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Abstract—Permanent magnet Vernier machines are well suited
for direct-drive industrial applications such as ship propulsion
drives, because of their ability to generate high torque at low
speeds. In this paper, a flux-barrier tapered-U-shaped permanent
magnet Vernier (FBU-PMYV) machine topology is proposed. This
topology is compared with the spoke-array permanent magnet
Vernier (SA-PMYV) and the flux-barrier spoke-array permanent
magnet (FBSA-PMYV) machine topologies. The comparison is done
in terms of back-EMF, PM flux, air-gap flux density, synchronous
inductance, torque, and power factor, by employing finite element
(FE) analysis for the same machine dimensions. It is shown that
the proposed FBU-PMYV machine topology competes reasonably
well with the existing ones even with 25% less PM usage. In
addition, the mechanical construction of this new topology also
possesses certain advantages.

Keywords— finite element analysis, flux barrier, magnetic
orientation, permanent magnet, spoke array, vernier motor.

[.  INTRODUCTION

The history of the Vernier machine is less than six decades.
The first concept of a permanent magnet Vernier (PMV)
machine was introduced 25 years ago [1, 2]. There are many
industrial applications where electrical machines with high
torque capability at low speeds are required. One of these
applications is the ship propulsion drive, which operates at the
range of kilowatt to megawatt power range [3, 4]. The PMV-
machine is well suited for these applications because it can
afford high torque at low speeds due to the “so-called” magnetic
gearing effect [5, 6]. Because of this unique feature, the PMV
machine is inherently a good candidate for direct-drive
applications, which leads to the reduction of maintenance time
and cost associated with geared drives [7-9]. Over the years,
various types of Vernier machines have been proposed. The
first PMV machine was designed with a surface-mounted PM
structure [10, 11]. Early PMV machine designs suffer from high
leakage flux and low power factor. In recent years, some new
Vernier machine topologies have been introduced to alleviate
the weakness of this machine. For improving the low power
factor, high-temperature superconductor and non-magnetic
material have been used to reduce the leakage flux [12-14]. In
addition, various types of dual-stator and dual-excitation
Vernier machines with spoke-type PM array have been
proposed [15, 16]. Although the existence of both internal and
external stator windings can increase power factor and torque
density, it also brings thermal and manufacturing problems. To
tackle this problem, an alternative structure for a dual-excitation
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PMYV machine, which does not contain an inner stator winding
[17], has been proposed. The authors in [18, 19] show that the
magnetic orientation has a considerable impact on the
performance of the Vernier machine; by changing the magnetic
orientation for the same PM volume, the performance such as
leakage flux, power factor, torque density and induced voltage
of the proposed machines is improved. In [20], by exploiting
the flux concentration feature of a Halbach array with a
nonmagnetic rotor instead of a simple PM arrangement, the
electromagnetic performance of the proposed machine is
improved. Also, in [21], by changing the profile of a simple PM
array in a five-phase interior Vernier machine to a spoke-type
PM array, a design with high torque density and low torque
ripple can be realized. In [22, 23], by converting the magnet
pole of a consequent pole Vernier machine to a Halbach array,
the leakage flux is significantly minimized resulting in better
electromagnetic performance. The authors in [24] show the
importance of rotor PM configurations and analyze the effect of
four different PM configurations by keeping the same geometry
of the machine. In [25, 26], it has shown that using flux barriers
in the Vernier rotor structure at the ends of the spoke-array-PMs
can reduce ripple torque and increase torque density. However,
by introducing these flux barriers, the rotor mechanical strength
is somewhat compromised.

In this paper, a novel single-side PMV machine with a
tapered-U-shaped PM-rotor arrangement is proposed to reduce
leakage flux while keeping a reasonable rotor mechanical
construction. The performance of the proposed machine is
compared with some existing PMV machine topologies in terms
of main electromagnetic characteristics such as back-EMF, PM
flux, airgap flux density, inductance and torque. All analyses
have been conducted with 2-D finite element using ANSYS
Maxwell software with identical machine geometry. The
remainder of the paper is organized as follows: The
configuration and operation of the selected PMV-machine
topologies are described in Section I1. The performance analyses
and comparison are presented in Section III. Relevant
conclusions are drawn in Section IV.

