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ABSTRACT This paper presents a novel motor topology, called the End-Winding Flux Machine (EWM),
which explores the potential function of end-windings in rotating electric machines. By introducing an
axial-radial flux stator into the end-windings, a hybrid flux machine known as the End-Winding Hybrid Flux
Machine (EHFM) is created, establishing an additional radial-axial flux circuit alongside the conventional
radial-flux machine. The machine characteristics of the EHFM are validated through analytical calculations
and transient 3-D finite-element method (FEM). Experimental investigations are conducted on a prototype
EHFM, and the tested data is compared with FEM results. The EHFM exhibits enhanced torque performance
compared to the benchmark motor within the same input current and armature winding specifications. These
findings demonstrate the effectiveness of the proposed design and its potential for improving end-wingding
utilization and torque performance in electric machines.

INDEX TERMS End-winding, axial-radial flux, hybrid flux machine, torque performance.

I. INTRODUCTION
Conventional radial fluxmachines face significant challenges
in terms of performance improvement and in reducing issues
related to end-winding. One of the main concerns is that
extending the end-winding can lead to additional copper
losses, flux leakage and have a negative impact on motor
performance, particularly in terms of volume size. In contrast
to the winding situated within the motor slots, the ther-
mal management and heat distribution challenges associated
with end-winding have consistently constituted a substan-
tial impediment to advancing the power density of electric
motors. These issues can further hinder the overall perfor-
mance of the machine [1], [2], [3], [4]. To address these
challenges, several papers have explored or proposed differ-
ent typologies of electric machines. These approaches aim to
enhance the flux performance or leverage the side effects of
the end-winding in order to achieve better results.

The associate editor coordinating the review of this manuscript and
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Transverse flux motors with coils wound around teeth are
known to eliminate end-winding, have higher torque den-
sity, and better efficiency over conventional motors [5]. With
separated, independent, and simple phase coils, they have a
fault-tolerant advantage. Transverse flux motor’s fundamen-
tal configuration is a U-shape array cores stator and two pole
arrays rotor surrounding each phase coil [6], [7], [8], [9]. Even
with the skewed option [6], reducing or eliminating cogging
torque is still very challenging for the transverse flux motor.
Moreover, in some cases, it is not even possible to apply
skewing on the stator or rotor [10]. Meanwhile, compared to
conventional machines, transverse flux machines suffer from
low mechanical strength and high cost.

Axial flux motor topology is also a solution of potential
end-winding removal. According to the analytical compari-
son studied in [11], axial flux motors have the advantages of
high torque density, short overall length. Axial flux motors
are always used in applications with limitations on axial
lengths, such as wind energy systems, in-wheel motors, and
aerospace applications [12], [13]. Detailed characteristics and
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designs of different types of axial flux motors are discussed
in [14]. Despite the high torque density potential, axial flux
motors still face challenges in terms of mechanical manufac-
turing and thermal management capabilities.

The axial-radial hybrid flux machine is a novel machine
type that incorporates both axial flux magnetic circuit and
radial flux magnetic characteristics to enhance space utiliza-
tion of winding and therefore improve torque density [15].
The axial stator with a complex 3D structure is made of
solid material instead of lamination with iron loss considera-
tions. Using a similar stator geometry, the innovative fan-ring
shaped windings successfully integrate fan-shaped and ring-
shaped winding designs [16], leading to reduced end-winding
length. However, this advancement poses challenges in the
production of pre-formed coils. In [17] and [18], two distinct
types of axial-radial flux machines have demonstrated novel
designs focusing on the rotor flux path instead of the stator,
both exhibiting significant improvements in output torque
performance.

A type of Dual-Rotor Modular-Stator Hybrid-Excited
Axial-Flux Permanent Magnet Vernier Machine are intro-
duced in literature [19]. This novel machine utilizes a
modular stator and consequent-pole PM rotor to achieve
adjustable air-gap flux densities, resulting in improved torque
density and flux-weakening capability. The study discusses
design considerations, operation principles, and air-gap flux
density distributions. Through 3-D finite-element analysis,
it is shown that a pole ratio of 8/1 offers higher torque density,
machine efficiency, and flux-weakening capability compared
to other ratios.

