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ABSTRACT The double-sided axial flux (TORUS) permanent magnet (PM) machine has been shown
to be an efficient structure for electric vehicles (EVs). This paper introduces the combined techniques
of skewed PMs and Halbach-array arrangement to improve the TORUS-type axial flux PM motor
performance. The suitable configuration for implementing this combination in the TORUS PM machine
was investigated, considering two possible models. Each model of the skewed Halbach-array PM TORUS
motor is optimized using response surface methodology to meet the performance requirements of an EV
application. A comparative evaluation of machine performance via 3D finite element analysis is performed
and detailed insight into the design and configuration of the skewed Halbach-array PM TORUS machine
is presented. Under no-load conditions, the optimal skewed Halbach-array PM TORUS motor exhibits 4%
higher back-EMF and 9.3% lower cogging torque compared to a benchmark TORUS motor. During on-
load operation, the proposed motor shows an 8% increase in average torque compared to the benchmark,
accompanied by a significant 7.8% reduction in torque ripple. The rationale behind this enhanced torque
capability is explained in detail and is found to be due to enhanced flux-concentration and flux-cancellation
effects within the motor. The efficiency of the proposed TORUS motor is enhanced. The results confirm
the superiority of the combined skewed Halbach PM Array techniques to improve TORUS PM motor
performance and suggest suitable configurations for this combined technique in EV motors.

INDEX TERMS Axial flux permanent magnet machines, double-sided axial flux machines, skewed
permanent magnet, Halbach permanent magnet arrangement, electric vehicles.

I. INTRODUCTION

The advent of electric vehicles (EVs) signifies a significant
shift in transportation, providing environmentally friendly
mobility options while addressing issues associated with
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traditional internal combustion engines [1], [2], [3], [4].
Permanent magnet (PM) machines have become widely
utilized as electric motors in EVs, capitalizing on their
notable benefits such as superior efficiency, torque density,
and the elimination of field excitation [5], [6], [7], [8].
Axial flux permanent magnet (AFPM) motors have emerged
as an attractive choice for EV propulsion due to their
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impressive power density and cost-effective production
methods [9], [10], [11]. Particularly, axial flux double-
sided motors referred to as the TORUS motor, characterized
by a single stator core positioned between two rotors,
have garnered attention in recent EV studies for their
outstanding attributes [12]. These motors demonstrate high
torque density per PM volume, enhanced efficiency, and
a wide operating speed range. Moreover, they offer the
advantage of streamlining the manufacturing process by
reducing the number of components in the motor compared
to other AFPM motors [12], [13].

Previous developments in TORUS and other type of AFPM
motors for EVs have concentrated on improving torque den-
sity, reducing torque ripple and cogging torque, and enhanc-
ing efficiency [5], [14], [15]. Nonetheless, a significant
challenge continually being investigated is the possibility to
either maintain or decrease magnet volume while increasing
torque per unit volume. To achieve this objective, various
methods have been investigated, including adjusting pole
combinations, modifying stator shoes, altering PM shapes,
changing iron core materials, employing Halbach-array PM
configurations, and employing skewed magnet techniques.
Particularly, an intriguing approach to enhancing machine
performance involves adjusting the PM configuration such
as shaping, Halbach-array arrangements, and skewed magnet
techniques. These methods appear readily achievable without
incurring extra costs and while ensuring the possibility to
maintain or reduce the total PM volume. The fundamental
idea behind these techniques is to optimize magnetic field
utilization and concentrate flux within the structure to
enhance machine performance. Numerous literature surveys
have performed several of the above-mentioned techniques to
improve the performance of AFPM motors.

In 2006, the skewing PM technique was considered by the
authors on [9] to minimize torque ripple in AFPM motors.
The research highlighted the significant enhancement in
torque capability of TORUS configuration among various
AFPM designs. In 2021, an optimized stator shaping
technique was applied for single-sided AFPM motors by seg-
menting and adjusting stator segments, resulting in decreased
cogging torque and improved machine efficiency [10].
Another investigation using an N-N configuration where a
north pole faces another north pole in TORUS motors with
skewed PMs [16] demonstrated a notable reduction in torque
ripple and simultaneously enhancing the machine’s torque
capability. Similarly, a method employing skewed PMs,
derived from the configuration of a single skewed PM tech-
nique was developed to reduce cogging torque in yokeless
and segmented armature (YASA) AFPM motors [16]. This
technique involved the adjustment of multiple magnet angles,
demonstrating a significant reduction of the YASA machine
cogging torque. Additionally, Z. Islam et al. conducted a
comparative study of various geometric shapes of TORUS-
type motors to identify the most efficient structure [17].
Among these shapes, the arc-shaped rotor configuration
demonstrated the highest efficiency and torque performance.
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Furthermore, a technique proposing an angled triangular
right pentagon shape was introduced to enhance torque
per magnet volume and reduce torque ripple of AFPM
motors in [18].

