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ABSTRACT Due to simpler mechanical structure and magnetic gearing effects, Permanent Magnet Vernier
Machines (PMVMs) attract researcher interest because of their higher torque density for direct drive
applications. However, regular PMVMs utilize more rare earth Permanent Magnet (PM), which increases
machine cost and weight. Moreover, the PMs are mounted on the rotor surface, which enhances flux leakage
and flux circulation, which degrade electromagnetic performance that ultimately decreases average torque,
torque density, power density and efficiency. A new Split Pole PMVM (SP-PMVM) with Halbach PM
arrangement in the stator slot opening and consequent pole rotor is proposed to overcome the issues above.
The proposed SP-PMVM enhanced flux modulation phenomena to improve electromagnetic performance.
Comparing the proposed machine with the existing designs reveals that the proposed design reduces the PM
utilization by 22.2% and improves the flux linkage by 41.3% due to suppression of leakage flux and flux
circulation. Moreover, the average torque is boosted by 42.35%. Furthermore, torque and power densities
are increased by 83.01% and 44.84%, respectively. In addition, in comparison with the existing conventional
design, the efficiency of the proposed model is enhanced by 25.01% at the cost of 19.75% cogging torque.

INDEX TERMS Halbach array, consequent pole, permanent magnet vernier machine, split pole, magnetic
gearing effects.

I. INTRODUCTION
PMVMs have gained rapid increasing consideration due to
their inherent high torque and low-speed features. Many
industrial applications use PMVMs on account of high torque
and low speed for electric vehicles andwind power generation
systems [1]–[2]. The reason for the high torque outcome of
PMVMs is because of using Magnetic Gearing (MG) effect
[3]. Electric Machines based on mechanical gearing are asso-
ciated with larger machine size and weight and require con-
tinual maintenance to provide lubrication for safe operation.
Generally, mechanical gearing based electric machines are
associated with complex structures [4] and suffer from high
maintenance costs and a shorter life span. To overcome the
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aforesaid problems concerned with the mechanical gearing
system in electric machines, vernier effects in PM machines
are implemented in [5]. PMVM replaces mechanical gearing
with MG effects for torque production in direct drive appli-
cations with higher torque density and low speed. Moreover,
PMVMs offer low torque ripples, causing low vibration and
noise; therefore, they are considered the best alternative to
conventional electrical machines.

However, in comparison with regular Permanent Magnet
Synchronous Machines (PMSMs), PMVMs suffer from rel-
atively low power factors due to excessive flux leakage in
the air gap [6]. This undesired feature of PMVM requires
a high capacity converter which increases the cost and vol-
ume of the converter. Moreover, due to higher stator slots
number than stator poles, integrated slot lap windings are
most frequently implemented, which improve torque density.

75672 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 10, 2022

https://orcid.org/0000-0001-8331-8345
https://orcid.org/0000-0002-5031-6121
https://orcid.org/0000-0001-9585-708X
https://orcid.org/0000-0001-6914-4174
https://orcid.org/0000-0001-8201-602X
https://orcid.org/0000-0002-8089-5419


S. Khan et al.: SP-PMVM With Halbach Array Magnets in Stator Slot Opening and Consequent Pole Rotor

However, machine weight and volume increase due to the
overhang effect and higher copper consumption, increasing
copper losses. Therefore, alternate techniques are preferred
to reduce copper consumption and improve the power factor.

The author in [7] proposes a Halbach PMVM
(HPM-PMVM) for a higher power factor. However, replacing
the rotor core with non-magnetic material greatly minimizes
the output torque because, for any specified slot/pole struc-
ture, the rotor core still provides the main path for flux
in HPM-PMVM to complete magnetic circuits. Different
winding configurations are investigated to improve the torque
production capability. An outer rotor PMVM with a hybrid
excitation source is proposed in [8], in which a homopolar
configuration is adopted and trickily combined the flux route
of the PM with the electromagnet flux route to achieve a
compact structure.

The author in [9] thoroughly investigates the influence of
lap winding and non-overlapping winding in PMVM. This
analysis reveals that in comparison with non-overlapping
winding, the torque density in PMVM with lap winding is
higher. However, due to overhang effects and higher copper
uses, copper losses are increased. The author in [10] pro-
posed Split Pole (SP) PMVM (SP-PMVM) and studied the
influence of concentrated and distributed winding. Analysis
discloses that SP-PMVM with concentrated winding offers
lower torque density. The influence of concentrated winding
is further studied for higher torque and efficiency in [11].
However, due to dominant leakage flux, the proposed design
suffers from the issue of low power factor. Different types
of faults that occur in PM machines, such as electrical fault,
mechanical fault, and magnetic fault, and their diagnoses
methods are overviewed and compared in [12]. Flexible flux
linkage of field excitation of PM machine, which improves
torque density and efficiency, is studied in [13], where various
techniques for the adjustment of flux are reviewed.

