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ABSTRACT This research paper introduces a novel double-stator (DS) hybrid-excited (HE) flux reversal
permanent magnet (FRPM)machine with Halbach PM arrays, specifically designed for electric vehicle (EV)
traction applications. The study commences with a detailed description of the operating principle of the
proposed machine. The machine design incorporates a comprehensive sensitivity analysis of its structural
design variables, followed by a multi-objective optimization utilizing the NSGA-II algorithm. The results
clearly show that the proposed DS-HE-FRPM machine outperforms the benchmark in several key aspects
while adhering to the same PM volume constraint. It exhibits significantly improved back electromotive
force, and substantially lower cogging torque. Notably, when compared to the benchmark, the optimized
structure of the DS-HE-FRPMmachine highlights a notable 22.4% enhancement in electromagnetic torque,
while effectively keeping torque ripple at a low level. The underlying reasons behind these notable improve-
ments of the proposed machine structure are explained in detail, providing a comprehensive understanding of
their rationales. These findings suggest that the innovative DS-HE-FRPM machine holds significant torque
potential, which could greatly enhance the performance and efficiency of EVs. This represents a highly
promising development in the field of traction applications.

INDEX TERMS Permanent magnet machine, flux reversal, Double stator, Halbach permanent magnet array,
hybrid excitation.

I. INTRODUCTION
Flux reversal permanentmagnet (FRPM)machines are highly
promising for a wide range of applications, such as electric
vehicles (EVs), aerospace, low-speed servo, and wind power
generation, owing to their simple structure, robust unexcited
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reluctance rotor, high winding utilization, and wide-range
operation [1], [2], [3]. However, the dual salient pole struc-
ture of FRPM machines, with permanent magnets (PMs)
mounted on the stator teeth surface, leads to several draw-
backs. These include high torque ripple and cogging torque,
limited flux regulation capability due to the fixed air-gap flux
of PMs, relatively high flux leakage, and lower torque density
compared to other stator-PM machines [4], [5], [6]. Various
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approaches have been proposed in the literature to address
the limitations of FRPM machines. These include modifica-
tions to the structural configuration, winding configuration,
PM arrangement, as well as the utilization of advanced design
techniques such as transverse-flux configurations, partitioned
stator (PS), double-stator (DS), hybrid excitation (HE) and
Halbach magnet arrays [7], [8], [9], [10]. Among these
approaches, the latter three approaches have been thoroughly
studied and well-documented in the literature to enhance the
performance of PM machines specifically for applications
that demand high torque requirements.

The HE technique features DC excitation along with arma-
ture excitation. This technique has been extensively studied in
the literature to extend the operating range, improve torque
density, and enhance the flux regulation capability of several
PM machines. In [6], a HE technique was proposed and
implemented to enhance the electromagnetic performance
and flux regulation capability of the PS-HE-FRPM machine.
In 2019, a comprehensive review of HE machine topolo-
gies was conducted [7]. The study concludes that the HE
technique can effectively regulate the magnetic field, lead-
ing to enhanced low-speed torque and a wider operating
range. Z. Pan et al. proposed a stator-FRPM machine with an
arc PM configuration. It was demonstrated that this design
offers higher torque density, lower torque ripple, and a wider
range of flux regulation capability compared to traditional
designs [8]. Additionally, an investigation on asymmetric
consequent-pole HE-FRPM machines, exploring two differ-
ent asymmetrical topologies was conducted by Wei et al. [9].
This study reveals a novel understanding of the relationship
between torque components generated by airgap magnetic
field space harmonics and the phase shift between the phase
flux-linkages due to the DC excitation and the PM fixed
excitation.