In 2016, the concept of transforming from a conventional
PM configuration to a Halbach-array PM arrangement for
TORUS motors was introduced [19]. This arrangement
substantially increased torque per unit volume due to
improved magnetic field utilization. Subsequent studies have
also utilized Halbach-array PM arrangements to enhance the
performance of AFPM motors. In 2019, Z. Zhang et al. aimed
to enhance AFPM machine performance at high rotational
speeds by optimizing the design of the Halbach-array PMs
in the rotor [20], resulting in significantly improved perfor-
mance in the high-speed range. In another advancement in
2021, anovel AFPM structure combining radial and axial flux
with Halbach-array PMs was proposed to intensify magnetic
flux density in the air gap [21]. This research identified a
correlation between PM magnetization orientation and the
number of segments per pole pair. The recent tendency
of employing Halbach-array PM arrangements persists in
current research. For example, C. Huang et al. [22] employed
the Halbach-array technique at the outer rotor and stator core,
optimizing machine design parameters and demonstrating
enhanced machine performance.

Past research demonstrates the substantial performance
enhancement that can be achieved by employing the skewed
magnet technique or the Halbach PM arrangement in AFPM
machines. While each of these two techniques has been
independently utilized, their combination has not yet been
explored and implemented in AFPM machines. Therefore,
this research aims to address this gap in the current literature
by introducing a combined approach of skewed magnet and
Halbach-array PM techniques with application to a TORUS
motor design. Since this combination is being introduced
for the first time, it is crucial to investigate the appropriate
approach for applying this combination in the TORUS
motor, an aspect that has not been previously discussed
or evaluated. These unexplored aspects offer significant
potential for gaining insights into the advantages and trade-
offs associated with these specific configurations. In this
context, the contributions of this work are: 1) Introduction
of the combined application of skewed magnet and Halbach-
arrays PM techniques in an AFPM TORUS machine and
2) The comparative analysis and design optimization of the
configuration of the skewed magnet and Halbach-arrays PM
rotor of the TORUS motor using 3D finite element analysis
simulations.

Section II of this paper explains the topology of the
skewed Halbach-array PM TORUS motor. Section III details
the design procedure encompassing the selection of design
variables, and optimization process using response surface
methodology (RSM). Section IV evaluates the performance
of the candidate machine and compares it with a benchmark
machine. Finally, Section V presents the conclusions of this
research.
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FIGURE 1. Topology of the benchmark TORUS PM motor.
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FIGURE 2. Configuration of dual skewed PMs in the proposed.

Il. MACHINE TOPOLOGIES
In this study, we adopt a state-of-the-art TORUS PM motor
previously developed in [23] as a baseline for comparison.
As shown in Fig. 1, the benchmark three-phase TORUS
motor contains 24-stator slots/20-rotor poles. It is assembled
by a single stator core positioned between two rotors. The
structure employs a concentrated winding. Each rotor pole
contains NdFeB PM with adjacent pole having opposite
polarity. Soft magnetic composite (SMC) material is used
for the core to achieve low core losses, enhance magnetic
permeability, and improved efficiency. This TORUS PM
motor is selected for benchmarking purposes in this study due
to its high torque density which ranks very high compared
to the other AFPM motors existed in the literature, as well
as its features well suited for EV applications. The rotor
of the proposed skewed Halbach-arrays PM TORUS motor
is designed by arranging the PMs into a Halbach-array
which features the center magnet sandwiched between two
adjacent magnets. The center magnet in a Halbach array
typically functions as the primary magnet, indicating the main
direction of magnetic flux circulation. Additionally, it has
a substantially larger volume compared to the two adjacent
magnets, which consequently serve as secondary magnets.
As shown in Fig. 2, the magnetization of secondary
magnets is set as 45 degrees with respect to the magnetization
orientation of the primary magnet in order to enhance the
concentration of air-gap magnetic flux and the magnetic
flux circulation within the rotor. The magnetization of the
sandwiching magnets pointing to the stator is set to be
45 degrees pointing into the center magnet magnetization
orientation, while that of the sandwiching magnets pointing
to the rotors is set to be 45 degrees out of the center
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FIGURE 3. Configuration of the proposed skewed Halbach-array PMs
rotors. (a) Model 1. (b) Model 2.

