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ABSTRACT In this paper, the cost-effective design of a Dual Airgap Permanent Magnet Vernier Motor
(DAPMVM) with a Yokeless Consequent Pole Rotor (YCPR) is presented. The novelty of this research lies
in its consequent pole structure of yokeless rotor which is used to maximize the performance attributes while
reducing the PM utilization in the dual air-gap PMVM. PMVMs can achieve a high torque density; however,
the higher number of poles in the rotor means a higher amount of permanent magnets and hence, a higher
cost for the motor. Effective flux modulation and a reduction in eddy current losses are made possible by the
YCPR design, which does away with the rotor’s yoke. 2D-FEM is used to analyze the performance of the
presented model. The simulation results illustrate the potential of the suggested DAPMVM with a YCPR
with high torque per magnet volume and reduced losses at rated as well as at higher speeds.

INDEX TERMS Permanent magnet vernier motor, dual airgap, yokeless rotor, consequent pole structure,
torque per magnet volume.

I. INTRODUCTION
High torque-density electric motors are gaining special con-
sideration in industries such as robotics, electric vehicles,
cranes, and wind power generation, etc. Different types of
motors, including PM synchronous motors, double-airgap
motors, harmonic motors, and transverse flux motors are
being investigated [1], [2]. Direct-drive motors, which do not
require mechanical gears, are becoming very popular in high-
torque, low-speed applications. These devices may be built
with a high power density, good speed, and good operating
efficiency since they use high-energy permanent magnets [3],
[4], [5], [6], [7]. Nonetheless, large structures with sub-
par performance could arise from the mechanical design of
motors for direct drive industrial applications. Therefore, the
interest in improving the torque density and reducing PM
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consumption in these motors has increased in the research
as well.

Permanent magnet vernier motors have been getting much
attention among other direct drive motors due to their high
torque density at low-speed operation [8], [9], [10]. PMVMs
operate on the basis of the flux modulation effect, also known
as the ‘‘Magnetic Gearing Effect,’’ which states that a small
rotor rotation causes a high flux change in the motor and
hence produces high torque [11], [12]. In [13], the initial
PMVM model was proposed, and in [14], the design details
of PMVM were presented. It was demonstrated in [11] that a
vernier motor’s flux modulation effect allows it to produce an
electromotive force (EMF) of more than two times that of a
traditional permanent magnet (PM) motor. Consequently, the
high torque density of PMVMs is considered one of their key
features. A dual-rotor PMVM is presented in [15], it exhibits
a torque density that is almost 50% greater than that of a
single-rotor PMVM. In literature, dual-stator vernier motors
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are presented as a way to increase torque density and make
use of the space in the single-stator vernier motor. A mul-
tipole dual-stator vernier motor was introduced, combining
the benefits of two motors in one topology: the inner stator
employs the vernier structure, and the outer stator uses the
fractional-slot focused winding [16]. Spoke-type PMs were
used in dual-stator vernier motors in [17] and [18], and it was
demonstrated that this arrangement resulted in a higher torque
density and power factor when compared to a single-stator
verniermotor. High-temperature superconductor (HTS) bulks
have also been used to boost PMVM’s torque density [19].
However, using a large number of rotor PM pole pairs is a
major disadvantage of PMVMs. The motor’s cost is much
increased since a large number of PM pole pairs are utilized.
A unique dual-stator PMVM was recently proposed in [20],
outperforming a traditional single-stator vernier motor in
torque density and efficiency. Unfortunately, the presented
motor uses PMs on both the inner stator and the rotor, which
raises the motor’s cost.

In order to reduce leakage flux and increase motor torque
density, consequent-pole vernier motors have been proposed
in the literature. Reference [21] introduced a consequent-pole
vernier motor including toroidal winding. Compared to a
standard PMVM, it generates 20% more back EMF while
using only 60% of the permanent magnet. A consequent-
pole vernier motor with a Halbach array was presented
in [22], and it was demonstrated that this motor delivers a
torque density that is 55% higher than the reference motor.
Moreover, another dual stator PMVM using a consequent
pole structure was presented in [23] to increase torque den-
sity and reduce the cost of the magnet as compared to the
reference motor. The increasing prices of permanent mag-
nets are compelling researchers for cost-effective designs of
motors.

