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Research on Power Factor Improvement of a PM
Vernier In-wheel Motor with Collaborative Design of
PM and Armature Flux Linkage
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Abstract—This paper proposes a collaborative design method
for enhancing the power factor and torque of electric motors.
First, the intrinsic relationship between flux linkage analysis of
the permanent magnet (PM) and armature field and the power
factor is explored. Then, the connection between flux linkage and
harmonics is established, clarifying the mechanism for
improving power factor and torque. Improvements are focused
on the PM and permeance. Regarding the PM structure,
employing a Y-shaped PM structure effectively increases PM
utilization, reduces leakage flux at the outer ends, and enhances
the PM flux linkage. Concerning permeance, stator tooth design
is optimized to cooperatively improve permeance harmonics,
reduce the non-working flux linkage of the armature field, and
enhance the fundamental modulation wave of the armature field
responsible for torque generation. This improves the power
factor while maintaining motor torque. Finally, through PM
structural design, the motor torque performance is optimized.
Furthermore, the performance of the Y-shaped PM motor is
evaluated. A prototype was manufactured and tested.
Theoretical analysis and experimental results demonstrate the
effectiveness of the proposed method to a significant extent.

Index Terms—Permanent magnet vernier motor, Flux linkage,
Power factor, Torque

I. INTRODUCTION

IN recent years, permanent magnet vernier machines
(PMVMs) have attracted increasing attention due to their
magnetic field modulation effect, which provides higher
torque density than conventional permanent magnet (PM)
machines. This characteristic makes PMVMs potential
candidates for direct-drive applications such as distributed-
drive electric vehicles, marine propulsion, and cranes [1]-[5].
Although PM vernier motors offer the advantage of high
torque density, their low power factor, attributable to leakage
flux and high inductance, necessitates the use of bulky power
converters during operation. This significantly increases the
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operational cost of the motor [6]-[10].

The large inductance in PM vernier motor is primarily
caused by the high-modulation armature field. When the motor
employs the d-axis current I3 = 0 control, the flux linkage is
proportional to the inductance. Improving the power factor
can thus be approached via the flux linkage [11]-[15].

To address this situation, some scholars have improved the
motor power factor by enhancing the PM flux linkage and
suppressing the armature flux linkage [16]-[17]. First, by
utilizing the flux concentration effect to increase the PM flux
linkage, numerous PM topological structures have been
proposed. Examples include spoke-type, V-shaped, and
Halbach configurations [18]-[20]. Owing to the flux
concentration effect, these PM topologies enhance the average
torque but offer limited improvement to the power factor.
Other studies have improved the power factor by weakening
inductance and suppressing armature flux linkage. In [21], to
avoid harmonic leakage inductance caused by low-order
harmonics, stator magnetic barriers were designed to increase
the power factor. In [22], a dual-stator structure was adopted,;
since the magnetic circuits of the inner and outer stators are in
series, their leakage flux is reduced, thereby improving the
power factor. In [23], a yokeless Halbach array was proposed
to suppress inductance, leading to power factor improvement.

The airgap serves as a critical conduit for energy
transmission, and its magnetic flux density distribution
directly influences motor performance. Airgap magnetic field
harmonics offer a novel perspective for the analysis of
PMVMs [24]-[26]. In [27], collaborative optimization of both
PM harmonics and armature harmonics effectively enhanced
motor power factor. Reference [28] examined power factor
and torque through coordinated investigation of armature and
PM field harmonics. By identifying and selectively
optimizing harmonics contributing to torque and power factor
across both fields, simultaneous improvement in torque and
power factor was achieved. These studies demonstrate that
harmonic analysis facilitates establishing torque-power factor
correlations, enabling more targeted power factor
enhancements. The distribution of airgap magnetic fields is
primarily determined by three key elements of magnetic field
modulation theory: magnetic source, permeance, and filter
element [29]-[31]. Building upon this foundation, this paper
conducts an analysis from the perspective of airgap
harmonics. By leveraging magnetic source and permeance
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design approaches, collaborative improvement of both power
factor and torque is realized.