magnet magnetization orientation. After implementing the
Halbach array configuration, the skewed magnet technique
is applied to the Halbach PM array with two possible
comparative configurations: namely the Halbach-array PM
with only secondary PMs can be skewed (Model 1), as shown
in Fig. 3(a) and the Halbach-array PM with primary PM
and secondary PMs can be skewed (Model 2), as shown
in Fig. 3(b). These designs are a favorable to create a
flux-concentrated and flux-cancelling effect, maximizing
interaction with the stator windings. This approach also
facilitates partial cancellation of magnetic fields on one side.
This flux-cancelling effect is another approach in minimizing
losses and maximizing the productive magnetic flux where it
is needed most, which improves a net magnetic field in the
desired direction.

A comparison of these two configurations in-terms of
their performance is presented in this paper. The design
objectives are also based on the requirements in application
to EVs, mainly to improve the torque capability, and torque
density, reduce torque ripple and minimize magnet volume.
The structural parameters of the benchmark structure, as well
as optimal structure of the two skewed Halbach-array PM
are shown in Table 1. The optimized configuration of these
two models is achieved through the optimization procedure
explained the next section.

Ill. DESIGN OPTIMIZATION
In order to achieve highest performance for the proposed
dual skewed Halbach-array PM TORUS motor, both the
Halbach-array and dual skewed PM configurations have been
optimized. The optimization process as shown in Fig. 4. The
following steps outline the further details

Step 1: Initialize the configuration of skewed Halbach-
array PMs TORUS motors.

Step 2: Define objective functions and constraints.

Step 3: Select design variables and prioritize them through
sensitivity analysis.

Step 4: Construct response surfaces for the prioritized
design variables.

Step 5: Obtain the optimal structure of TORUS motors
using response optimizer.

Step 6: Evaluate the performance of both TORUS motors
and make a comparison to each other.

VOLUME 12, 2024



P. Srikhumphun et al.: Design Optimization and Comparative Study

IEEE Access

TABLE 1. Machine specifications.

Parameters (unit) Benchmark ~ Model 1 Model 2
Axial length (mm) 60
Stator outer radius (mm) 130
Stator inner radius (mm) 65
Air gap length (mm) 1
Height of stator (mm) 38
Height of stator yoke (mm) 12
Width of stator yoke (mm) 13
Length of stator yoke in 43
radial direction (mm)
Stator teeth outer width (mm) 29
Stator teeth inner width (mm) 12
Height of PM (mm) 5
PM pole arc, a,, (degree) 16.5
PM pole pitch, a,, (degree) 18
oy, (degree) - 0.9 0.17
oy, (degree) - 0.53 1.18
o (degree) - -0.42 -0.67
HBy., (degree) - 3.77 2.34
[ Start ]
v
Initialize the configuration of Model
1 and Model 2
]

Choose objective functions and
establish constraints

]

Select design variables Analyze
sensitivity index of design variables

]

Analyze sensitivity index of design
variables

]

Construct response surface for the
prioritized design variables

]

Select optimal solution of both
models

]

Evaluate the performance of both
models and compare with
benchmark structure

)

FIGURE 4. Flowchart indicating design optimization process.

A. OBJECTIVE FUNCTIONS AND CONSTRAINTS

In this study, as illustrated in Fig. 3 and 5, two variations
of the skewed Halbach-array PM TORUS motors, namely
Model 1 and Model 2 are considered. Both models are
designed for application as EV traction motors and therefore
the objective function is defined with a primary objective
of maximizing average torque and secondary objective of
minimizing torque ripple. The design constraints are defined
such that:
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FIGURE 5. Design variables of the skewed Halbach-array PM TORUS
motors. (a) Model 1. (b) Model 2.