Hybrid excitation motors, which integrate permanent mag-
net and field winding excitation techniques, are discussed in
the paper [20]. Three categorization approaches, including
reluctance circuit, excitation system location, and geomet-
rical placement of excitation, are explored. These motor
configurations offer advantages such as independent control,
enhanced power density, torque capability, and efficiency.
The study encompasses design considerations, optimization
techniques, and implementation challenges, providing a foun-
dation for further research on the benefits and advancements
of hybrid flux electrical machines. The paper [21] introduces
a novel type of radial hybrid flux motor topology, referred
to as the ‘‘Novel Dual-Stator Synchronous Machine with
Permanent Magnet-Reluctance Composite Rotor.’’ This spe-
cific motor configuration has been demonstrated to possess a
higher capability for producing torque. Furthermore, it shows
a novel way of integrating two rotors in one shaft with mag-
netic isolation in consideration.

Basing on the above research, this paper proposes a
novel End-Winding Flux Machine (EHFM) consisting of an
L-shape radial-axial flux stator and an axial-flux disk-shaped
rotor in Section II. Without changing the conventional radial
flux motors winding, but also improve the thermal capability
of end-winding, a so called End-Winding Machine (EWM) is
designed to be embedded in a conventional radial fluxmotor’s
end-winding and operate with the main motor synchronously

without causing any winding extension, hence form the
EHFM. To synchronize with the main motor for the same
winding length, EHFM shares the same slot/pole combination
as the main motor. The disk-shaped rotor and main rotor
are connected to the same shaft. To keep the iron loss low
and magnetic capability high, conventional lamination with
glue is used for teeth. The EHFM with L-shape teeth is ana-
lyzed and optimized using 3D Finite Element Method (FEM)
in Sections III and IV. The results are experimentally vali-
dated in Section V. Finally, Section VI draws a conclusion
for the research.

II. END-WINDING FLUX MOTOR
In this section, the concept of EHFM is clarified, which
is implemented based on a conventional interior permanent
magnet motor, i.e., #M1. The #M1 is first introduced as
the benchmark design, followed by the concept description
of EHFM.

A. BENCHMARK MOTOR: # M1
A 36-slot 8-pole motor with distributed winding and an inte-
rior V-shape permanent magnet configuration is employed
as the benchmark motor, as depicted in Fig. 1. This motor
represents the third-generation optimized design within our
research group, intended for small electric vans. Our prior
research in this domain yielded results that align with the con-
clusions presented in [23], which supports the advantages of
the single V-shape magnet configuration. The specifications
of the benchmark motor are listed in Table 1. The rated speed
is 2800 rpm and rated torque is 120 Nm.

FIGURE 1. Design geometry of #M1.

B. CONCEPT DESCRIPTION OF EHFM
The pros and cons of distributed winding and concentrated
winding have been compared in many cases [22]. Unlike
concentrated winding, distributed winding requires a longer
distance throughout the slots for the winding pitch, which
results in a larger end-winding interspace, as presented
in Fig. 2. The design of EHFM aims to utilize the interspace
area between end windings by incorporating an EWM (End-
Winding Machine).

The concept of EHFM is shown in Fig. 3, where the
EWM is embedded into the original radial fluxmachine #M1,
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TABLE 1. #M1 Design parameters.

FIGURE 2. End-winding interspace of #M1.

sharing armature winding and shaft. The slot-pole combina-
tion of EWM remains the same as #M1, allowing the induced
flux from EWM and #M1 to be coupled. The stator module
of the EWM consists of 4 L-shaped teeth and 3 sharing coils
(end-winding), as shown in Fig. 3. As depicted in Fig. 4,
an L-shaped laminated tooth can be placed in each interspace,
forming the stator array altogether. The EWM rotor module
is composed of 1 disk rotor yoke, 2 disk rotor magnets,
and 5 ring rotor. Furthermore, magnets (inner or outer ring)
are placed on the disk rotor to close the flux loop on the
rotor side and generate the flux. Every 4 L-shape teeth of
EWM is aligned with 6 stator teeth of #M1, while all the
rotors are mechanically connected with a single shaft, thus
guaranteeing synchronous operation with the same armature
winding.

The operating principle of the EWM can be explained with
the no-load magnetic path in Fig. 5. The magnetic flux gen-
erated by the disk rotor’s north-pole crosses the disk-shaped
air-gap into the L-shape teeth and then reaches the laminated
ring-rotor through the ring air-gap. The return flux follows
a symmetrical path and eventually returns to the south-pole.
On the disk rotor in Fig. 5, the magnetic flux inside the solid
iron disk connects the flux between the adjacent north/south-
poles.