The remainder of this paper is organized as follows.
Section Il analyzes key harmonics influencing power factor
and torque from perspectives of both PM and armature fields.
Section 11l determines the topology and structural design
ranges for magnetic sources while implementing targeted
improvements for armature field harmonics through
permeance design. PM structural design is subsequently
executed to compensate for the torque harmonic reduction
caused by permeance design. This integrated approach
ultimately achieves synergistic improvement in power factor
and torque. Section IV details electromagnetic performance
characteristics of the Y-shaped PM motor. Section V covers
motor fabrication and experimental validation. Finally,
Section VI concludes the paper.

Il.  STRUCTURE AND ANALYSIS OF WORKING HARMONICS

For PM vernier motor, the airgap serves as the critical
channel for energy conversion; its magnetic field harmonic
distribution  directly  influences motor  performance.
Furthermore, the airgap magnetic field is composed of the
superposition between the PM field and the armature field.
Consequently, investigating the specific effects of harmonics
from these two magnetic fields on power factor and torque
contributes to motor performance improvement. The design
methodology for this motor is illustrated in Fig. 1, primarily
consisting of two components: the magnetic source and the
modulation teeth. Regarding the magnetic source, changes in
the PM topology enhance the fundamental amplitude
produced by the PMs, strengthen the working harmonics, and
thereby increase the motor PM flux linkage. Concerning the
modulation teeth, the distribution of stator permeance
harmonics is modified to further improve both the PM flux
linkage and the armature flux linkage. Through these two-part
designs, improvement in the motor magnetic field is achieved,
thereby enhancing the motor power factor and torque
performance.
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Fig. 1. Conceptual picture of enhancing power factor and torque between
magnetic source and permeance in motor.

A. Motor Topology

The topology of the initial motor is presented in Fig. 2. Its
PMs employ a V-shaped topology, which exhibits a stronger
flux concentration effect. The PM field within the motor is
enhanced, granting the motor higher torque output capability.
This motor utilizes a 28-pole 18-slot pole-slot combination.
Open slots enable the stator to function as modulation units,
introducing magnetic field modulation effects into the
machine. The motor employs fractional-slot windings with a
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coil pitch of 2. Distributed windings generate back
lower

electromotive force with harmonic content than

concentrated windings.

V-shaped PM Stator

Rotor Winding

Fig. 2. The picture of initial motor topology.

B. Analysis of Power Factor and Torque from PM and
Armature Fields

Furthermore, to facilitate power factor calculation, Fig. 3
illustrates the motor voltage phasor diagram when Iy = 0
control is adopted; under this condition, the inductance
components are entirely substituted by flux linkages. In the
diagram, U and w,, represent the motor phase voltage and
frequency, respectively; E, represents the fundamental back-
electromotive force (back-EMF); ¢, denotes the PM flux
linkage; ¢w, and ¢, represent the armature working flux
linkage and non-working flux linkage, respectively; o,
signifies the leakage flux linkage; 6, represents the power
factor angle.

y Eo
Torque
ﬁeneration
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Fig. 3. Voltage phasor diagram of the motor under Iy = 0 control.

Therefore, according to Fig. 3, the power factor expression
of the motor is expressed as (1):

E O (Puo + Pow +0,,) 72
Cos@p:UO:I:]__F{ m Powo T P T @0 le (1)

O Prm

According to Fig. 3 and (1), to increase the motor power
factor, the PM flux linkage can be increased, and the armature
flux linkage can be reduced. However, the motor torque is
closely correlated with the PM flux linkage and the armature
field working flux linkage. Therefore, to improve the power
factor without affecting output torque, the PM flux linkage
can be increased, while the armature field non-working flux
linkage and leakage flux linkage are suppressed. Flux linkages
are closely associated with magnetic density. The Fourier
series expansion of the magnetic motive forces (MMFs)
generated by the PMs can be expressed as (2):
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where k is the order of the PM MMF, P, represents the PM
pole-pair number, w, represents the mechanical rotational
speed, F.q indicates the amplitude of the k-th harmonic of the
MMF generated by the PMs, Gy is the initial phase angle of
the k-th order MMF, @ represents the airgap circumferential
position angle, and t represents a specific moment during the
operation of the motor.

For the motor, the modulation teeth serve as the key
element for generating harmonics in the airgap. The Fourier
series expansion of its permeance function is expressed as (3):

A(0)= A, + 122:3 A, cos(nN6) 3)
where N is the stator slot number, A, represents the amplitude
of the n-th order permeance function, and 4, represents the
amplitude of the 0-th order permeance function.