1) Optimization is performed under the same current
density and rated speed of 1,200 rpm when the current
frequency is 200 Hz

2) Both machines utilize the same stator design as
benchmark structure and has an inner and outer radius for the
rotor fixed, as well as the length for the stack lamination is
maintained to be the same as that of the benchmark machine

3) The proposed machine also employs the same core
material and PM material as the benchmark structure, and

4) Volume of PM of both TORUS motors not greater than
that of the conventional structure.

B. DESIGN VARIABLES AND SENSITIVITY ANALYSIS
The design variables for Model 1 and Model 2 of the proposed
TORUS motors are depicted in Fig. 5. HBgeg is the arc angle
of the center magnet, measured outward from the center of
the pole arc at the midpoint between the inner rotor radius
and the outer rotor radius. The skewing angles of the adjacent
magnets are defined as following: o, represents the angle at
the upper-right corner (point C), og represents the angle at
the bottom-right corner (point D), and « signifies the angle
at the left corners relative to point E. The reference point of
these skewing angles is at the edge of the pole arc in which
those angles are measured as the angle pointing toward the
center of the pole. It should be noted that in the difference in
configuration between Model 1 and Model 2 is primarily that
the magnet of Model 2 will be skewed according to the values
of ayr, by, and o1, while the main middle magnet in Model
1 will remain non-skewed. It is important to note that the
design parameters are varied according to their sensitivity-
based constraints.

In the machine design and optimization, performing
a sensitivity analysis of design variables is essential for
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TABLE 2. Levels and related values of BBD of design variables.

Parameters Model 1 Model 2
(unit)
-1 0 1 -1 0 1

oy, (degree) 0 2.5 5 0 2.5 5

ay, (degree) 0 2.5 5 0 2.5 5

o (degree) -5 -2.5 0 -5 -2.5 0

HBy., (degree) 0 2.5 5 0 2.5 5
TABLE 3. Sensitivity indices of design variables.

Model 1 Model 2
Parameters
(unit) Sensitivity Sensitivity
Stavg Sy level Stavg  Strip level

oy (degree) 53.7% 4.7% Higher  28.7% 15.8%  Higher

233% 4.8% High 9.6% 33.4%  High
33.9% High 17.7% 8.6% High
Higher 14.3% 41.6%  Higher

oy, (degree)
o (degree) 7.3%
HBge, (degree) 27.9% 97.9%

assessing the relative influence of these parameters on the
design objectives. Therefore, prior to optimizing the design
variables, the dependency of oy, tpr, tcl and HBgeg have
been analyzed through a sensitivity analysis. This process
facilitates achieving optimal performance and also minimizes
computational time. A comprehensive sensitivity index in
percentage S;(%) is used to quantify sensitivity:

oF (X) F (Xo + AX;) — F(Xo)
Ix=x, = x

100
ey

where F(X) is objective function, X is the design variable,
X; is the value of the design variable, Xy is the initial
value of the design variable. Table 2 defines the variation
range of design variables for sensitivity analysis, based
on adjustable values relevant to the machine structure.
To identify sensitivity indices of the design variables,
randomly generated samples were obtained using the Box-
Behnken Design (BBD), a strategic method for generating
a well-distributed set of experimental points across the
design space [24]. The related levels of the design variable
range in BBD are represented by —1 (minimum value), 0
(central value), and 1 (maximum value). From Table 3, the
comprehensive sensitivity indices of all design variables are
detailed, focusing on the objectives of average torque, Tayg,
and torque ripple, Trip. Considering the EV-specific design
objective, typically featuring a weight ratio between Ty, and
Tiip of 0.8:0.2. From the results, it is noticeable that for both
the models, parameters o, and HBgee have higher sensitivity
indices compared to that of a and «(). As a result, these
sensitivity findings will steer as constraints during subsequent
optimization using RSM.

Si(%) =

C. OPTIMIZATION OF DESIGN VARIABLES USING RSM
In this study, optimization based on RSM under sensitivity-
based constraints is performed to identify the most suitable
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TABLE 4. Optimizer settings based on BBD.