In addition, reducing magnetic flux leakage within the
structure of the PM machine is an essential aspect of enhanc-
ing the performance of FRPM machines. One effective
approach to achieve this is through the utilization of Hal-
bach PM arrays. These arrays consist of PMs with different
polarities combined in a specific configuration. They not
only minimize flux leakage throughout the PM machine’s
structure but also mitigate the risk of demagnetization. The
use of Halbach PM arrays has been widely used to improve
the performance of PM machines. In 2009, the Halbach
PM arrangements were installed on a surface-mounted PM
machine, which led to a potential reduction in flux leakage
and demagnetization risk [10]. Similarly, Shen et al. demon-
strated the effectiveness of Halbach PM arrays by filling
the slot opening of a vernier reluctance linear machine with
a Halbach arrangement, leading to a significant improve-
ment of over 30% in thrust force density [11]. Additionally,
Du et al. introduced a PS-HE machine with slot Halbach
permanent magnet arrays, which exhibited a remarkable 76%
increase in torque output compared to the conventional PS-
HE machine, while simultaneously reducing the occurrence
of PMflux leakagewithin stator [12]. Recently, a consequent-

pole FRPMmachine structure integrated with Halbach arrays
was proposed [5]. This configuration not only enhances
torque output but also reduces flux leakage without compro-
mising efficiency.

In recent years, double-stator PM machines have garnered
attention due to their potential high performance. The incor-
poration of a double-stator configuration in PMmachines has
shown promising results in terms of torque density, power
factor, and efficiency improvements. In 2014, a DS vernier
PM machine was investigated, showcasing a higher power
factor and increased torque capacity, especially at low speeds
[13]. Another noteworthy development exhibiting superior
electromagnetic performance, higher flux regulation capabil-
ity, and a lower cost for a DS-HE flux-switching machine
utilizing ferrite magnets for excitation was presented in [14].
Gao et al. demonstrate the application of the DS technique,
focusing on a vernier PM machines with a consequent-
pole Halbach-array PM rotor offering higher torque density,
improved efficiency, and lower cogging torque compared to
the conventional designs [15].

Literature on FRPM machines also identifies several weak
points such as weak flux regulation capability, relatively large
flux leakage, and high torque ripple and cogging torque.
To address these limitations, this paper introduces a novel
double-stator hybrid excited flux reversal permanent magnet
(DS-HE-FRPM) machine with Halbach PM arrays. To-date
combination of these techniques has not been applied to
FRPM machine design and is one of the key contributions
presented in this paper. The machine design was carried
out through a sensitivity analysis of key design variables,
followed by a multi-objective optimization using the NSGA-
II algorithm, based on finite element analysis. The primary
objective of the design was chosen to enhance torque density,
suppress torque ripple, reduce flux leakage, and ultimately
achieve superior overall performance.

The manuscript is arranged as follows: Section II explains
the topology and operating principles of the DS-HE-FRPM
machine, while Section III outlines the optimization of the
design using the NSGA-II algorithm. Section IV evaluates the
electromagnetic performance of the proposed machine using
2-D finite element analysis and compares it with a benchmark
FRPMmachine. Finally, conclusions are drawn in Section V.

II. MACHINE TOPOLOGY AND OPERATING PRINCIPLE
Fig. 1(a) presents the benchmark three-phase FRPMmachine
adopted from [1]. This design has been extensively studied
for its exceptional low-speed/high torque operation, overload
capability, high torque density and flux-weakening capabili-
ties. This machine features a 12-stator slot/17-rotor pole HE
structure, where both the armature and DC field windings are
placed within the same stator slot. Each stator tooth contains
two PMs of the same polarity, while the adjacent teeth have
PMs with opposite polarity. To enhance its performance,
a novel design referred to as the DS-HE-FRPM machine is
proposed in this paper and depicted in Fig. 1(b). The main
specifications of this design are provided in Table 1.
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FIGURE 1. Topology of (a) the benchmark and (b) the DS-HE-FRPM
machine.

TABLE 1. Main specification of machines.

The DS-HE-FRPM configuration incorporates a double-
stator arrangement with hollow rotor constructed in the form
of iron pole pieces sandwiched between the two stators. The
inner and outer stator teeth are in alignment and aims to
enhance themachine’s flux regulation capability. The number
of inner stator and outer stator teeth, as well as the rotor
pole, remains consistent with benchmark design. The deter-
mination of the appropriate number of stator teeth and rotor
poles can be achieved by employing a theoretical expression
specifically developed for initializing the number of pole
combinations of FRPM machines, denoted as (1) [16]:

Pr = 3Ps ± K (1)

where Ps, Pr, andK are the number of stator slots, the number
of rotor pole pieces, and the stator pole-pairs, respectively.

FIGURE 2. Flux path of the DS-HE-FRPM machine. (a) Positive DC field
(flux-enhancing). (b) Negative DC field (flux-weakening).