Based on (2) and (3), the PM flux density By, generated by
the modulation effect of the stator teeth on the PM MMF, can
be calculated and expressed as (4):

B, (0,1)=F,, (0,t)xA(0)

= Z Foac 4 €0 (KPO+KPot+6,,)+
k=13,..

2 X
k=13,..n=1,2,3,...
From (4), it can be seen that, apart from the fundamental
wave of order kP, (k =1, 3, 5, ...) produced by the PM MMF,
harmonics of orders |[kP, £ nNg| (n =1, 2, 3, ...) are generated
after the modulation effect of the stator teeth on the PM MMF.
Meanwhile, the Fourier series expansion of the armature
MMF (F,) is expressed as (5):

F,(0,t)= Z aup COS (PO — 1)+

(4)
Fyc A, cOS[ kPt +(KP, 21N, )60 +6,, |

2 g C0S(A0+ @t)  (5)

where Fayp and Fawq represent the amplltudes of the p-th and
g-th order harmonics of the armature MMF, and w, denotes
the electrical angular velocity. It can be observed that the
armature field generates fundamental components of the p-th
and g-th orders.

Based on (3) and (5), the armature flux density B,
generated by the modulation effect of the stator teeth on the
armature MMF, can be calculated and expressed as (6):

B, (0,t)=F,, (6,t)xA(6)

= FopyC0s(pO-at)+ Z Foug o €OS(Q0 + @t) +

Fop, COS[ (p£kN, )0 -t |+ (6)

Foug, COS[ (G £KN, )0+t |

From (6), |t can be seen that, apart from the fundamental
wave produced by the armature MMF, harmonics of orders |p
+ kN;| and |q £ kN,| are generated after the modulation effect
of the stator teeth on the armature MMF.

The PM flux linkage is determined by the PM flux density
and the motor structure, and can be expressed as (7):

_r|nj o (6,006
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- Z agkAO N_
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= & Ry, 2r|nC nn(kPr £nN,)
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where r is the airgap radius, | is the axial length, and n.
represents the turn number of windings. For the PM flux
linkage, only its fundamental component contributes to the
average torque. From (7), it can be seen that the fundamental
component of the PM flux linkage is obtained when k is equal
to 1. Its amplitude (y,, ) can be expressed as (8):
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Similarly, the armature flux linkage ( ¢,, ) can be expressed
as (9):

Do (t _rlnj B, (0,t)d0

2rin,
:Z Foup Ay ——5iN Np cosm,t +

S

2r|nc sin n—qcos t+
N o )

S

i I:awq AO

- rin, .
> Faph e sin P cos oyt +
n=123.. p * st N

S

rin. .
D Fghy—= sin"J cos ot
q n=123.. qist Ns

All harmonics of the armature field contribute to the
amplitude of the fundamental component of the armature flux
linkage. Its amplitude can be expressed as (10):
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According to classic motor theory, the output torque T
generated by this motor can be given by the stress tensor
method:

7|
0
where g is the vacuum permeability; B, and B, are the radial

and tangential amplitudes of the airgap harmonics; 6, and 6,
represent the radial and tangential phase angles of the airgap

T:nr

B,B, cos(6, - 6,) (12)



XIANG et al.: RESEARCH ON POWER FACTOR IMPROVEMENT OF A PM VERNIER IN-WHEEL MOTOR WITH 47

COLLABORATIVE DESIGN OF PM AND ARMATURE FLUX LINKAGE

harmonics. For airgap harmonics, only radial and tangential
flux density harmonics with identical pole-pair numbers and
identical rotational speed can interact to generate torque.

Under the Iy = 0 control strategy for the motor, the
relationship between the inductance and flux linkage is
expressed as (12) [32]:

=" (12)

where ¢ denotes the armature flux linkage, L, denotes the
inductance, and | denotes the root mean square of the phase
current. The power factor formula can also be expressed as

[ LOI ] 2

where ¢, denotes the PM flux linkage. It is noteworthy that
the inductance corresponds to the armature field. As indicated
by the preceding analysis, the armature working flux linkage
and non-working flux linkage are closely related to the
armature harmonics. Through targeted suppression of the non-
working armature harmonics, the non-working armature flux
linkage can be suppressed. Consequently, the inductance L,
will also be reduced, leading to an improvement in the power
factor of the motor [27].

