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Abstract: Axial-flux permanent magnet (AFPM) motors have gained significant attention in industries such as electric vehicles and
marine applications due to their compact size, high torque density, and superior efficiency. While various AFPM designs have been
proposed, this study focuses on the yokeless and segmented armature (YASA) topology, which offers unique advantages by eliminating
the stator yoke. This reduces motor weight, thereby enhancing torque density, and decreases iron losses to improve overall efficiency.
In this study, to further improve the overall performance of the YASA motor, a Halbach array was employed and an overhang structure
also was introduced. To validate this approach, a comparative analysis was conducted using three-dimensional finite element method
(3D FEM). The results demonstrate that incorporating the overhang structure in a YASA motor with Halbach array can significantly
enhance its overall performance. This study shows the potential of AFPM motors not only in compact electric vehicles but also as a
scalable solution for high-efficiency propulsion systems.

Keywords: Axial-flux permanent magnet (AFPM) motor, finite element analysis (FEA), Halbach array, overhang, Yokeless and seg-
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1. Introduction and industry for various electrified applications, such as electric
Due to the increasing severity of environmental pollution and vehicles, marine propulsion systems, and aircraft [4]-[7]. Among

the strengthening of international carbon emission regulations, the various AFPM motor topologies, the yokeless and segmented

the demand for eco-friendly technologies has rapidly grown. armature (YASA) type AFPM motor eliminates the stator yoke,

Consequently, marine industry is accelerating their transition thereby shortening the magnetic fhx path and reducing unneces-

from conventional fossil-fuel-based propulsion systems to elec- sary core volume. Consequently, YASA-type AFPM motors have

tric propulsion systems. Propulsion motors used in electric pro- been reported to exhibit superior efficiency, torque density, and

pulsion systems are required to simultaneously achieve high power density compared with conventional AFPM topologies

power density, high efficiency, and lightweight design, while ac- [61,[8]. Therefore, previous studies on AFPM motors have

commodating limited installation space and diverse operating mainly focused on design optimization, enhancing motor perfor-

conditions. As a promising solution to meet these requirements, mance, reducing torque ripple and cogging torque, and improv-

axial-flux permanent magnet (AFPM) motors have garnered con- ing overall system efficiency [9]-[17]. These studies demonstrate

siderable attention. Compared to radial-flux permanent magnet that a Halbach array improves torque density due to its self-

(RFPM) motors of the same volume, AFPM motors offer several shielding effect [12]-[13]. In addition, to improve motor perfor-

advantages, including higher torque density, superior efficiency, mance, an overhang structure can be applied to the rotor. The

and a more compact structure [1]-[3]. Due to these characteris- overhang structure allows the rotor magnets to be extended be-

tics, AFPM motors have been actively studied in both academia yond the stator, effectively expanding the magnetic flux path and
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enabling greater flux concentration in the armature winding [18]-
[22]. The overhang effect has been exploited in both axial and
radial flux motors to enhance flux linkage and to improve output
power. In the case of AFPM motors, the effect of the overhang
structure can be obtained through a structure in which the radial
length of the rotor is longer than the radial length of the stator.
However, these studies have been independently conducted. As a
result, there are few studies where these techniques have been
applied together to analyze the overall performance of an AFPM
motor.

In this paper, a comprehensive study is conducted to enhance
the performance of a YASA-type AFPM motor. Specifically, the
effect of the permanent magnet arrangement on the electromag-
netic performance of the YASA motor is investigated by compar-
ing a conventional permanent magnet configuration with a Hal-
bach array. Additionally, to assess the influence of the overhang
structure on motor performance, the overhang is applied to the
rotor, and performance variations with and without the overhang
were analyzed. Three-dimensional finite element analysis (3D
FEA) is employed to comprehensively compare and evaluate the
electromagnetic characteristics of each model. This study is ex-
pected to provide valuable design guidelines for improving the
performance of YASA-type AFPM motors and to contribute to
the development of electric propulsion motors that require high

power density and high efficiency.

2. YASA Motor Design

An axial-flux permanent magnet (AFPM) motor with 12 stator
slots and 10 poles, featuring a yokeless and segmented armature
(YASA) with concentrated armature winding is considered. This
study focused on a YASA motor with fundamental specifications,
including an output power of 10 kW, a torque of 46.5 Nm, and a
rated rotational speed of 2,100 r/min. The machine’s specific di-
mensions were optimized through a multi-objective optimization
approach. Simcenter Magnet Design Optimization 2021.1 soft-
ware was used in this process. To validate the proposed 3D FEM
model, the YASA-type AFPM motor reported in [23] was ana-
lyzed under the same specifications, and the simulation results
were compared with the published experimental data. As shown
in Table 1, the simulated rated power, rated torque, efficiency,
and back-EMF agreed well with the experimental results, with a
maximum error of 7.1%. The difference in efficiency is mainly
attributed to mechanical losses, inverter losses, and manufactur-

ing tolerances that were not fully considered in the simulation.
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Figure 1: Schematic configuration of the YASA motor: (a) whole
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Figure 2: Definition of Halbach array

Table 1: Comparison of the Experimental and Simulated Results

for the Reference YASA AFPM Motor.