The armature windings are distributed both on the outer and
inner stators and have the same winding pattern. A radi-
ally magnetized permanent magnet serves as the primary
excitation source, generating a constant magnetic field with
alternating polarities on adjacent teeth. The DC windings are
wound alternately on the inner stator teeth, and produce flux
that interacts with the iron poles, enabling flux-enhancing
or flux-weakening operation and thereby offering enhanced
flexibility in regulating flux-linkage, making it a crucial
feature for numerous applications. Halbach PM arrays are
positioned on the outer stator teeth, comprising tangentially
magnetized PMs placed adjacent to the slot openings. Despite
maintaining the same volume of PMs and the structural
simplicity as the benchmark design, this Halbach topology
aims to reduce leakage flux, improve magnet utilization, and
minimize cogging torque of the machine.

In order to further elaborate the working principle of the
proposed DS-HE-FRPMmachine in this paper, the flux paths
during positive and negative excitation currents are illustrated
in Figure 2. When a positive DC field is applied, the resulting
flux aligns with the primary flux generated by the PMs as
depicted in Figure 2(a) and increases the effective flux link-
age. Conversely, when a negative DC current is introduced,
the flux opposes the primary flux direction as depicted in
Figure 2(b) resulting in a lower flux linkage, thereby yielding
a weakening effect.

The flux circulation excited by PM under no-load were
investigated at various positions of the rotor, and are depicted
in Fig. 3. The main circulation path of flux, as indicated by
the arrow line, divides into clockwise and counterclockwise
directions with varying rotor positions. This division leads
to the formation of two poles with opposite polarities. The
figures also reveal an alignment of the magnetic field within
the designated main flux path in both the inner and outer
stators of the DS-HE-FRPM machine, thereby achieving
superior magnetic field utilization. Moreover, it demonstrates
consistently low leakage flux throughout the structure. These
findings demonstrate potential to achieve higher performance
capabilities of the structure compared to current state of the
art DS- FRPM machines.

The characteristics of the machine under field excitation is
examined through the waveforms and spectral analysis of the
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FIGURE 3. No-load flux distribution excited by only PMs at rotor position
of (a) 0 (b) 90 (c)180, and (d) 270 electrical degrees.

FIGURE 4. No-load phase flux-linkage waveforms under different
excitation conditions (Jdc = 4.3 A/mm2).

no-load flux linkage under different polarities of a rated DC
field current density, Jdc, (4.3 A/mm2), as presented in Fig. 4.
At 0◦ rotor electrical position, both the negative and positive
peaks of flux linkage are observed, while the flux linkage
reaches zero values at 90◦ and 270◦ rotor electrical positions.
These characteristics of the flux linkage amplitude variation
serve to validate the processes of flux enhancement and weak
flux weakening. It is important to note that the waveform
of the flux linkage with sole PM excitation aligns well with
the flux lines depicted in Fig. 3. Also, a slight change in
the flux-linkage under DC field excitations is observed under
DC field excitation. The condition of maximum flux linkage
is achieved under flux enhancement. The open-circuit flux
line distribution of the proposed machine is shown in Fig. 5
under various field excitation conditions. The arrow lines
indicate the main flux path. It is evident that the magnetic
flux produced by the DC excitation can be overlaid onto the
main flux generated by the PMs, leading to a modification
in the magnetic flux linkage. Consequently, the magnetic
flux density can be regulated in accordance with both the
flux-enhancing and flux-weakening conditions.

FIGURE 5. Open circuit flux line distribution under different field
excitation conditions. (a) Jdc = −4.3 A/mm2. (b) Jdc = 0 A/mm2.
(c) Jdc = 4.3 A/mm2.

FIGURE 6. Flowchart of the optimization design.

III. DESIGN OPTIMIZATION USING NSGA-II ALGORITHM
In order to achieve the highest performance of the DS-HE-
FRPM, its structural design variables based on their design
sensitivity are optimized. The optimization is conducted
under flux-enhancing condition which generates the highest
flux linkage and maximum electromagnetic torque. Fig. 6
outlines the four-step optimization procedure.
Step 1: Define the objective functions.
Step 2: Select key design variables and their optimization

constraints based on sensitivity analysis.
Step 3: Perform the NSGA-II algorithm to optimize the

parameters. Obtain the optimal Pareto front.
Step 4:Compare the machine performance before and after

optimization.