III. ANALYTICAL VALIDATION OF EWM
To validate the theoretical concept of EWM, this section
establishes a simplified model in Fig. 6 and an equivalent

FIGURE 3. Proposed structure for EHFM. (a) EHFM cross section. (b) 3D
plot: 1-disk rotor yoke. 2-Disk rotor magnet. 3-Sharing coils. 4-L-shape
teeth. 5-Ring rotor. 6-#M1 (benchmark motor).

FIGURE 4. Pink-L-shape teeth, Orange-end-winding, Blue-#M1 stator.

FIGURE 5. Concept of the flux path of EWM.

magnetic circuit diagram, in Fig. 7, for analytical validation.
The magnetic structure network of a pole pitch for EWM is
depicted in Fig 6. For the equivalent magnet circuit of EWM,
the assumption of infinite iron permeability is made for the
idealization model.
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FIGURE 6. Concept of EWM axial cross section.

In EWM, due to the relatively small permeability of air,
there is a noticeable amount of MMF drop when crossing
the air-gap, which emphasizes the importance of the air-gap
for calculations of the equivalent magnetic circuit. Building
upon the theoretical framework for fringing flux leakage
calculation method introduced in [4] and incorporating the
simplified formula, the air-gap flux density is calculated
under the assumption that the air-gap flux path between the
stator and rotor is equivalent, whereas the conventional motor
has a comparatively small slot-opening. EWM slot-opening
is wide. As teeth width (Wteeth) is small, the extension flux
path at the edge of the teeth creates a fringing area (Lex1, Lex2
in Fig. 8). As the teeth/slot-opening ratio is high in EWM,
the fringing area in EWM is significant and therefore should
be considered. Moreover, the different diameters between the
inner side-teeth and outer-side teeth are causing variance in
the inner and outer slot-opening. Hence, a more accurate esti-
mation of ‘equivalent air-gap length’ Lgave, called an average
air-gap method (AAM), is presented below in equation (1),
where ‘Lg’ refers to air-gap length and ‘Lex’ is fringing area.

Lgave ≈

(
2πLex

4 + Lg
)

· Lex +WteethLg

Wteeth + 2Lex
(1)

The average air-gap length is the average height of the air-gap
flux path area. The width of the air-gap is presented as the
denominator of the equation, which is the PM effective length
of each tooth (pole-arc). The air-gap flux path area is assumed
to be the sum of the two ‘distortion arc areas’ and one
‘rectangular area’, where the distortion arc is approximated
as a quarter of a circular. For this reason, with the ‘equivalent
air-gap length’, the calculation of air-gap reluctance can be
made as follows:

Φg1 = Φr ×
Rleak1[

Rg1 +
Rg2Rleak2
Rg2+Rleak2

]
+ Rleak1

(2)

Φg2 = Φg1 ×
Rleak2

Rg2 + Rleak2

Bg1 =
Φg1

Ag1

Bg2 =
Φg2

Ag2
(3)

FIGURE 7. Equivalent magnetic circuit for single teeth.

In equation (2), leakage reluctance Rleak1 and Rleak2 are all
assumed to be Rleak1 = Rleak2 = Rm.

The total leakage factor fLKG of the axial flux machine con-
sists of axial leakage fleak−axial and radial leakage fleak−radial .
This approach is called the ‘leakage flux method’ and can
predict the fLKG with the following equation:

fLKG =
1

1
fleak−axial

+
1

fleak−radial
− 1

(4)

With Lg = 1.5 mm, Lm/Lg = 3.3, and αp = 0.7, fleak−axial
range is given as 0.75∼0.8 and fleak−radial range is provided
as 0.75∼0.9.

Φg1 = Φr × fLKG1
Φg2 = Φg1 × fLKG2 (5)

EWM is regarded as a disk motor combined with a radial flux
motor (RING rotor). For air-gap 1 on the disk rotor, fLKG1 is
calculated as 0.60 (fleak−axial = 0.75 and fleak−radial = 0.75).
Since the inner stator has larger and unevenly distributed
air-gap compared to the conventional motor, its leakage factor
fLKG1 is estimated at 0.7, Bg1 = 0.73T and Bg2 = 0.51T.
Based on the derived analytical formulas from the previous
section, the feasibility of the EWM design principle has been
demonstrated. However, due to the complexity of the motor
structure, which differs from traditional motors, the simpli-
fied model cannot accurately calculate the motor parameters.
Therefore, the next section will focus on modeling and con-
ducting a more in-depth analysis using 3D finite element
methods.
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IV. EHFM 3D FEM ANALYSIS
The analytical approach for evaluating the performance of
EHFM is challenging, especially when #M1 and EWM are
combined. Therefore, in this section, a 3-D FEM modeling
approach is used for further performance study.