Based on analysis of the PM and armature fields, it is
determined that the 4th, 14th, and 32nd harmonics can
generate torque and provide the fundamental component of
the PM flux linkage. These are defined as working harmonics.
For the armature field, the 4th, 14th, and 32nd harmonics
interact with corresponding harmonic orders of the PM
magnetic field to produce torque. The 2nd, 6th, 8th, 12th,
30th, and other harmonics of the armature field contribute no
torque but degrade the power factor; these are defined as non-
working harmonics. The enhancement of the working
harmonics is beneficial for increasing the PM flux linkage,
thereby improving the back-EMF amplitude E,, as shown in
Fig. 3. The harmonic classifications for both PM and armature
fields are summarized in Table I.

cosd, = (13)

TABLE |
CLASSIFICATION OF WORKING AND NON-WORKING
HARMONICS IN PM AND ARMATURE FIELDS

Items Harmonic order
Working harmonics 4,14, and 32
PM field 9 :
No-working harmonics —
Working harmonics 4,14, and 32

Armature field

No-working harmonics 2,6,8,12,and 30

Based on the previous analysis of the PM field and
armature field, the mechanism for improving output torque
and power factor is summarized from the perspective of these
two fields, as illustrated in Fig. 4. The upper section
corresponds to the PM field harmonic region. For working
harmonics in this region, their amplitude is closely related to
torque and PM flux linkage. Enhancing the amplitude of
torque-contributing harmonics facilitates the improvement of
output torque from the PM field. This enhancement also

increases the PM flux linkage, which contributes to improved
power factor. The lower section corresponds to the armature
field harmonic region. As analyzed in Fig. 3, enhancing the
amplitude of working harmonics in the armature field
increases the working flux linkage of the armature, thereby
improving output torque from the armature field. For non-
working harmonics of the armature field, suppressing their
amplitude reduces the non-working flux linkage of the
armature and also decreases the inductance L, which
enhances the power factor without affecting the output torque.
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Fig. 4. Analysis of the synergistic improvement mechanism of power factor
and torque based on the harmonics of PM and armature fields.

I1l.  POWER FACTOR IMPROVEMENT DESIGN

Based on the analysis in Section II, the relationships
between power factor and flux linkage, as well as between
flux linkage and harmonics, were examined. This analysis
clarified the direction for improving motor power factor
through harmonic optimization. This section investigates the
influence of variations in two key elements (magnetic source
and permeance) on critical harmonics. Targeted improvement
of key harmonics affecting power factor and torque is
conducted, ultimately achieving enhanced performance.

A. Design of PM Topology

Based on prior analysis, improving the motor power factor
can be addressed from both the PM field and the armature
field. For the PM field, enhancing its PM flux linkage elevates
motor torque and power factor, where the PM flux linkage is
closely related to MMF. As established earlier, the 14th
harmonic constitutes the fundamental component of the PM
field. The arrangement of PMs directly influences the
distribution of PM MMF. Harmonic magnetic circuit analysis
of the 14th harmonic facilitates the pursuit of an optimal PM
configuration. The equivalent magnetic circuit models for the
14th harmonic under different PM topologies are shown in
Fig. 5. From Fig. 5(a), it can be observed that the equivalent
magnetic circuit of the V-shaped PMs is arranged in series.
For the Y-shaped PMs in Fig. 5(b), the upper V-shaped PMs
retain the series magnetic circuit while forming a parallel
magnetic circuit with the lower V-shaped PMs. This
configuration creates multi-flux paths, improving PM
utilization and reducing end leakage flux. Moreover, the
arrangement parameters of PMs are closely related to airgap
flux density harmonics. Therefore, selecting appropriate
arrangements contributes to improved harmonic amplitudes
and enhanced motor performance.
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Fig. 5. The equivalent magnetic circuits of the 14th harmonic with different
PM topologies. (a) V-shaped PMs and their magnetic circuits. (b) Y-shaped
PMs and their magnetic circuits.
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Fig. 6. Comparison of harmonics and torques in different PM topologies. (a)
Harmonic amplitude. (b) Harmonics contribute to torque.