A. OBJECTIVE FUNCTIONS
The DS-HE-FRPM machine was specifically designed for
low-speed high torque traction applications and therefore the
primary focus lies on enhancing its torque capability, where
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FIGURE 7. Design variables.

the optimization objective functions are defined to attain the
goals of maximizing average torque, Tavg, and minimizing
torque ripple, Trip.

B. DESIGN VARIABLES AND SENSITIVITY ANALYSIS
The optimization process primarily focuses on the design
variables of the rotor and inner stator, while the outer stator
remains unchanged. To ensure the robustness of the inner
stator, the inter-stator teeth and yoke width were set to a
minimum value of 4.5 mm. A definition of the seven selected
design variables is provided in Fig. 7. To achieve the best
optimization performance as well as minimize computational
effort, a sensitivity analysis was conducted on these design
parameters. The comprehensive sensitivity index, Sc, is set
as (2): Sc(x) = λ1

1Trip
1x

+ λ2
1Tavg
1x

λ1 + λ2 = 1
(2)

where x represents the design variable, Trip and Tavg are
the baseline values for torque ripple and average torque,
respectively. The variables1x,1Trip and1Tavg represent the
corresponding rate of change for each parameter with respect
to the parameter under optimization. The weight coefficients,
λ1 and λ2, are assigned values of 0.2 and 0.8, respectively.
These weights have been chosen in accordance with the
typical requirements for EV traction applications, taking into
account that the torque ripple of the machine structure is
minimized while also being able to prioritize maximization
of the average torque production. To achieve high-precision
sensitivity analysis and efficiency, the maximum allowable
value of 1x is set to 10% and the threshold value for Sc(x)
is set to 0.1. Fig. 8 illustrates the sensitivity of the design
variables on the optimization objectives. It shows that θarc_R,
Hisb, Parc, Wisw and Wiso exhibit considerable sensitivity
to the objectives. These variables were selected for further
optimization, taking into account their relatively high level
of sensitivity. Table 2 lists the chosen variables for opti-
mization, along with their corresponding sensitivity-based
constraints.

FIGURE 8. Sensitivity of the design variables on the optimization
objectives.

TABLE 2. Ranges of design variables.

C. OPTIMIZATION USING NSGA-II
The optimization process is carried out based on NSGA-II
algorithm [17], [18], considering the sensitivity-based con-
straints. The flowchart of NSGA-II is shown in Fig. 9. The
NSGA-II parameters are as follows: population size is 40, the
number of generations is 100, the crossover probability is 0.9,
and the mutation probability is 0.2. Two-dimensional Pareto
front between the average torque and the torque ripple are
shown in Fig. 10. The corresponding optimal solution can be
extracted from the Pareto front. Further explanation regarding
the determination of the best compromise is provided in the
next subsection. To reach convergence and obtain the Pareto
optimal solution, the random initial population undergoes
iterative processes while ensuring that all constraints are
satisfied.

D. FINAL VALUES DETERMINATION
Given that any point on the Pareto front represents a set
of candidate optimal values within the Pareto solutions,
it becomes essential to determine the best compromise. In the
context of PM machine design, the selection of the best
compromise is commonly guided by the precise requirements
of the specific application of the machine, and in this case
is for EV traction applications. Hence, the paramount goal
of this research revolves around attaining the highest torque
capability encompassing both magnitude and ripple. By ana-
lyzing the candidate optimal values depicted in Fig. 10, the
best compromise is determined using a trade-off evaluation
function that takes into account average torque and torque

VOLUME 11, 2023 113259



S. Ning et al.: Novel DS HE FRPM Machine With Halbach Arrays for EV Traction Applications

FIGURE 9. The flowchart of NSGA-II.