A. 3D MODELING OF EHFM INITIAL DESIGN
In Fig. 8, three 3D FEM models, (a) #M1, (b) EWM and
(c) EHFM, are built in the software of Infolytica MagNet for
further validation and design optimizations.

To firstly validate the concept design of EWM in section II
and analytical concept in section III, in Fig. 9, a 3D simulation
model of the EWM under no-load conditions is established.
The simulation results provide evidence that supports the
proposed flux path concept presented in Fig. 5.

FIGURE 8. FEM 3D models with mesh: (a) #M1. (b) EWM. (c) EHFM.

TABLE 2. #M1 and EHFM FEM results-1 initial design.

In Table 2, a further comparison of the loaded condition
is presented for the three machines: #M1, EWM, and EHFM,
under the rated current of 120A. Firstly, the simulation results

FIGURE 9. No-load magnetic flux path for the EWM: (a) Stator and
ring-rotor. (b) Rotor. (c) L-shape teeth.

for EWMvalidate the feasibility of the design. However, there
is a deviation from the design theory as the torque generated
by EHFM does not reach the expected sum of #M1 and
EWM. Therefore, in subsequent research, an analysis of this
phenomenon will be conducted, followed by optimization
efforts to address this discrepancy.

B. OPTIMIZATION OF 3D FLUX PATH ON FLUX LEAKAGE
To investigate the results in table 2, The contact region of
EHFM between EWM and #M1 is investigated, in terms of
flux leakage and magnetic short-circuit. The changing mag-
netic reluctance in the contact region creates unexpected flux
path, requiring careful observation of the electromagnetic
behavior. To investigate the flux leakage, several no-load
3D FEM models are built. In order to study the flux leakage
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from #M1 to EWM, the disk rotor magnet has been set into
de-magnetized mode. The shaded plot of both stator and rotor
modules are shown in Fig. 10 and Fig. 11.

FIGURE 10. EHFM 3D FEM results disk rotor de-magnetized (a) without
magnetic barrier (b) with 2 mm magnetic barrier (c) EHFM full model with
2 mm magnetic barrier.

The Fig. 10 studies the flux leakage on EHFM stator
part, between EWM L-shape tooth and #M1 stator. Without
magnetic barrier layer in (a), some parts of the flux generated
from #M1 rotor magnets leaks into the L-shape tooth and
hence caused stator leakage. By setting a 2 mmmagnetic bar-
rier distance in between (b), the stator leakage phenomenon
can be fully optimized. With disk rotor magnetic active, the
EHFM full model with 2 mm magnetic barrier in Fig. 10 (c)
is also showing that the flux leakage has been reduced into
very low level.

In Fig. 11(a), it can be observed that the direct contact area
between the ring rotor and #M1 rotor creates a path of lower
reluctance across the airgap. This leads to a notable magnetic
‘‘short-circuit’’ between the two rotors, resulting in a decrease
in torque for EHFM as indicated in table 2.

FIGURE 11. EHFM rotor magnetic barrier: (a) no magnetic barrier.
(b) 1 mm magnetic barrier. (c) 1.5 mm magnetic barrier. (d) 2 mm
magnetic barrier.

On the EHFM stator side, the magnetic barrier gap length
of 2 mm has already demonstrated effective suppression of
leakage, as shown in Fig. 10(b). In Fig. 11, the length of
the magnetic barrier layer is further investigated to determine
its impact on the magnetic ‘‘short-circuit’’ phenomenon. The
findings reveal that when the magnetic barrier layer length
matches the #M1 air-gap, namely 1.5mm, the occurrence
of the ‘‘short-circuit’’ is significantly diminished. Moreover,
in Fig. 11(d), with the barrier length of 2 mm, the magnetic
short-circuit has been successfully suppressed. As antici-
pated, the inclusion of the magnetic barrier in the FEM
analysis has resulted in improvements in the EHFM torque,
as demonstrated by the results in Table 3 compared to Table 2.

TABLE 3. #M1 and EHFM FEM results-2 refined design with magnetic
isolation.