This paper presents the design and analysis of an innovative
dual airgap PMVM aiming at maximizing the performance
compared to the conventional structures. The originality of
this research lies in a consequent pole structure of a yokeless
rotor. The basic purpose of introducing the consequent pole
structure in the dual airgap PMVM is to reduce the usage
of PM material while improving the torque density of the
motor per unit magnet volume as well as reducing losses.
The proposed motor combines the effects of the yokeless
rotor in dual airgap PMVM and consequent pole structure to
achieve a high torque density per unit magnet volume of the
motor.

The paper is comprised of the following sections: Initially,
the dual airgap PMVMmodel’s structure, specifications, and
working principle with conventional and consequent pole
structure will be presented. Moving further, the finite element
analysis results of no-load and load analysis of the conse-
quent pole model will be presented and compared with the
conventional model. Moreover, the comparison of the con-
ventional and proposed motors will be presented at different
speeds. The conclusion of the paper will be presented at
the end.

II. PMVM MODEL STRUCTURE, SPECIFICATIONS, AND
WORKING PRINCIPLE
Fig. 1(a) and Fig. 1(b) show the structural layout of the dual
stator radial flux (DSRF) PMVM with a conventional [26]
and proposed consequent pole yokeless rotor, respectively.
Table 1 contains the detailed specs of the dual airgap PMVM
model with a yokeless rotor. As shown in Fig. 1(a), the
model is made up of a sandwiched yokeless rotor and two
stators. In order to achieve the flux modulation effect, both
stators have traditional toothed pole configurations. Twelve
slots and three phases of winding with a four-pole distributed
type design are present in the inner and outer stators. The
rotor of the motor does not contain any magnetic core, and
twentymagnet poles are fixedwith the help of a non-magnetic
support.

FIGURE 1. The structural layout of the DSRF-PMVM DSW model with the
yokeless rotor (a) Conventional (b) Proposed.

The configuration of the proposed model is shown in
Fig. 1(b). The model contains two stators and a rotor similar
to the existing conventional motor. However, there is a key
difference from the conventional motor that instead of the
normal PM configuration, consequent pole PMs are used in
the yokeless rotor. The presented dual airgap PMVMhaving a
yokeless consequent pole rotor is obtained by redesigning the
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TABLE 1. Specifications of the DSRF-PMVM model.

rotor of the conventional reference model. The design flow of
the consequent pole model is shown in Fig. 2.
This configuration reduces the magnet volume in the pro-

posed motor. The magnet volume in the conventional motor
is 0.053 dm3 as compared to the 0.025 dm3 magnet volume
in the proposed motor. Hence a 53% reduction in the magnet
volume is proposed in the consequent pole structure.

FIGURE 2. Design flow for consequent pole rotor PMVM.

As stated in [24], the PMVMs’ working principle is based
on the flux modulation effect. The rotor poles provide a
high-order harmonic field, whereas the stator windings pro-
duce a low-order harmonic field. The torque is produced by
modulating these two fields. This phenomenon, known as
the ‘‘magnetic gearing effect,’’ causes a large flux change
with only a tiny rotor spin, producing a large torque. The
relationship between the number of stator slots (Zs), rotor
poles (Zr ), and stator winding poles (Ps) is provided by (1)

in order to obtain this gearing effect:

±Ps/2 = Zr/2 − Zs (1)

The MMF is generated in the airgap with a Zr number of
rotor poles as the rotor rotates. The MMF (Fg.m) is expressed
by (2) [25]:

Fg,m (θ, θm) = FPM
∑2

m=odd
{1/m ∗ cos (mZr (θ − θm))}

(2)

where θ is the reference axis of rotation, FPM is the airgap
MMF’s magnitude, θm is the rotor position, and m is the
harmonic order. The specific airgap permeance of the motor
is given by (3):

3(θ ) = 30

∑∞

n=1
(3n ∗ cos θ) (3)

where3n is the nth harmonic co-efficient and30 is the aver-
age permeance. The motor’s air gap length and slot geometry
can be used to determine these coefficients. The airgap flux
density is the product of the airgap permeance function and
airgap MMF as shown by (4):