The amplitude of torque-related harmonics and
corresponding torque contributions under two PM topologies
are shown in Fig. 6. It can be observed that the Y-shaped PMs
facilitate enhancement of both the fundamental wave and its
first-order modulated 32nd harmonic, beneficial for increasing
the amplitude of the fundamental component of the PM flux
linkage and improving motor power factor. Additionally, as
the PM structure shifts from V-shaped to Y-shaped, although
the torque contributed by the 14th harmonic decreases
somewhat, the torque contributed by the 32nd harmonic
changes from negative to positive. Overall, the torque
contributed by harmonics is further increased.

A comparison of flux linkage under two PM topologies is
shown in Fig. 7. It can be observed that the Y-shaped
topology exhibits higher flux linkage, beneficial for
simultaneous improvement of power factor and torque.
Analysis from perspectives of the magnetic circuit and
harmonics indicates that the Y-shaped PMs offer greater
advantages for motor performance improvement compared to
the V-shaped topology. Therefore, the Y-shaped PMs are
selected as the object for subsequent analysis.
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Fig. 7. Comparison of flux linkage under different PM topologies.

The structural parameters of PMs are closely related to
airgap harmonic distribution. To achieve superior PM field
distribution, the structural parameters of Y-shaped PMs are
shown in Fig. 8. Key parameters include the I-shaped PM
length Lpmi, V-shaped PM length Lyme, V-shaped PM tilt angle
Pem1, relative horizontal position between V-shaped and |-
shaped magnets My,, relative vertical position between V-
shaped and I-shaped magnets My, horizontal dimension of
triangular magnetic barriers My,, and vertical dimension of
triangular magnetic barriers My,.

ﬁpm!

[~

‘pm2

Mb)!

My

me;"
(@ (b)
Fig. 8. Parametric model of Y-shaped PM structure. (a) PM structure. (b)
Partial PM structure parameters.

Based on the previous analysis, the 14th harmonic serves as
the fundamental wave, whose amplitude significantly
influences torque and power factor. Therefore, the amplitude
of this harmonic is selected as the analysis subject.

Through response surface analysis, the impact of various
PM structural parameters on the 14th harmonic is illustrated
in Fig. 9. The figure reveals that structural parameters
exhibiting a positive correlation with the 14th harmonic
amplitude include L,m; and My, while those demonstrating a
negative correlation include Lymi, Spmi, and Myy. According to
the response surface analysis results, the reasonable selection
ranges for each parameter are summarized in Table II. The
final structural parameters are determined in conjunction with
permeance design to establish a rational airgap harmonic

distribution.
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Fig. 9. Analysis of the response surface of different PM structural parameters
to the 14th harmonic amplitude. (@) Lpmi, Lpme, and the 14th harmonic
amplitude. (b) fom1, M1, and the 14th harmonic amplitude. (c) My, My, and
the 14th harmonic amplitude.
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TABLEII
INITIAL VALUES AND RANGES OF PM STRUCTURAL PARAMETERS

Item Initial value Range
Loms/mm 6.61 [6.5, 7.6]
Lomz/mm 8.08 [8, 9]
Bom/ (%) 33.67 [29, 34]
My/mm 1.76 [1.2,2]
Mz,/mm 0.27 [0.2,0.6]
Mp/mm 11 [0.8,1.2]
Mp,/mm 0.48 [-0.5, 0.5]

B. Design of Permeance

Permeance, as one of the three essential elements for
magnetic field modulation, exerts a critical influence on
magnetic field harmonics. This section will suppress the non-
working harmonics of the armature field from the perspective
of permeance. Analysis based on (4), (6), and Table I reveals
that the non-working harmonics of order 2, 6, 8, 12, and 30 in
the armature field are modulated by 4, The working
harmonics of order 4 and 32 in the armature field are also
modulated by 4,, while the 14th harmonic results from the
combined modulation of 4, and 4; of the 4th harmonic.
Therefore, appropriately suppressing 4, favors the
suppression of non-working armature flux linkage.
Simultaneously, analysis in Fig. 6 indicates the 4th harmonic
contributes negative torque; suppression of A, thus favors
torque improvement. For the working harmonics in the PM
field, the 14th harmonic is modulated by A,, while the 4th and
32nd harmonics are modulated by 4. However, weakening A,
will also reduce the 14th harmonic in the PM field, which is
detrimental to torque improvement. Notably, the 32nd
harmonic of the PM field contributes a portion of positive
torque; this harmonic and the 14th harmonic of the armature
field are both modulated by A;. Consequently, appropriately
weakening 4q while enhancing the amplitude of 4, facilitates
improvement of the motor power factor without sacrificing
torque. The permeance analysis findings are summarized in
Table III.