C. OPTIMIZATION OF EWM TORQUE PERFORMANCE
To further investigate the torque performance of the
End-Winding Flux Machine (EWM), the optimization of the
L-shape teeth and magnet step skewing has been studied as
shown in Fig. 12.
In accordance with the EWM concept, the selection of

conventional lamination sheets for the L-shape teeth was
based on their advantageous characteristics, including a
lower iron loss coefficient, higher B-H capability, and cost-
effectiveness. However, due to the specific design of the
L-shape teeth, they can only be laminated with L-shape
sheets, which restricts the cross-section shape to a rectangular
form, as depicted in Fig. 12 (a) and Fig. 16 (a). This limitation
is further compounded by the presence of the liner and mag-
netic barrier under the end-winding coil in Fig. 4 (pink) and
Fig. 12 (a) (light gray), thus limiting the total cross-sectional
area of the L-shape teeth.

In the EWM motor, a higher cogging torque is induced,
which affects torque ripple due to the arrangement of the
L-shape teeth array resulting in a parallel teeth structure,
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as observed in Fig. 12 (a) and Fig. 4. The width of the L-shape
teeth is significantly smaller compared to #M1, resulting in a
relatively larger slot opening. This phenomenon is more pro-
nounced at the disk rotor end. Since applying stator skewing
to the laminated L-shape teeth is mechanically challenging,
an alternative approach is considered: skewing the magnets,
as illustrated in Fig. 12 (b).

FIGURE 12. (a) Crossing area of the L-shape end-teeth. 1—Middle
End-teeth height. 2—Middle End-teeth width. (b) Magnet step skew.

Considering the changes in height as shown in Fig. 12 (a)
and the magnet step skew illustrated in Fig. 12 (b), the
results have been compared in Fig. 13. In order to fully
utilize the available space in a half-circle shape with a rect-
angular configuration, any alterations in the height of the
L-shape teeth structure will directly influence the width, con-
sequently impacting the total cross-sectional area of the teeth,
as depicted in the gray curve in Fig. 13 (a). The results indi-
cate that with a teeth height of 15mm, both the cross-sectional
area (gray) and the average torque (blue) reach their max-
imum values. Furthermore, with the optimal teeth height
of 15mm, the torque performance before and after magnet
step skew has been compared in Fig. 13 (b) and (c). It is
evident that the cogging torque of the EWMhas been reduced
from 3.7 Nm to 0.9 Nm, and the torque ripple has decreased
from 18.5% to 2.5%.

The further investigation into the 3D modeling com-
parison between #M1 and the End-Winding Hybrid Flux
Machine (EHFM) has been conducted. The torque-speed
curve is examined in Fig. 14 (a). In this analysis, a current
of 120A is limited by a DC voltage cap of 400V. The results

FIGURE 13. EWM 3D FEM results of (a) L-shape teeth height vs. Average
torque after skew and cross-sectional area. (b) EWM torque ripple before
vs. after skew with 15mm teeth height. (c) EWM cogging before vs. after
skew with 15mm teeth height.

highlight EHFM’s superior performance in terms of maxi-
mum torque when compared to #M1. Moreover, due to the
higher back-EMF generated in EHFM, the field weakening
point initiates earlier than in #M1.Nevertheless, EHFM’s flux
weakening capability is comparatively weaker, attributed to
the absence of rotor saliency in the disk rotor design.

In Fig. 14 (b) and (c), the comparison between EHFM and
#M1 reveals that EHFMhas a lower cogging torque of 3.0Nm
compared to #M1’s 3.3 Nm and lower torque ripple of 1.7%
compared to 1.9%. This is because the cogging torque wave-
form of #M1 has been compensated by the waveform of
the EWM.
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FIGURE 14. 3D FEM results of #M1 vs EHFM (a)Torque-speed curve with
120A under 400V. (b) Cogging torque waveform. (c) Torque ripple.

TABLE 4. #M1 and EHFM FEM results-3 Optimized design.

This particular height yields a maximum average torque
of 12.3 Nm. The optimized design, as presented in Table 4,
demonstrates improved torque performance for both EWM
and EHFM compared to Table 3. It is noteworthy that
these improvements are achieved without altering the overall
dimensions of the EHFM.