Bg. m(θ, θm)

= Fg.m (θ, θm) 3(θ )

= FPM cos (Zr (θ − θm)) {30 − 31 cos (Zsθ)} + Bhar (4)

31 represents the 1st harmonic of permeance in the for-
mula (4). And Bhar denotes the higher-order harmonics
in the airgap flux density. Instead of writing each har-
monic separately, we have collectively defined them as Bhar .
Equation (4) demonstrates that the airgap flux density is the
combination of the modulation and the PM magnet flux as
shown in Fig. 3. The flux wave similar to the ordinary PM
motor is represented by ξm0 whereas the modulated flux
resulting from the vernier effect is represented by ξmn. The
same equations can be applied to both air gaps.

FIGURE 3. Airgap permeance, MMF and Flux density from PM for one
airgap.

When a motor has a consequent-pole design, it means that
the rotor has only N or S poles. The rotor core, between
the permanent magnets, collects magnetic lines of force to
generate mixed magnetic poles, which replace some of the
original permanent magnets. As the conventional motor has
no core due to the yokeless structure of the rotor, we have
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placed iron pieces in place of the south pole to complete
the consequent pole rotor structure. The flux path of the
conventional model is demonstrated in Fig. 4(a). It shows
the flux path of the winding poles and the rotor magnetic
poles. The flux path appears to start at the rotor’s north pole,
go through the outer airgap and outer stator, then enter the
rotor’s south pole and outer airgap before passing through
the inner stator to complete the one full winding pole. In this
manner, twenty magnet poles are coordinated to form four
winding poles. The flux path of the proposed consequent pole
model, as shown in Fig. 4(b), follows the same pattern as the
conventional dual airgap PMVM model.

FIGURE 4. Flux path (a) Conventional (b) Proposed.

III. COMPARISON BETWEEN CONVENTIONAL AND
PROPOSED MOTOR
In order to analyze the performance of the proposed motor,
the 2D transient analysis was performed using the commer-
cial software Ansys Maxwell. Both the conventional and the
proposed motor were simulated on similar conditions and
the results were compared. All the main design parameters
including current density, slot fill factor, motor diameter,
winding arrangement, stator and rotor material, and stack
length are kept the same for both motors as mentioned in
Table 1.

A. RELUCTANCE AND WINDING INDUCTANCE
The reluctance and inductance of the motor play a very
important role in the production of useful flux linkage and
hence the torque density of the motor. The reluctance of the
motor mainly depends upon the circuit geometry andmaterial
properties of the circuit components as mentioned in [26].
Fig. 5 shows that the south magnet is absent from the flux
path in the case of the proposedmodel. This means the overall
reluctance of the flux path will be reduced in the case of the
proposed model as shown in Fig. 5. Here, Rg1, Rm, Rg2, Ø
represent the reluctance of the inner airgap, magnet, outer
airgap, and flux path respectively. In Fig. 5(b) one Rm is
missed in the reluctance circuit due to the absence of one
south magnet in the flux path as compared to the reluctance
of the conventional model shown in Fig. 5(a).
Fig. 6 shows the comparison between the inductance of

the conventional and proposed motor on similar operating

FIGURE 5. Reluctance of flux path (a) Conventional (b) Proposed.

FIGURE 6. Winding inductance comparison.

load conditions. The self-inductance of the proposed motor
shows a higher value as compared to the conventional due
to reduced reluctance in the proposed motor. The higher
inductance in the proposed motor will in turn improve the
flux linkage and hence the back EMF of the motor.

B. FLUX LINKAGE, FLUX DENSITY DISTRIBUTION, AND
BACK EMF
The flux lines of the conventional motor and the proposed
motor at no-load conditions are shown in Fig. 7. The flux in
both motors follows the same path shown in Fig. 4.

FIGURE 7. Flux lines at no load (a) Conventional (b) Proposed.