TABLE IIT

CLASSIFICATION OF PM AND ARMATURE FIELD
HARMONICS WITH CORRESPONDING PERMEANCE

Items Harmonic order ~ Permeance order
) . . 4 and 32 1
PM field Working harmonics
14 0
. . 4 and 32 0
Ar?;gure Working harmonics 14 0and 1
No-working harmonics 2, 6, 8, 12, and 30 0

The permeance modulation function is intrinsically related
to stator tooth-shaped design parameters, including stator
tooth width A,, stator shoe length A, and stator shoe angle
Rws. Structured parameters of the stator tooth are given in
Fig. 10. Through design adjustments to these tooth
parameters, targeted improvement of specific harmonic orders
of permeance can be achieved, thereby influencing armature
field harmonics. Details of the initial model, parameter
ranges, and final model for the stator tooth structural
parameters are provided in Table IV.

Fig. 10. Structured parameters of stator teeth.

TABLE IV
INITIAL VALUES, RANGES, AND OPTIMAL VALUES OF
STATOR TOOTH STRUCTURAL PARAMETERS

Item Initial value Range Optimal value
Rus/(°) 7.12 [5,7.5] 5.6
A/mm 5.74 [3.3,7.3] 5.3
AJ/mm 4.29 [3.5, 5] 4.2

The sensitivity of stator tooth structural parameters to
permeance harmonics can be calculated using (14):

NY XY, =Y XD,
INE X (XN (2 )

where N is the sample number, X; is the i-th design parameter,
and Y; is the optimization objective.

The sensitivity of stator tooth structural parameters to Ag
and A, is illustrated in Fig. 11. Regarding 4o, A, and Ry
exhibit high sensitivity. For 4;, R,s demonstrates high
sensitivity. Based on the requirements for suppressing A, and
enhancing 4,, the selected stator tooth structural parameters
are presented in Table I111. Based on the sensitivity of different
stator structures to permeance harmonics, an appropriate
stator structure is selected to achieve a slight decrease of Aq
and a significant increase of 4,.

p(X.Y)=

(14)

Rws Rws
038

0.2
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e
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Fig. 11. Sensitivity analysis of stator structural parameters to permeance
harmonics. (a) Sensitivity of 4. (b) Sensitivity of A;.

For the stator tooth structural parameters, the permeance
waveform can be calculated through conformal mapping
method [34]-[35]. Comparisons of permeance waveforms
before and after stator tooth structural adjustment are
presented in Fig. 12. It can be observed from Fig. 12(b) that
after stator tooth modification, 4, slightly decreases while A;
significantly increases. This facilitates improvement of the
motor power factor without sacrificing torque. Stator tooth
design thus enables the intended adjustments to permeance
harmonics.

The harmonic variations of the PM and armature fields
before and after stator tooth improvement are compared in
Fig. 13. As shown in Fig. 13(a), stator tooth design reduces
Ag, thereby decreasing non-working harmonics in the
armature field, specifically the 6th, 8th, 12th, and 30th
harmonic orders. This reduces non-working flux linkage and
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Fig. 12. Comparison of permeance waveforms and permeance harmonics
before and after stator tooth design. (a) Permeance waveforms. (b) Permeance
harmonics.

improves power factor. Simultaneously, the reduction of A,
lowers the 4th harmonic of the armature field, thereby
reducing its negative torque contribution. Conversely,
enhancing 4, increases the amplitudes of the 14th harmonic in
the armature field and the 32nd harmonic in the PM magnetic
field, consequently improving output torque.
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Fig. 13. The changes in harmonic modulation effects of armature and PM
fields before and after permeance design. (a) Harmonic changes of armature
field. (b) Harmonic changes of PM field.