V. EXPERIMENTAL VALIDATION
To validate all the design aspects discussed earlier, including
the analytical and FEM analyses that demonstrated the design
concept and torque performance optimization of EHFM, the
proposed EHFM is manufactured and subjected to experi-
mental testing in this section. This validation process aims

to provide empirical evidence and ensure the practical appli-
cability of the EHFM design.

FIGURE 15. Prototype rotor parts. (a) Radial-flux rotor for both #M1 and
EHFM. (b) #M1 rotor. (c) EHFM rotor.

Since #M1 and EWM share the same active parts of radial
flux rotor, the manufacturing of EWM rotor only requires a
simply change of rotor shaft and placing the EHFM rotor,
as shown in Fig. 15. In Fig. 16, EWM stator is first assembled
with laminated L-shape teeth, isolation layer, and #M1 stator,
before winding. The magnetic barrier layer is designed not
only to create magnetic barrier distance between two stators
but also to position the 36 pieces of L-shape teeth.

FIGURE 16. EWM prototype stator parts. (a) L-shape teeth. (b) Stator
assembly with #M1 stator, magnetic barrier layer, and L-shape teeth.
(c) Stator ready for assembling.

Motor test-rig in Fig. 17 is set up for the experimental
validation. Fig. 18 shows the comparisons of line-line back-
EMF between #M1 and EHFM at 2800 rpm. It can be seen
that the experimental results agree well with the FEM results,
with small deviations, where the error on #M1 and EHFM are
4% and 3%, due to (i) inaccurate stacking factor in the manu-
facturing process, (ii) measurement error, and (iii) partial and
theoretical material parameter difference.

To further validate the rated point performance, both the
original motor, referred to as motor #M1, and the proposed
motor EHFM, were operated in the rotating mode for on load
tests. As shown in TABLE 5, the rated performance and static
parameters are listed for both #M1 and EHFM. The measured
line-line resistances for both #M1 and EHFM are identi-
cal, confirming that the two motors have the same length
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FIGURE 17. EHFM on Test-rig.

FIGURE 18. Line-line Back-EMF results comparison. (a) waveform.
(b) amplitude in maximum.

of the armature winding. Moreover, the results rated mea-
sured results demonstrate that the EHFM exhibits improved
torque performance compared to the conventional benchmark
motor #M1. This improvement is evident in terms of aver-
age torque, torque per amp, and torque-to-volume density.
During the rated test, the end-winding temperature has been
captured from the thermal couple in the same position on
the end-winding of both motor. The result of EHFM (56oC)
was showing 7oC thermal improvement over #M1 (63oC),
which proves the theory that the structure of the EWMwould
improve the motor end-winding temperature.

TABLE 5. #M1 and EHFM Experimental Data @2800 rpm.

FIGURE 19. Comparison of dynamic torque obtained from FEM and
measurement.

Further more, the torque capability of both motor has
been measured and compared with FEM results in Fig. 19,
where the motor was set to 1000 rpm and the line current
was injected from 0 to 240 A. The results show that the
experimental results of torque for both #M1 and EHFM are
aligning well with the FEM data, especially within the rated
current region of 120 A. The improvement is evident in terms
of average torque, torque per amp, and torque-to-volume
density. However, the torque-to-weight density of the EHFM
prototype is lower since it does not consider any weight
reduction measures on the active parts. Further weight reduc-
tion can be explored, considering both electromagnetic and
mechanical designs, focusing on disk-rotor weight reduction,
L-shape teeth optimization, and ring-rotor weight reduction.

VI. CONCLUSION
In conclusion, the proposed EWM technique effectively
mitigates the end-winding effects by combining with the
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benchmark motor #M1 to form the EHFM system. This
combined system is synchronized both electrically and
mechanically, as the main body #M1 and EHFM use the same
slot/pole combinations. Analytical and 3D FEMmodels were
used to analyze the system performance, and optimization
was performed tomaximize the average torque output, reduce
torque ripple and cogging torque by implementing an opti-
mized L-shape teeth dimension and appropriate skewing of
the magnet shape. The experimental results of the prototype
show a notable 9.2% increase in torque and 7 oC end-winding
thermal reduction, compared to the original motor design.
The EHFM has great potential in various applications where
high torque output and low cogging torque are essential.
Further investigations are warranted to explore areas such
as weight reduction, leakage reduction, iron loss reduction,
manufacturing process optimization, cost reduction and other
related aspects. These avenues of research hold promising
potential for optimizing EHFM systems, enhancing their
efficiency, and opening up new possibilities for various appli-
cations in the field.
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