Dual-PMmachines are gaining increasing interest because
of their high torque density and simple mechanical struc-
ture [14]–[18]. In [14], a new type of vernier machine was
presented, having PMs on both the rotor and the stator. The
presented machine has two rotors, one for high and one for
low speeds, each with a surface-mounted PM and a fixed pole
piece in between. When the inner rotor rotates at high speed,
the torque transmitted to the outer rotor can be enhanced
by reducing its speed. Such vernier machines can produce a
higher induced back EMF and more torque by decreasing the
rotor’s rotational speed, as is done in magnetic gears. Another
vernier machine with a dual-PM stator/rotor configuration is
proposed in [15]. The magnetic field is modulated by the
stator and rotor teeth in the proposed machine’s stator and
rotor slots, both embeddedwithmulti-pole PMs. The findings
of the comparison show that the dual modulation effect can
significantly increase the machine’s torque density. In [16],
an advanced FluxModulation PMmachine with PMs on both
stator and rotor is proposed. The proposed machine achieved
a higher power factor and efficiency compared to the con-
ventional design. In addition, the effect of rotor slot number,

FIGURE 1. Conventional SP-PMVM (a) 2D cross sectional view (b) leakage
flux.

FIGURE 2. Proposed design (a) 2D Cross sectional view (b) Leakage Flux
compensation.

which has a significant element influencing electromagnetic
performance, has been investigated.

Leakage flux is suppressed in [18] by shifting half of the
PM to the stator slot opening to provide an alternate path
for the circulating flux. Such design highly improves airgap
tangential magnetic flux density, which ultimately enhances
torque density. However, PM usage increases which causes
an increase in magnetic loading. Higher PM usage causes
an increase in overall machine cost as well as magnetic
saturation. In addition, cogging torque and torque ripples
are further increased. In order to improve the torque density,
the author proposed SP-PMVM with surface mount PMs as
shown in Figure. 1 [19]. Despite the high usage of rare earth
PM, this design suffers from flux leakages, flux circulation,
cancellation, and saturation of the split pole tip.

To overcome the problems mentioned earlier of high PM
usage, magnetic flux leakage, cogging torque, output torque,
and efficiency, this paper proposed a new PMVM with Hal-
bach PM arrangement at stator slot opening and consequent
pole in the rotor as shown in Figure. 2. From Figure. 3, the
flux line distribution shows that the proposed model suc-
cessfully suppressed leakage flux and flux circulation, which
ultimately improved average torque and reduced torque rip-
ples and percent cogging torque. A comprehensive overview
of electromagnetic performance of both conventional and
proposed model are listed in the following section, and the
rest of the paper is organized as Section 2 describes Design
parameters and operation principle; Section 3 explain the
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FIGURE 3. Flux line distribution (a) Conventional Design (b) Proposed
Design with Halbach PM on stator slot opening and consequent pole
rotor.

TABLE 1. Design parameters of conventional and proposed model.

optimization technique used; Section 4 investigates the elec-
tromagnetic performance, and finally, conclusion is drawn in
Section 5.

II. DESIGN PARAMETERS AND OPERATING PRINCIPLE
Both conventional and proposed models are developed based
on the design parameters listed in Table 1 and shown in
Figure. 4, whereas the operating principle for all PMVMs is
based on Vernier effects known as magnetic gearing phenom-
ena. Proposed design of SP-PMVMcomposed of radially out-
ward magnetized PMs housed on the rotor. To reduce leakage
flux due fringing effect, rotor core material attached to the
PMs from asides is made chamfered. PMs Halbach array is
placed in the slot opening of the coils. Halbach array creates
a stronger magnetic field at the desired side and points the
magnetic field in the desired direction. This is accomplished
by orienting the magnets so that their poles are out of phase,
typically by 90 degrees. The red PMused in the Halbach array
is pointed circumferentially toward the prong of the stator
tooth, and the blue PM is pointed circumferentially toward the
prong of the next stator tooth. These PMs (red, blue) easily
point to the magnetic flux in the stator tooth prong for better
electromagnetic parameters such as torque. The middle PM
is pointed upward in the same direction as rotor-mounted PM
for enhancing flux.

FIGURE 4. Design parameters.

FIGURE 5. Alternating poles of the proposed PMVM.

The operating principle of the SP-PMVM is based on the
flux modulation phenomena. The structure of the proposed
machine shows that the proposed model utilizes a consequent
pole on the rotor and a Halbach magnet array in the slot
opening to give an alternate path for the flux flow through the
split pole of the stator. Since the consequent pole on the rotor
utilizes only the N-pole of the PMs therefore, it only produces
the main flux, which flows to the stator through the split pole
and avoids flux leakage and flux circulations. Moreover, the
conventional design utilizes both N-pole and S-pole magnets
in which N-pole produces useful flux, whereas S-pole gen-
erates leakage flux. This S-pole in the conventional design
causes a serious issue of flux leakage and flux circulation,
which degrade the electromagnetic performance.