FIGURE 10. Two-dimensional Pareto front of torque and torque ripple at
flux enhancing (Jdc = 4.3 A/mm2).

ripple, as outlined in (3) [19]:

fobj = µ1
T ′
avg

Tavg
+ µ2

Trip
T ′

rip
(3)

where fobj is the objective function to be minimized, T′
avg and

T′

rip are the initial values of the average torque and torque
ripple, respectively. µ1 and µ2 are the weight coefficients,
where the sum of µ1 and µ2 is equal to 1. Based on prior
research regarding the optimization design of PM machines,
it has been determined that establishing a weight distribution
ratio of 8:2 for average torque and torque ripple is deemed
suitable for machines intended for EV traction applications.
This is particularly relevant in situations demanding high-
torque, low-speed performance [20]. Consequently, in this
study, µ1 and µ2 are assigned values of 0.8 and 0.2, respec-
tively. By utilizing (3) and analyzing the convergence results,
the figure demonstrates the identification of the best com-
promise. A summary of the differences between the average
torque, torque ripple, and design variables of the initial and
optimal structures is presented in Table 3. The optimized
structure displays an average torque of 4.81 N.m, along with a
torque ripple of 2.09%. These values indicate improvements

TABLE 3. Parameter of initial and optimal DS-HE-FRPM machines.

of 9.6% and 47.1%, respectively, when compared to the initial
design of the proposed machine.

IV. ELECTROMAGNETIC PERFORMANCE EVALUATION
To validate the DS-HE-FRPM machine and the optimization
methodology, the optimized DS-HE-FRPM machine and the
benchmarkmodel are compared using 2Dfinite element anal-
ysis. The comparison is conducted at its rated operating speed
of 300 r/min, with both machines having identical current
densities.

A. BACK-EMF
Fig. 9 displays the waveforms of the back electromotive
force (back-EMF) produced due to the PM magnetic fluxes
in two machines. In comparison, the DS-HE-FRPM machine
exhibits higher peak amplitude of back-EMF, which can be
attributed to its higher number of armature winding turns
and larger slot area. Additionally, in Fig. 11 (b), it is evident
that both machines display a noticeable absence of even
harmonics in their back-EMFwaveforms. The total harmonic
distortion (THD) of the proposed machine is slightly higher
than that of the benchmark machine; however, both values
remain low and within acceptable limits.

B. COGGING TORQUE
Fig. 12 depicts the cogging torque waveforms of both the DS-
HE-FRPM machine and the benchmark. As anticipated, both
waveforms display 12 cycles within a single electrical period.
Notably, the DS-HE-FRPM machine exhibits a 41.7% lower
cogging torque. This significant reduction can be attributed
to its more evenly distributed air-gap flux contributed by the
wider inner stator tooth tip and Halbach PM arrangement.

C. FLUX REGULATION CAPABILITY
Flux regulation capability plays a vital role in evaluating the
electromagnetic performance of hybrid excitation machines
[12], [21]. The flux regulation ratio γ , defined by (4) is com-
monly employed to quantify this effect and is calculated as
the ratio between the difference of flux-linkages under flux-
enhancing and flux-weakening conditions to the flux-linkage
under flux-enhancing [12]:

γ = (ψenh − ψwea)/ψenh (4)
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FIGURE 11. Open-circuit phase back-EMF waveforms excited by PMs and
its spectra. (a) Waveforms. (b) Harmonics.

FIGURE 12. Cogging torque waveforms.

where ψenh and ψwea represent the flux-linkage under
flux-enhancing and flux-weakening conditions, respectively.
Fig. 13 provides a comparison of the flux regulation capa-
bility between the benchmark and DS-HE-FRPM machine.
This assessment is based on their respective no-load flux-
linkage and flux regulation ratio at different DC field
excitation currents. The DS-HE-FRPM machine exhibits a
higher amplitude of flux-linkage but a lower flux regulation
ratio. This indicates that while it possesses a strong capa-
bility to generate flux, it may face challenges in effectively
regulating the flux. Fig. 14 shows the back-EMF waveforms
of both machines under different DC excitation conditions.
Both machines produce smooth and sinusoidal back-EMF
waveforms. Notably, the DS-HE-FRPM machine generates
a higher back-EMF than the benchmark in both scenarios.
However, it is observed that the benchmark exhibits a wider

FIGURE 13. No-load flux-linkage under different excitation currents.

FIGURE 14. Phase back-EMF waveforms under different excitation
conditions (Jdc = 4.3 A/mm2).

FIGURE 15. Comparison of electromagnetic torque waveforms different
excitation conditions (JDC = 4.3 A/mm2).

range of back-EMF variation compared to the DS-HE-FRPM
machine.