C. Optimization of PM Topology

After stator tooth design, the three essential components of
the motor are the magnetic source, permeance, and filter
element. Among these, permeance can be adjusted to regulate
harmonics to meet design requirements. This allows the motor
power factor to be improved as much as possible while
maintaining motor torque. Subsequently, through parameter
design of the Y-shaped PM structure, the amplitude of the
14th harmonic is enhanced to achieve optimal output torque.
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Fig. 14. Sensitivity analysis of PM structural parameters to the amplitudes of
the 14th and 32nd harmonics. (a) 14th harmonic sensitivity. (b) 32nd
harmonic sensitivity.

Analysis from Fig. 6 indicates that both the 14th and 32nd
harmonics contribute positive torque. Therefore, the
amplitude of the 32nd harmonic is also considered as an
analysis target. Sensitivity analysis of PM structural
parameters on the amplitudes of the 14th and 32nd harmonics
is presented in Fig. 14. Results demonstrate that Lym, and My,
are highly sensitive parameters for both harmonics. These two
parameters can be regarded as common design variables for
both harmonics.

The response surface analysis for highly sensitive
parameters regarding the 14th harmonic is shown in Fig. 15.
The optimized design was selected from candidate points.
Optimized PM structural parameters are summarized in
Table V.

Amplitude of the 14th harmonic
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Fig. 15. The high-sensitivity parameters of PM structure to the 14th harmonic
response surface, feasible design points, and final design point. (a) Amplitude
of the 14th harmonic response surface for highly sensitive parameters. (b)

Feasible design points and final selection point.

TABLEV
INITIAL AND FINAL VALUES OF STATOR TOOTH
STRUCTURAL PARAMETERS

Item Initial value Optimal value
Loma/mm 6.61 75
Lomo/mm 8.08 8.85
LBomi/ (°) 33.67 30
My/mm 1.76 1.3
Mz/mm 0.27 0.5
Mpx/mm 1.1 1
Mpy/mm 0.48

To enhance the rigor of the paper, the main parameters of
the motor structure are provided in Table V1 as follows.

TABLE VI
KEY DESIGN PARAMETERS
Item Value
Rated power/kW 1.7
Rated speed/(r-min™) 400
Rotor outer diameter/mm 174
Rotor inner diameter/mm 140
Stator outer diameter/mm 138.6
Stator inner diameter/mm 42
Pole pair number of rotor 14
Number of stator slots 18
Pole pair number of winding 4
Coil span 2
Stack length/mm 50

IV. ELECTROMAGNETIC PERFORMANCE EVALUATION

To validate the improvement in power factor achieved
through magnetic source and permeance modifications, a
systematic comparative performance analysis was conducted
between the initial V-shaped motor and the final design
proposed in this section.

The back-EMF waveforms of the two models are compared
in Fig. 16. Results demonstrate that the back-EMF amplitude
E, of the final motor increased by 11.78%, verifying the
enhancement of PM flux linkage through magnetic source
design discussed earlier.
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Fig. 16. Comparison of the back-EMF of two motors.

Comparative analysis of key harmonics in the armature and
PM fields between the two motors is presented in Fig. 17. As
shown in Fig. 17(a), magnetic source design enhances the
amplitudes of PM harmonics contributing to fundamental
back-EMF, which is conducive to achieving higher back-EMF
and improved power factor. Simultaneously, harmonics
contributing to positive torque exhibit increased amplitudes,
enhancing motor torque performance. From Fig. 17(b),
permeance design reduces non-working armature harmonics,
namely the 6th, 8th, 12th, and 30th orders, further improving
power factor. Since negative torque is contributed by the 4th
harmonic, its reduction also enhances torque performance.
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Fig. 17. Comparison of key harmonics in the PM and armature fields of the
two motors. (a) Harmonics of PM field. (b) Harmonics of armature field.
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Fig. 18. Comparative analysis of power factor of two motors.

Furthermore, analysis of power factor characteristics for the
two motors is presented in Fig. 18. Results demonstrate that,
owing to enhanced PM flux linkage and reduced non-working
flux linkage of the armature field, the power factor increased
by 22.54% compared to the initial motor. This indicates that
simultaneous improvements in both PM and armature fields
prove more effective for enhancing power factor.
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Fig. 19. Comparison of power factor across different machines.

Furthermore, Fig. 19 presents the power factors
corresponding to different motor topologies. It can be
observed that the transition from the V-shaped to the Y-
shaped PM structure contributes to a 15.3% improvement in
the machine power factor, owing to the enhancement in the
PM flux linkage. Through modifications in permeance and
optimization of the PM structure, which collectively improve
both the PM flux linkage and the armature flux linkage, the
machine power factor is further increased by 6.27%.