The comparison between the flux linkage and flux density
of the conventional and proposed motor at no load is pre-
sented in Fig. 8 and Fig. 9 respectively. The maximum value
of flux linkage in the conventional model is 0.10Wb, whereas
its value is 0.074Wb in the case of the proposed model. It can
be seen that a reduction of only 30% value in flux linkage
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FIGURE 8. Flux linkage comparison.

FIGURE 9. Flux density distribution at no load (a) Conventional
(b) Proposed.

occurred in the case of the proposed consequent pole structure
while the magnets in the proposed model are reduced to 50%
as compared to the conventional model. This is due to the
higher inductance because of the yokeless rotor between two
stators as presented in [26].

The no-load flux density of the conventional and proposed
motor is shown in Fig. 9. On a similar scale, the flux density in
the conventional model in Fig. 9(a) is higher as compared to
the proposed consequent pole model in Fig. 9(b). This is due
to the reduced amount of permanent magnets in the proposed
model. On the contrary, as shown in Fig. 8, the on-load flux
density of the proposed model in Fig. 10(b), is higher than the
conventional model in Fig. 10(a), due to an increased winding
inductance of the proposed model.

FIGURE 10. Flux density distribution comparison at load (a) Conventional
(b) Proposed.

As shown in Fig. 11, the back EMF of the proposed
model shows the same trend as flux linkage. The RMS
value of the back EMF of the proposed model is 21.43 V
which is 70% of the RMS back EMF value (31.08V) of the

FIGURE 11. Back EMF comparison.

conventional model. Whereas the reduction in magnet size of
the proposed consequent pole model is 50% as compared to
the conventional model. The FFT results of the back EMF in
the conventional model and the proposedmodel are compared
in Fig. 12. It can be seen that the harmonics in both the
models have similar frequencies and just the magnitude of the
harmonics in the proposed model is reduced due to a reduced
back EMF magnitude.

FIGURE 12. Back EMF FFT comparison.

C. OUTPUT TORQUE, TORQUE RIPPLE,
AND TORQUE DENSITY
The conventional and proposed models are supplied with
same amount of three phase sinusoidal input current to ana-
lyze the operation at load conditions. The FFT of the input
current is presented in Fig. 13. The frequency of operation
of the machine at 400 rpm is 66.7 Hz and the peak value
of the input current is 6.7 A as shown in the FFT plot.
Moreover, the MMF of each stator is the same in both mod-
els. The FFT of the stator MMF is shown in Fig. 14. The
significant harmonic is the first one as shown in the graph,
whereas the 5th, 7th, 11th, and 13th harmonics also exist due
to the interaction between slots and the number of poles.
The variations in average torque base on pole arc length are
shown in Fig. 15. The final dimensions of the consequent pole
are decided based on the maximum value of average torque
obtained in Fig. 15. The output torque of the conventional
motor and the proposed motor at similar rated load conditions
is shown in Fig. 16. The average value of torque of the
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FIGURE 13. FFT of the input three-phase current.

FIGURE 14. FFT of the MMF.

FIGURE 15. Variations in average torque with pole arc length.

FIGURE 16. Average torque comparison.

conventional motor is higher as compared to the proposed
motor. This is due to the higher volume of permanent magnets
in the conventional motor. The torque of the proposed motor
is 70% of the torque of the conventional motor. Whereas
the proposed motor contains 53% less volume of permanent

magnets as compared to the conventional motor. Permanent
magnets account for a major portion of the total cost of the
motor, thus a 53% reduction in the magnet volume means the
manufacturing price of the motor will be much reduced.

The torque ripple of the conventional motor is 2.5%,
whereas the torque ripple of the proposed motor is 6.7 %.
This is a drawback associated with the proposed motor. This
is due to the increased reluctance caused by the alternative
iron poles on the rotor. The main aim of proposing this model
was to reduce the consumption of magnets in the machine
and reduce the overall cost of the machine manufacturing.
Therefore, the torque ripple increase can be considered a
tradeoff for the magnet volume reduction and hence the
reduced machine cost.

Furthermore, the torque density per magnet volume of the
proposed motor is 196.4 Nm/dm3 as compared to a value of
132.3 Nm/dm3 in the conventional motor. This means the
torque density per magnet volume of the proposed motor
is 47.9% higher than the conventional dual airgap PMVM
motor.