D. TORQUE AND TORQUE RIPPLE
A comparison of the torque performance between the bench-
mark and DS-HE-FRPM machine under various field exci-
tation conditions is presented in Fig. 15. When no field
excitation current is applied, the DS-HE-FRPM machine
exhibits a noteworthy 51.6% improvement in torque with a
11.8% reduction in torque ripple compared to the bench-
mark. This enhanced torque performance can be attributed
to the double-stator topology, which increases the slot area of
the armature winding, enabling a higher number of winding
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turns. Additionally, Halbach PM arrays improve the utiliza-
tion of permanent magnets by enhancing the local magnetic
field, as well as reduce torque ripple through a more balanced
air-gap flux distribution. The torque ripple of the proposed
structure remains small and well-maintained under variations
in the field excitation current. Furthermore, when the level
of field excitation current varies, the DS-HE-FRPM machine
demonstrates slight torque variation in contrast to the bench-
mark model.

To explain this slight variation, consider the follow-
ing: When the positive DC excitation current is increased,
it strengthens the magnetic flux density within the main flux
circulation path. This enhancement subsequently leads to a
rise in torque. However, if the excitation current exceeds
the machine’s designated limit, it generates a short-circuit
magnetic flux in specific regions. This occurrence, in turn,
reduces the distribution of flux along the main flux path.
As a result, the torque experiences only a marginal increase
at higher DC excitation currents. On the contrary, when a
negative DC excitation current is applied to the DS-HE-
FRPM machine, it generates a reverse excitation magnetic
field that weakens the magnetic field intensity along the main
flux path. This condition of flux-weakening consequently
leads to a reduction in torque within the proposed struc-
ture, owing to the notably stronger flux-weakening capacity
compared to the flux-enhancing capacity. The discernible
pattern of torque variation aligns harmoniously with the
established back-EMF profile intrinsic to the DS-HE-FRPM
machine under varying field currents. This observed behav-
ior can be attributed to the relatively restrained capability
of the proposed machine to effectively regulate magnetic
flux. Alongside this phenomenon, there appears to be a
marginal variation in both self and mutual inductances of
such a machine across both excitation conditions. Conse-
quently, a prospective avenue to ameliorate these identified
constraints involves the augmentation of the DC field inten-
sity. However, it is important to note that this aspect has been
deliberately maintained as a design constraint and not con-
sidered in this study. Specifically, when considering a rated
field excitation current density of 4.3 A/mm2, the DS-HE-
FRPM machine experiences a significantly higher maximum
average torque of 4.81 N.m, surpassing the benchmark by
22.4%. Moreover, the analysis reveals that the presence of
field excitation has minimal impact on the torque ripple of
the DS-HE-FRPM machine, in contrast to the benchmark
machine where the torque ripple is greatly influenced by the
excitation current. The torque ripple of the optimized DS-
HE-FRPM machine is marginally higher than that of the
benchmark; nevertheless, it still falls within a range that is
both very low and acceptable. In conclusion, the DS-HE-
FRPM machine indicates superior electromagnetic perfor-
mance compared to the benchmark. These results, coupled
with the machine’s favorable torque characteristics, make it
an excellent choice for EV traction applications. In forthcom-
ing efforts, it is recommended to incorporate experimental
verification.

V. CONCLUSION
A novel machine, referred to as the DS-HE-FRPM with Hal-
bach PM arrays, was developed for EV traction applications.
First, the operating principle of the proposed machine was
described, highlighting its superior suitability under flux-
enhancing conditions. Subsequently, the sensitivity analysis
of structural design variables was conducted before they
were optimized using multi-objective optimization based on
NSGA-II algorithm to maximize its electromagnetic perfor-
mance. The proposed machine demonstrated 54.7% higher
PM-excited EMF and 41.7% lower cogging torque com-
pared to the benchmark. However, it has slightly worse flux
regulation under DC field excitation. The 22.4% improved
electromagnetic torque with low ripple of the proposed
machine was clearly observed. The reasoning for these
enhancements was caused by its double stator topology,
reduction of flux leakage, and improved PM utilization rate.
Overall, the DS-HE-FRPM machine is a suitable choice for
EV traction applications.
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