Coils connections and instantaneously building of N-pole
and S-pole in the stator are shown in Figure. 5. The
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TABLE 2. Initial and optimized dimensions of parameters.

relationship between winding pole pair (PS), rotor pole pair
(PR), and flux modulating poles (FMPS) discussed in [20] is

PR = FMPS+ PS (1)

where PR of the proposed design is 14 and FMPS is 12. Using
equation. (1), PS of the proposed design is 2, already shown in
the Figure. 5. From this, it concludes that proposed design of
SP-PMVM meet the basic principle of the Vernier machine.

III. OPTIMIZATIION
In order to achieve optimum performances of the proposed
SP-PMVM, the initially designed topology of SP-PMVM
has been optimized by updating several parameters of the
rotor, stator, Halbach array, and armature slot. Parameters
like an air gap, stack length, and outer diameter are kept
constant using maximum current density (Ja) and magnetic
flux density (B) conditions. Using deterministic optimization
analysis in JMAGDesigner version 18.1, the optimum perfor-
mance in terms of torque ripples of the proposed SP-PMVM
is examined. Torque Ripple Index (TRI) of unoptimized
SP-PMVM was 46.7% which is reduced through optimiza-
tion of various parameters.

Figure. 6 shows different parameters of SP- PMVM that
are optimized by changing its dimension. Figure. 7 show
the reduction of TRI by optimizing different parameters of
SP-PMVM. Table. 2 shows the initial and final optimum
values of parameters that are optimized. Moreover, it shows
the reduction of TRI in percent. Split Ratio (SR), which is
the ratio of stator inner diameter to the stator outer diameter,
is optimized by reducing the SR from 0.59 to 0.57. This
optimization reduces the TRI from 46.7% to 37.1%, as shown
in Figure. 6 and Table. 2. Rotor PMs height (HRPM) is opti-
mized by changing the height from 3.12 mm to 3.49 mm,
which reduces TRI from 37.1% to 33.4%. The thickness of
the rotor tip (TRTP) is optimized by varying the dimension
from 4.8 mm to 6.4 mm, which greatly reduces TRI to 20.1%.
Optimizing the ratio of the length of Halbach array middle
PM to the total length of Halbach array (β) reduces TRI from
20.1% to 13.5%. This is made by changing the value of β
from 0.4958 to 0.6394. Length of Slot opening (SO) reduces

FIGURE 6. Parameters considered in optimization.

FIGURE 7. Variation of torque ripple versus optimizing variables.

TRI to 11.9% by changing its dimension from 16.58 mm to
17. 88 mm. Stator tooth prong horizontal length

(HP) also shows an effect on TRI. By changing the dimen-
sion of HP from 6.79 mm to 7.17 mm, reduces TRI to 11.5%.
Stator tooth height (horizontal distance from yoke to prong)
(HTX) also shows a great contribution in minimizing the TRI.
Optimization of HTX reduces TRI to 7% by changing its
length from 8.2 mm to 9.9 mm. Stator tooth thickness at yoke
(vertical distance) (TS) reduces TRI to 6.1% by changing
its dimensions from 12 mm to 11 mm. From this analysis,
it is concluded that by changing the dimension of various
parameters of SP-PMVM, TRI is reduced from 46.7% to
6.1%. Figure. 8 shows instantaneous torque of unoptimized
and optimized proposed SP-PMVM. The blue line show
torque produced by unoptimized SP-PMVM, which has high
torque ripples. The black line shows instantaneous torque
of optimized SP-PMVM, which indicates the least torque
ripples.

IV. INVESTIGATION OF ELECTROMAGNETIC
PERFORMANCE
Comprehensive electromagnetic performance of conven-
tional and proposed designs is investigated with the key
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FIGURE 8. Instantaneous torque optimized and un-optimized design.

FIGURE 9. Comparison of open-circuit phase flux linkage for
conventional and proposed design.

performance indicators such as peak to peak open- cir-
cuit phase flux linkage (8p-p), Total Harmonics Distor-
tion (THD) for open circuit flux linkage (8THD), average
torque (Tavg), Torque ripples (Trip), Torque density (Tden),
Power Density (Pden) and torque characteristics based on
wide speed range.

Figure. 9 shows that despite the 22.2% reduction in total
PM volume in the proposed model in comparison with the
conventional design, the proposed model offers 0.2118 Wb
higher open-circuit phase flux linkage. The flux linkage is
improved due to the suppression of flux leakages and circu-
lation. Moreover, it can be seen from Figure. 10 that when
the flux linkage increases, the fundamental harmonics com-
ponent improves, and some of the higher-order harmonics
content are curtailed.