II. CONFIGURATION AND OPERATION

The configurations of the conventional spoke array PMV
(SA-PMV), flux barrier spoke array PMV (FBSA-PMV) and
the proposed flux barrier tapered-U-shaped PMV (FBU-PMV)
motor are shown in Fig. 1(a), Fig. 1(b), and Fig. I(c),
respectively. All the motor models have one laminated stator
core and one laminated rotor core.
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Fig. 1. Vernier motor 2D FEA models of (a) SA-PMV motor, (b) FBSA-
PMYV motor [27], and (¢) FBU-PMV motor.

It is evident that all the motors have interior PM rotors, 4
poles and 12 open slots. Note that the volumes of the PMs of
the rotors for SA-PMV and FBSA-PMV models are the same
while the FBU-PMYV model has 25% less PM material. The key
difference of all the models is the arrangement of the PMs and
the flux barriers. The proposed FBU-PMV motor is designed
based on the SA-PMV motor. The FBU-rotor has three magnet
segments per pole magnetized in three directions, whereas the
FBSA-rotor and SA-rotor have two magnet segments per pole
magnetized in two directions. The cross-sections of the rotor
lamination cuts of the different machines can be seen in Fig. 2.
All the laminations have 1-mm thin iron bridges that closes the
interior magnet slots.
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Fig. 2. Cross sections of rotor lamination cuts of (a) SA-PMV motor,
(b) FBSA-PMYV motor and (c) FBU-PMV motor.

Since the mechanical strength of the rotor is an important
consideration, the practicality of the flux barrier rotor
lamination of Fig. 2(b) may raise questions. As for the proposed
FBU-rotor of Fig. 2(c), the slightly tapered spoke magnets and
their placement (shown in Fig. 3) together with the thin iron
bridges make the assembled FBU-rotor mechanically very
strong. To investigate the effect of the new rotor pole profile of
Fig. 3 on the performance of the PMV motor, its performance
is compared in this paper with that of the SA- and the FBSA-
PMV motors. The specification details of the PMV motors
investigated are given in Table I, with the specific dimension
details of the proposed FBU-PMV motor also given.



TABLE 1. SPECIFICATIONS OF PMV MOTORS INVESTIGATED

Parameters Value
Rated speed 400 r/min
Frequency 66 Hz
Outer stator diameter 366 mm
Inner stator diameter 262 mm
Outer rotor diameter 259 mm
Inner rotor diameter 134 mm
Stack length 311 mm
Airgap 1 mm
Number of coil-turns 30
FBU-PMV motor details (see Fig. 3)
Dcr 27 mm
Dsc 24 mm
Tt 28 mm
Ts 28 mm
Ts 30°
dp 17 mm
me 22 mm
dpm] 10 mm
dpm2 11 mm

Fig. 3. Details of design parameters of the proposed FBU-PMV motor.

A. Operation

The ability of the Vernier motor to generate high torque at
a low speed is due to the magnetic gear effect. By small rotation
of the rotor, the magnetic field changes remarkably, as shown
in Fig. 4 for the FBU-PMV motor. It demonstrates the
difference in the flux distribution at two different rotor
positions, namely, at § = 0° and 6 = 4.5°, where the latter is a
quarter of the pole pitch. The relation between the winding
pole-pairs (p), stator teeth (Z;) and rotor pole-pairs (Z,) in
Vernier machines is governed by:

tp=27 -7, (1)

The rotor speed, n,, and gear ratio, G,, of the PMV motor are
respectively given by:
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where f'is the stator frequency. For all the models in Fig. 1, p =
2, Z- =10 and Z; = 12 resulting in a gear ratio of G, = 5. Of
course, many combinations of p, Z, and Z, can be selected

according to (1) — (3), but the combination with a gear ratio of @

=
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G, =5 is chosen in this work to realize a good power factor [9]. {‘-"4
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From (2), the rotor speeds of the PMV motor models of Fig. 1 \¢

are all n, = 400 r/min at a supply stator frequency of /'= 66 Hz,
as also given in Table I.

III. PERFORMANCE ANALYSIS

The electromagnetic performance analyses of all the PMV
motor models for this study include the back-EMF, PM flux,
synchronous inductance, torque, cogging torque, power factor
and airgap flux density.