D. LOSSES COMPARISON
To compare the efficiency of the conventional and proposed
motors, the losses of bothmotors are calculated and compared
based on similar operating conditions. The eddy current loss,
hysteresis loss, and core loss of the motors are obtained from
the electromagnetic analysis performed with 2D FEM and
the results are compared in Fig. 17, Fig. 18, and Fig. 19,
respectively.

FIGURE 17. Eddy Current Loss comparison.

Fig. 17 shows that the eddy current loss of the proposed
motor is reduced as compared to the conventional motor. This
is due to the reduced volume of the permanent magnets in
the proposed consequent pole motor. The hysteresis loss in
Fig. 18 also follows the same trend as the eddy current loss.

As shown in Fig. 19, the average value of core loss of the
conventional motor is higher than compared to the proposed
motor. Moreover, the two motors have the same stator con-
figurations and the same physical dimensions; the number of
winding turns and the input current density in both motors
are also the same. Therefore, the copper loss in both motors
is also the same. Using 4.7 Arms current and 70 turns in
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FIGURE 18. Hysteresis Loss comparison.

FIGURE 19. Core Loss comparison.

each coil, the copper loss of both motors is calculated to be
34.43 W.

E. EFFICIENCY
The efficiency of the motor is calculated based on the output
torque and losses using the following equation (5):

η = Pout (Pout + Plosses) × 100 (5)

The efficiency of the conventional motor is found to be
84 % whereas the efficiency of the proposed motor is 82 %.
The slight reduction in efficiency is due to the reduced aver-
age torque in the proposed model. Furthermore, the magnet
volume used in the proposed motor is 50% less than the
conventional motor. The reduction in the permanent magnet
cost in the motor is a major advantage of this motor that can
be considered a tradeoff to a slight reduction in the efficiency
of the motor.

The overall comparison of the DAPMVM with conven-
tional YR and proposed YCPR motors at rated 400 rpm is
presented in table 2.

IV. OPERATION AT DIFFERENT SPEEDS
The base speed of the proposed is changed due to the changed
inductance in the proposed model. The base speed of the
proposed model is calculated to be 304 rpm based on the
rotor configuration and inductance. Moreover, the conven-
tional and proposed motors are analyzed at different speeds
from 300 to 1000 RPM on similar operating conditions and

TABLE 2. Performance comparison of the conventional and proposed
motors.

the results of the analysis are compared in this section.
Fig. 20, 21, and 22 show the comparison between conven-
tional and proposed motors at different speeds based on
torque/magnet volume, core loss, and efficiency, respectively.

FIGURE 20. Torque/magnet volume comparison.

FIGURE 21. Core loss comparison.

As shown in Fig. 20, the torque/magnet volume of the
conventional as well as proposed models decreases with an
increase in the speed of the motors. However, the overall
value of torque/magnet volume is higher in the case of
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FIGURE 22. Efficiency comparison.

the proposed model as compared to the conventional model
throughout the speed range.

Moreover, the core loss of both motors is increased with
an increase in the speed of the motor. However, the value of
core loss in the case of the proposed model is much less at
every speed as compared to the conventional model as shown
in Fig. 21.

The efficiency of the proposedmotor is lower at low speeds
as compared to the conventional motor as shown in Fig. 22.
However, the efficiency of the proposed motor is improved
at higher speeds as compared to the conventional motor due
to much higher losses in the conventional motor at higher
speeds.

V. CONCLUSION
In this paper, a special type of Dual Airgap Permanent
Magnet Vernier Motor having a yokeless consequent pole
rotor (YCPR) is introduced to address the challenge of
increased magnet costs due to a higher number of mag-
net poles in the conventional PMVMs. The implementation
of a YCPR provides efficient flux modulation as well as
reduces losses in the motor as compared to the conventional
motor. Simulation outcomes highlight the potential of the
proposed motor, showing a notable increase in the torque
per magnet volume while minimizing the utilization of the
permanent magnets as compared to the conventional motor
on similar operating conditions at rated as well as higher
speeds.
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