Figure. 11 presents the average torque of the proposed and
conventional design of SP-PMVM. The Blue and red lines
show the average torque of the proposed and conventional
design of SP-PMVM, respectively. Due to improved flux
modulation phenomena, it can be clearly seen in Figure. 11
that the average torque of the proposed SP-PMVM is
enhanced from 28.6 Nm in conventional design to 40.8 Nm
in the proposed design. In this analysis, the current density is
kept constant of magnitude 8 A/mm2, while the PM volume
of the proposed design is 22.2% less than the conventional
design. Cogging torque of the proposed and conventional
design is shown in Figure. 12. Cogging torque of the pro-
posed design is higher than the conventional design. This

FIGURE 10. Harmonics content of open-circuit phase flux linkage for
conventional and proposed design.

FIGURE 11. Instantaneous torque behavior of conventional and proposed
design.

FIGURE 12. Cogging torque of optimized proposed and conventional
design.

higher value of cogging torque is due to the high value
of the average torque of the proposed design. The percent
cogging torque of the proposed design is 18.91%, while the
conventional design provides 26.91% cogging torque. From
this analysis, it can be concluded that the proposed design
has a small value of cogging toque in percent compared to
conventional design.

Figure. 13 shows the influence of applied current densities
on the conventional and proposed model. It can be seen from
Figure. 13 that with the increase in applied current density
average torque of the proposed model increases more in
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FIGURE 13. Average torque of optimized proposed and conventional
design.

FIGURE 14. Torque-power vs speed characteristics of conventional and
proposed design.

FIGURE 15. Back EMF of optimized proposed and conventional design.

comparison with the conventional design. Thus, it confirms
that the torque production capability of the proposed model
is higher.

Both conventional and proposed models are simulated
under higher current densities and different phase angles of
the applied current. It can be seen in Figure. 14 that the
proposed model can be operated at a lower speed to achieve
higher average torque and output power therefore considered
as a suitable candidate for wind power application.

Figure. 15 is the graphical representation of the back EMF
simulated results for the optimized proposed and conven-
tional design. Back EMF of the optimized proposed design
is 90% greater than the conventional design due to high flux
circulation.

The average torque for different values of current densities
and phase angles of conventional and proposed designs is
shown in Figure. 16 and Figure. 17 respectively. It can be

FIGURE 16. Torque behavior of conventional design with various applied
current densities and phase angle.

FIGURE 17. Torque behavior of proposed design with various applied
current densities and phase angle.

clearly seen that both conventional and proposed designs
generate higher average torque when operated in the range
of 30◦ to−30◦ phase angle of the applied current. Moreover,
it is also clear from the figures that the proposed design of
SP-PMVM produces a high value of average torque com-
pared to the conventional design.

The iron losses in the optimized proposed design are higher
than in conventional design because the frequency of the
proposed optimized design is high. Also, the size of the stator
and rotor core of the proposed optimized design is larger than
the conventional design. Figure. 18 shows iron losses for both
optimized proposed design and conventional design. The red
line shows iron losses of the proposed design for different
current density values, while the blue line shows iron losses
of the conventional design.

The efficiency of the proposed and conventional design for
various current density values is shown in Figure. 19. This
result shows the performance comparison of conventional
design and optimized proposed design. Torque increases with
an increase of current density, which causes copper losses to
increase; hence the total efficiency is reduced.

A comprehensive quantitative electromagnetic analysis of
the conventional and proposed model is listed in Table 3. This
analysis reveals that the proposed model utilized 77.8% of
the total PM volume to offer 41.3% higher phase flux link-
age, 42.35% increased average torque, 83.01% more torque
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FIGURE 18. Iron losses of optimized proposed and conventional design.

FIGURE 19. Efficiency of optimized proposed design and conventional
design.

TABLE 3. Quantitative electromagnetic performances.

density, 44.84% power density, and 25.01% efficiency at the
cost of increased in the value cogging torque.

V. CONCLUSION
This paper proposes a reduced PM SP-PMVM with Hal-
bach array PMs in stator slots opening and consequent pole
rotor structure for enhanced flux modulation phenomena to
improve electromagnetic performance. Finite element anal-
yses are made to verify the performance of the proposed
design. A deterministic optimization technique is used to
improve the performance of the proposed SP-PMVM in
terms of torque ripple reduction. The proposed machine is
compared with the existing state-of-the-art designs. Analysis
reveals that the proposed design reduces the PM utilization
by 22.2% and improves the flux linkage by 41.3% due to

suppression of leakage flux and flux circulation. Moreover,
the average torque is boosted by 42.35% and torque and
power densities by 83.01% and 44.84%, respectively. In addi-
tion, in comparison with the existing conventional design, the
efficiency of the proposed model is enhanced by 25.01%. The
percent cogging torque is also reduced.
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