Output Min. value Goal Max. value
parameter Objective Weight
. Model I Model 2 value Model I Model 2
(unit)
Average lorque \ p. imizing 220 230 250 ; 0.8
(Nm)
g}z;que HPPIC  \ finimizing ; 0 13 13 02

values for all design variables. In this work, for the sys-
tematic creation of experiments in response surface analysis,
randomly generated samples were obtained using the BBD.
Equation (2) outlines the general form of a response surface
model, where the corresponding response, Y, is given by:

Y = Bo + 2 (BiXo) + = (BiX?) + % (B;X)) +& ()

where Y represent the response value, B, is a constant
term, B; and B;; are the first and second-order coefficients,
respectively. The parameter B; denotes a second-order
interaction term and e represents the difference between
the observed values of Y and that predicted by the model.
It accounts for unobserved or random factors that influence
the dependent variable Y, however but are not explicitly
included in the response model.

Fig. 6 display the surface plots of the sensitivity-based
design parameters versus the objective functions of Model
1 and Model 2, respectively. Each of the response surfaces of
these machines are constructed from 25 actual experimental
data points acquired through BBD. Results demonstrates that
each design parameter exhibits a substantial influence on both
T,vg and Tyjp, affirming that optimizing these variables can
greatly enhance the performance of both machines.

To determine the optimal values of the design vari-
ables, the optimizer selects them based on the objective
functions, desired goal values, constraints, and weights,
all tailored to the context of EV applications, as shown
in Table 4. As illustrated in Fig. 7, the influence of the
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FIGURE 7. Influences on the design variables on motor performance at
optimal solution. (a) Model 1. (b) Model 2.

design variables on motor performance at optimal solution
revealed that the optimal point of Model 1 occurs at oy =
0.17 degrees, HBgeg = 3.77 degrees, ay; = 0.53 degrees, and
o] = —0.42 degrees, while that of Model 2 occurs at ayy =
0.17 degree, HBgeg = 2.34 degree, oy, = 1.18 degree, and o)
= —0.67 degree. With these optimal design values, Model
2 of proposed TORUS motor produces an average torque
of 248.5 N-m and a torque ripple of 10.6%, while Model
1 produces an average torque of 242.6 N-m and a torque
ripple of 11.22%. Comparison of torque capability between
Model 1 and Model 2 clearly indicate that Halbach-array
PM TORUS Model 2 achieves better performance. When
compared to the benchmark machine, the Model 2 achieves
an 8% improvement in average torque capability with a 7.8%
reduction in torque ripple.

IV. PERFORMANCE EVALUATION

To validate the optimization process, the electromagnetic
performance of the proposed skewed Halbach-array PM
TORUS motors have been evaluated and compared with
the benchmark motor using 3D finite element analysis.
The comparison is conducted at a rated operating speed of
1200 rpm with an identical current density of the stator coils.

A. NO-LOAD PERFORMANCE

The no-load back-EMF profiles of the proposed TORUS
motors are shown in Fig. 8 and are compared to the
benchmark motor. Model 1 and Model 2 of the TORUS
motors exhibit back-EMF values of 98.5 and 99.2 Vrms,
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FIGURE 8. Open-circuit phase back-EMF. (a) Waveforms. (b) Harmonics.
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FIGURE 9. Comparison of cogging torque between two TORUS motors.

respectively, representing 2.6% and 3.3% improvements over
the benchmark. Analysis of the harmonic spectrum reveals
that Model 2 has the lowest total harmonic distortion (THD)
at 27.7%. Moving to Figure 9, the peak-to-peak cogging
torque for Model 1 and Model 2 is measured at 10.3 and
14.5 N-m, respectively, indicating reduction of 35% and
9.3% compared to the benchmark. This reduction implies the
superior performance of the TORUS motors during initial
and low-speed operation, potentially minimizing torque
ripple effects. In Fig. 10, a comparison of magnetic field
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FIGURE 10. Comparison magnetic field distribution between two TORUS
motors.
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FIGURE 11. Comparison of torque waveforms between benchmark,
Model 1, and Model 2 TORUS motors.

distribution is depicted. It illustrates that Model 2 exhibits
a superior concentration of the magnetic field extending
from the rotor PM to the armature winding area compared
to Model 1 and the benchmark structure. This distribution
directly affects the overall magnetic field passing through
the armature winding area. The improved concentration in
Model 1 and Model 2 is attributable to the Halbach-array PM
arrangement which enhances magnetic field utilization, back-
EMEF, and electromagnetic torque. Moreover, the utilization
of skewed PMs in both Model 1 and Model 2 provides a
more uniform distribution of magnetic force between the
stator and rotor, thereby contributing to reduced cogging
torque. Overall, Model 2 demonstrates the highest no-load
performance.