Comparative analysis of the torque is demonstrated in Fig.
20. After implementing PM magnetic source design, output
torque increased by 17.6% compared to the initial VV-shaped
topology, resulting from enhanced amplitudes of harmonics
contributing positive torque.
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Fig. 20. Comparison of the output torques of the two motors.

V. EXPERIMENTAL VALIDATION

A 1.7 kKW prototype of the Y-shaped PM motor was
fabricated to validate the analysis, as displayed in Fig. 21. The
figure shows the rotor, stator, and windings of the motor.

Winding

LI

(b)

Fig. 21. Y-shaped motor prototype. (a) Rotor structure. (b) Stator and winding
structure.

The experimental setup for the motor is established
concurrently, shown in Fig. 22, primarily comprising three
components: experimental platform, data recorder, and control
system.
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Fig. 22. Motor experiment platform.

The fundamental performance test results of the motor are
presented in Fig. 23. While Fig. 23(a) displays the back-EMF
waveform at 400 r/min, test results align with simulation data
in Fig. 17; this confirms the validity of motor design. Fig.
23(b) demonstrates steady-state operational characteristics.
Under the rated load torque of 40 N-m, stable motor operation
was maintained, evidencing robust load capability.
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Fig. 23. The basic motor performance of the experimental test. (a) Back-EMF
of the motor. (b) Steady-state torque waveform diagram of the motor.
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Fig. 24. Dynamic characteristic waveform of the motor. (a) Constant speed
variable load test. (b) Constant load variable speed test.

Dynamic response performance of the proposed motor is
further investigated through waveforms depicted in Fig. 24.
As shown in Fig. 24(a), with a 20 N-m load torque, motor
speed increases from 100 to 200 r/min and finally stabilizes at
300 r/min. Fig. 24(b) presents load torque variations at a
constant 100 r/min speed, stepping from 0 to 20 N-m, then to
40 N-m, back to 20 N:m, and finally to 0 N-m. Stable
operation is maintained throughout dynamic processes,
demonstrating excellent dynamic characteristics that meet
drive requirements.

The comparative analysis of the motor performance under
different currents in both simulation and experiment is
presented in Fig. 25. It can be observed from Fig. 25 that the
torque increases while the power factor decreases with
increasing current. When the motor reaches the rated current

20A/div100rpm/div

50A/div.

of 20 A, the simulated motor torque and power factor are
40.25 N-m and 0.897, respectively. The torque and power
factor obtained from the experiment are 38.78 N-m and 0.867.
The deviation between simulation and experimental results
remains within an acceptable range, which verifies the
effectiveness of the collaborative design method for motor
performance improvement.
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Fig. 25. Comparison of motor simulation and experimental performance
under different currents. (a) Comparison of torque performance. (b)
Comparison of power factor performance.

VI. CONCLUSION

This paper proposes a collaborative design method for
enhancing the power factor and torque of motor, employing a
Y-shaped PM vernier motor. Its core principle involves
targeted harmonic design through the magnetic source and
permeance, thereby coordinating improvements to the PM
flux linkage and armature flux linkage. The main research
findings are summarized as follows:

1) The relationship between the power factor and flux
linkage is established from the PM and armature field. The
connection between flux linkage and harmonics is
constructed. The coordinated enhancement of PM and
armature flux linkages through harmonic improvement is
clarified, determining the direction for improving power
factor and torque.

2) Through magnetic circuit analysis, the Y-shaped PM
structure enhances the PM flux linkage and increases the
amplitude of torque-producing harmonics. A rational design
range for the PM structure is provided.

3) Collaborative design of specific permeance harmonic
orders suppresses the non-working flux linkage of the
armature field while enhancing its torque-producing harmonic
flux linkage. This improves the motor power factor while
maintaining torque. PM structure design optimizes the motor
torque performance. Compared to the initial design, the
optimized motor achieved 22.54% improvement in power
factor and 18.6% torque increase.

Finally, a prototype of the optimized Y-shaped PM vernier
motor was constructed. Experimental testing largely validated
the effectiveness of the proposed PM and permeance design
methodology. This approach offers a viable and effective
solution for enhancing power factor and torque in PM vernier
motor.
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