(b)

Fig. 4. Flux distribution of the FBU-PMV motor at § = 0° and 6 = 4.5°
mechanical rotor positions.



The performance analyses was done by 2D FE analyses
using the ANSYS Maxwell software. In the analyses all the
PMV motors (specifications are given in Table I) were at the
same loading current and frequency.

A. Magnetic Field Analysis

The magnetic flux distributions of the three machine
topologies models under open circuit state are shown in Fig. 5.
It can be observed that there is excessive leakage flux through
the rotor back yoke of the SA-PMV topology. Owing to the
presence of flux barriers in the FBSA-PMV topology, the
leakage flux can be effectively reduced. In the proposed FBU
motor topology the leakage flux reduces considerably and the
rotor back yoke forms part of the main flux path due to the
unique U-shaped PM arrangement. Fig. 6 depicts the magnetic
vector plots of the three machines under full load state,
respectively, where the direction of magnetic flux lines in the
machine cross sections can be clearly seen. The magnetic flux
density distribution of all models under full load conditions are
displayed in Fig. 7, where the maximum flux density is less than
2.5 T. According to the B-H curve of silicon steel in Fig. 8, the
flux density level in all the three machine cross-sections are
within reasonable range and not heavily saturated. Using flux
barriers the leakage flux and saturation effect can be effectively
mitigated.

In electrical machine design the airgap flux density is one of
the most important parameters. Arranging the PMs in a U-shape
can increase the average of the air-gap magnetic flux density.
Fig. 9 shows the waveform of the airgap flux density of all three
PMV motor topologies under no-load conditions. As can be
seen, the airgap flux density of the proposed FBU-PMV motor
is higher than that of the other two topologies. The RMS values
of the airgap flux density of the SA-PMV, FBSA-PMV and
FBU-PMV models are 1.05 T, 1.23 Tand 1.26 T.

B. PM Flux and Back-EMF

The PM flux and back-EMF are two important electromagnetic
parameters of electrical machines, which are obtained when
current excitation is zero. These parameters have considerable
effect on the performance of the Vernier machine. Since the
back-EMF is a derivation of the PM flux, they are related to
each other so that by increasing the PM flux, the back-EMF will
also increase. The waveforms of the PM flux and back-EMF for
all three motor topologies are depicted in Figs. 10 and 11,
respectively.

It is evident that the PM flux and back-EMF of the proposed
FBU-PMV motor are higher than those of the other two motor
topologies. This improvement is attributed to the much-reduced
leakage flux in the proposed FBU-PMV topology. The RMS
values of the PM flux and peak values of the back-EMF of the
SA-PMV, FBSA-PMV and FBU-PMV models are 0.24 Wb,
130 V and 0.34 Wb, 219 V and 0.4 Wb, 239 V, respectively.
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Fig. 5. Flux line distribution of (a) SA-PMV motor, (b) FBSA-PMV motor
and (¢) FBU-PMV motor.
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Fig. 6. Magnetic vector plots of (a) SA-PMV motor, (b) FBSA-PMV motor
and (c) FBU-PMV motor.

C. Inductance and Power factor

The value of synchronous inductance relates to the number
of poles and the magnetic circuit that has an impact on the
electromagnetic parameters. Fig. 12 depicts the synchronous
inductance of all the PMV motor models. The proposed FBU-
PMV has a higher inductance compared to the other models.
This difference is due to the magnet shaping that creates varied
magnetic leakage circuits. The average of the synchronous
inductances of the SA-PMV, FBSA-PMV and FBU-PMV
motor models are 3.6 mH, 2.8 mH and 4 mH, respectively.

Low power factor is the biggest drawback of Vernier motors
which appears because of many pole pairs and leakage flux.
There are several methods for calculating the power factor. By
neglecting the stator resistance, the power factor can be
calculated by [15]:

_1
LJ 2
PF =] —=+1
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According to (4), the synchronous inductance, current and
PM flux linkage play a prominent role in the value of the power
factor, so that by reducing the synchronous inductance and
increasing the PM flux linkage, the power factor will improve.
The values of the power factors at full-load for the SA-PMV,
FBSA-PMV and FBU-PMV motor models are 0.63, 0.73 and
0.71, respectively. In fact, the existence of the flux barriers
reduces the leakage flux and associated leakage inductance,
which in turn improves the power factor.