B. ON-LOAD PERFORMANCE

Figure 11 presents a comparative analysis of torque wave-
forms between the benchmark, Model 1, and Model 2.
It highlights that Model 2 produces an average torque
of 248.9 N.m, while Model 1 achieves 243.5 N.m. The
average torque produced by Model 1 and Model 2 are
5.7% and 8.1% respectively, which is an improvement over
the benchmark. Moreover, Model 2 exhibits a reduction
in torque ripple from 11.5% of the benchmark to 10.6%,
indicating enhanced operational smoothness as an EV motor.
Conversely, Model 1 shows a slight reduction in torque
ripple compared to the benchmark. The reduction in torque
ripple in the proposed motors is attributed to the mitigation
of flux harmonics through the integration of Halbach-array

99918

TABLE 5. Comparison of electromagnetic performance at 1200 rpm.

Parameters (unit) Benchmark Model 1 Model 2
EMF (Vims) 96.0 98.5 99.2
Cogging torque (N-m,.,) 16 10.3 14.5
Rated current (Ayps) 153.1

Average torque (N-m) 230.2 242.86 248.52
Torque ripple (%) 11.5 11.22 10.6
PM volume (mm?) 364,280 350,551 349,126
Torque density (N-m/ mm?®) 72,514 76,237 78,014
Torque/PM volume (N-m/L) 634 692 682
Efficiency (%) 93.5 93.9 94.2

and skewing PM techniques. These findings unequivocally
confirm that the torque capability of Model 2 superior to
that of the other motors compared in this study. For future
designs, several techniques can be implemented to further
reduce torque ripple. These include rotor segmentation,
notching of stator or rotor teeth, adding magnetic flux
barriers, and shifting the stator shoes. Table 5 provides
a comprehensive comparison of the output characteristics
of three motors. All machines operate at a rated speed
of 1200 rpm while maintaining identical current densities
of 17 A/mm. The comparison of torque capability shows
that both proposed models exhibit higher torque density and
torque/PM volume compared to the benchmark structure.
The efficiency of Model 1 and Model 2 has been enhanced,
reaching 93.9% and 94.2%, respectively. Notably, both
Model 1 and Model 2 surpass the benchmark motor in
every aspect while also incorporating a lower volume of
PMs. This demonstrates that implementing the skewed PM
and Halbach-array PM techniques in the TORUS motor
not only enhances the machine’s torque capability but also
reduces its total cost. Particularly, the overall analysis clearly
indicate that Model 2 exhibits the highest electromagnetic
performance. Therefore, the findings demonstrate the supe-
rior performance of the skewed Halbach-array PM TORUS
motor, making it an excellent choice for EV applications. For
future projects, it is suggested to incorporate experimental
validation.

V. CONCLUSION

The study compared and investigated the electromagnetic
performance of TORUS motors utilizing combined skewed
PM and Halbach-array PM techniques. Two configurations
of skewed PM Halbach-array PM rotors were considered:
Model 1, with only secondary PMs skewed, and Model 2,
with both primary and secondary PMs skewed. These
configurations were designed and compared using surface
response optimization to meet performance requirements
for EV applications. While both proposed TORUS motor
models produce significantly improved EMF compared to
the benchmark structure, Model 2 achieved the lowest
THD. The cogging torque of both proposed models were
shown to be lower. Improved average torque and lower
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torque ripple were achieved for both proposed motors.
Particularly, Model 2 was shown to produce the highest
average torque of 248.9 Nm, which is 8.1% higher than

the

benchmark, while its ripple was shown to be 10.6%

lower than the benchmark. The magnetic field distribution
has been discussed and this paper provides the rationale
behind this performance improvement, indicating that the
skewed Halbach-array PM rotor configuration significantly
enhances magnetic field utilization within the TORUS motor
structure. The efficiency of both proposed TORUS motors has
also been enhanced, reaching 93.9% and 94.2% for Model
1 and Model 2, respectively. Overall, both Model 1 and
Model 2 outperform the benchmark motor in every aspect
while also containing a lower volume of PMs. Particularly,
Model 2 exhibits the highest electromagnetic performance.
These findings confirm the effectiveness of implementing
the combined techniques of skewed and Halbach-array PM
arrangement for TORUS machines. The proposed motor is
therefore considered as a promising choice for use for EV
applications.
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