig.
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Fig. 25. No-load phase back EMF. (a) Waveforms. (b) Harmonics
distribution.
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Fig. 24(a) and (b) depict the measured waveforms of no-load
phase back EMF and line back EMF, respectively, when the
proposed machine rotates at its rated speed of 300rpm. In
addition, the comparisons between the simulated and measured
no-load phase back EMF and line back EMF waveforms are
illustrated in Fig. 25(a) and Fig. 26(a). The results demonstrate
good agreement between the measured values and FEA results.
Furthermore, Fig. 25(b) and Fig. 26(b) compare the total
harmonic distortion (THD) of both the phase back EMF
waveforms and line back EMF waveforms. It is worth noting
that the THD values of the line-back EMF are lower than those
of the phase-back EMF, mainly because the 3rd-order harmonic

can be canceled out when measuring the line voltage in a three-
phase Y connection. It is also observed that the measured THD
value of the line-back EMF is slightly higher at 1.37% than the
FEA result, which is at 0.43%.
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Rotor position (Elec. deg) Harmonic order
(a) (®)
Fig. 26. No-load line back EMF. (a) Waveforms. (b) Harmonics
distribution.

Fig. 27 (a) shows the current waveform of phase A under the
rated condition. The waveform is sinusoidal with negligible
high-order harmonics, as shown in Fig. 27(b). Fig. 28(a)
compares the output torque waveforms of FEA and measured
results under the rated condition. Due to the inherent limitations
of the test platform, the sampling time step is set as 1 second. It
can be observed that both waveforms perform small
fluctuations during 100 seconds, which is mainly due to the
bandwidth limit of the torque sensor. The cogging torque is an
important factor affecting torque ripple. To further validate the
torque variation of the proposed machine, cogging torque is
measured. The test result and simulation result are compared in
Fig. 28(b). The measured cogging torque is 0.43Nm, which is
larger than the simulation result. This deviation is mainly
caused by the mechanical tolerance during the prototype
manufacture.
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Fig. 27. Meauserd phase current under the rated condition (Z,,s=7.8A). (a)
Waveform. (b) Harmonics distribution.
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Fig. 28. Torque performance. (a) Output torque under rated current. (b)
Cogging torque.

In addition, the estimated torque from FEA and the measured
torque against current curves are presented in Fig. 29. Although
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a minor discrepancy can be observed between the FEA and
measured values when the input current varies from 0 to 10A,
the overall trends of these results are consistent.
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Fig.29. Comparison of FEA and measured average torque versus the phase
current.

Finally, Table VI summarizes the FEA and measured results
of the prototype. The output torque of the measured value is
5.53% lower than the FEA result. The measured value of
synchronous inductance is also slightly lower than the FEA
results. The measured power factor is 0.939, higher than the
FEA predicted. These minor discrepancies are mainly due to the
end-effect, manufacturing tolerance, and the performance
difference between the silicon steel in simulation and
manufacturing are not considered in FEA. Although there are
some slight differences between the FEA and measured values,
the results are generally matched well, confirming the

effectiveness of the proposed DS-VPMM.
TABLE VI
PERFORMANCE COMPARISON OF SIMULATION AND MEASURED RESULTS

Items Simulated result Measured result
Speed (rpm) 300
Rated current (A) 7.8
Torque (Nm) 78.34 74.07
Synchronous inductance (mH) 18.8 16.94
Power factor 0.91 0.939

VI. CONCLUSION

In this paper, a novel DS-VPMM with a special winding
arrangement is proposed. The power factor can be improved
from 0.62 to 0.91 under the rated condition. By analyzing the
air gap working harmonics, it is found that only odd-order space
harmonics contribute to torque production. Hence, the novel
design concept of reducing the non-working even-order space
harmonics in armature reaction is very attractive, while the odd-
order working harmonics are unaffected. The synchronous
inductance is effectively reduced, and the power factor is highly
improved. The FEA simulation is conducted to verify the
analysis, and the electromagnetic characteristics of the
proposed and conventional machines are compared. The
simulation results show that in addition to the higher power
factor, the proposed DS-VPMM machine also exhibits a larger
average torque, a better overload capability, and a lower
unbalanced force. The average torque is enhanced by 30.1%,
and the unbalanced force is reduced by 76.4%. Moreover, a
prototype is manufactured and tested. The experiment results
well verify the analysis and simulation results.
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