Fig. 7. Magnetic flux density distribution plots of (a) SA-PMV motor, (b)
FBSA-PMYV motor and (¢) FBU-PMV motor.
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Fig. 8. B-H curve of silicon steel used in the study.
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Fig. 9. Airgap flux density comparison of the three PMV motor models.
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Fig. 10. Phase PM flux linkage comparison of the three PMV motors.
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Fig. 11. Phase back-EMF comparison of the three PMV motors.
D. Torque

The interaction between the PM flux of the rotor and the
stator teeth at the open circuit state creates cogging torque. The
cogging torque is generated periodically and is dependent on
the position of the rotor, the number of the rotor poles and the
number of the stator slots. A large amount of cogging torque
plays an adverse role as it generates noise and vibration.
Cogging torque has been depicted for all the PMV motor
models in Fig. 13. As can be seen, the FBSA-PMV motor has a
lower cogging torque compared to the other models. The
cogging torques of the SA-PMV, FBSA-PMV and FBU-PMV
motor models are 63 Nm, 35 Nm, and 70 Nm, respectively. The
torque of the PMV motor can be expressed using a simplified
equation below [5]:
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Fig. 12. Synchronous inductance comparison of the three PMV motors.
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Fig. 13. Cogging torque comparison of the three PMV motors.
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Fig. 14. Torque comparison of the three PMV motors.
Bpyy (0,0) = Fpyy (6,0)x A(6) (6)

Bpvo = Fpmiro-Bev1 = i @
where Dy, Ly, ko1, Non, Bem, A and Fpy are respectively the air
gap diameter, stack length, fundamental winding factor,
number of turns in series per phase, air gap flux density
distribution, the air gap permeance function and PMs magneto-
motive force (MMF) distribution. The first term of (5)
represents the torque component of a typical synchronous
machine while the additional torque component relates to the
magnetic gearing effect of a Vernier machine. However, there
are also other permeance harmonics that are omitted from (5)
and can contribute to the ripple torque of the machine. The
ripple torque is usually expressed as a percentage of the average
torque. A low torque ripple has a significant impact on the
performance and longevity of the machine in the long run. Fig.
14 shows the full load torque waveforms of the PMV motors. It
is evident that the torque of the proposed FBU-PMV motor
model is higher than the other motor models. The average
torque and ripple torque of the SA-PMV, FBSA-PMV and
FBU-PMV motor models are respectively 403 Nm, 11%, and
603 Nm, 7%, and 663 Nm, 15%. For a better comparison, the
electromagnetic characteristics of the three PMV motor models
are summarized in Table II.



TABLE. I COMPARISON OF ELECTROMAGNETIC CHARACTERISTICS

Parameters FBU-PMV | FBSA-PMV SA-PMV
PM volume (cm?) 2100 2800 2800
Airgap flux

density (T) 1.26 1.23 1.05
PM flux (Wb) 0.4 0.34 0.24
Back EMF (V) 239 219 130
Inductance (mH) 4 2.8 3.6
Power factor 0.71 0.73 0.63
Torque (Nm) 663 603 403
Cogging torque

(Nm) 70 35 63
Percentage load

torque ripple (%) 15 7 1

IV. CONCLUSION

This paper proposes a new structure of flux barrier tapered-U-
shaped PMV motor. The proposed PMV motor have been
compared to two existing PMV motor models in terms of airgap
flux density, PM flux, back-EMF, synchronous inductance,
power factor, cogging torque, average torque and ripple torque.
The comparison was done with the PMV motors at the same
current loading condition and 25% less PM material in
proposed model. From the results the following conclusions are
drawn. By changing the structure of the PMs from a spoke array
to the proposed U-shape and adding flux barriers, the leakage
flux is significantly decreased, leading to a significant increase
in PM flux, airgap flux density and back-EMF. The average
torque of the proposed FBU-PMYV is increased by a significant
9.9% compared to the FB-PMV motor, with a slightly lower
power factor. The cogging and load ripple torques, however, are
somewhat higher, which must be further investigated. The
mechanical strength of the assembled FBU rotor is improved by
the proposed tapered-U-shaped pole layout, which is clearly an
advantage. With less leakage flux and improved mechanical
integrity, the newly proposed FBU rotor offers a significant
advantage over the conventional FB rotor.
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