Simulation Re-| Error Rate
Item Ref. [23] cult [%]
Topology YASA YASA -
Slot/pole 12/10 12/10 -
Outer diameter 190 190 i
[mm]
Rated power [kW] 6.28 6.31 0.48
Rated speed 1,200 1,200 -
[r/min]

Rated torque [Nm] 50 50.2 0.4
Back-EMF [V] 70 70.44 0.63
Total efficiency

90 96.4 7.1
[%o]

Based on this validation, the proposed 3D FEM model was
employed for the design and analysis of the proposed 10-kW
AFPM motor.

Figure 1 illustrates the whole structure of a YASA motor. The
motor consists of a dual rotor yoke, permanent magnets (PMs),
and a stator with armature windings. The PMs are located on the
surface of the rotor yoke and are made using N42-grade neodym-

ium-iron-boron (NdFeB), a rare-earth material. In addition,
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20PNF1500 electrical steel was used for both the rotor yoke and
stator cores.

The Halbach array consists of axial-magnetized PMs that gen-
erate the main flux and tangential-magnetized PMs that assist the
main flux by concentrating the magnetic field toward one side.
In the proposed design, the magnet pole-arc ratio of the Halbach
array can be defined as the ratio of the axial-magnetized PMs an-

gle to the pole pitch, as shown in Figure 2.

@ (b)
Figure 3: 3D FEM model: (a) non overhang model, (b) overhang

model.

Table 2: Design Specifications of the YASA Motor

Item Unit Value
Output power kW 10
Phases - 3
Rated frequency Hz 175
Rated rotational speed r/min 2,100
Air-gap length mm 1.3
Outer diameter mm 252
Inner diameter mm 128.4
Motor axial length mm 75.6
Number of slots - 12
Number of poles - 10
Filling factor % 44.5
Current density A/mm? 8
Pole-arc ratio - 0.7
PM thickness mm 3.5
48.5
4804 2.5Nm

2

Il

45,0

Torgue [Nm|

0 lel -I:CI 6‘[! Elll 100
Elapsed Time [ms]
Figure 4: Simulation result of torque waveform and torque ripple of

YASA motor; average torque = 46.5 Nm.
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Figure 3 (a) and (b) present 3D finite element method (FEM)
modeling images with and without the overhang structure of the
YASA motor. In this study, we considered overhang lengths from
2 mm to 16 mm at 2 mm intervals. An overhang structure was
applied to the rotor to account for the influence of the stator end-
winding region, and its effect on electromagnetic performance
was analyzed. Table 2 and Figure 4 show the initial design spec-

ifications and output torque waveform of the YASA motor.

3. Simulation Results and Discussion

The conventional YASA motor produced an average torque of
46.5 Nm with a peak-to-peak torque ripple of approximately 2.5
Nm as shown in Figure 4. In this study, a Halbach array and an
overhang structure were applied to enhance the performance of
the YASA motor. The electromagnetic characteristics of each
model were comparatively analyzed through electromagnetic

simulations.

3.1 Halbach Array

The Halbach array is a special arrangement of PMs, character-
ized by amplifying the magnetic field on one side of the Halbach
array and bringing the magnetic field on the other close to zero.
This arrangement can improve motor performance. In this study,
the performance of the Halbach array YASA motor was evaluated
by varying the pole-arc ratio, while keeping all other design pa-
rameters constant.

Figure 5 presents the simulation results of average torque and
torque per magnet volume under different pole-arc ratios for the

YASA motor and the Halbach array YASA motor.

524
—
E
20 E
48 E
E £
z 18 =
o g <
e 44 E
g o 2
= s
o 40+ #HE
&0 ]
i £
3 14 &0
= =
< 36+ -
Y T
—C— Average torgue of the YASA motor 12 g.
—&— Average torgue of the Halbach array Y ASA motor 15
321 O Torque per magnet volume of the YASA motor =
—w— Torque per magnet volume of the Halbach Y ASA motor 1
T

T T

T T
04 0.5 0.6 0.7 0.8 0.9

Pole-arc ratio

Figure 5: Comparison of average torque and torque per magnet vol-
ume under different pole-arc ratios for YASA motor and Halbach ar-

ray YASA motor
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Figure 6: Simulation result of torque waveform and torque ripple of

Halbach array YASA motor; average torque = 51.5 Nm.
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Figure 7: Comparison of no-load back-EMF waveforms and har-
monic spectra of the YASA motor and Halbach array YASA motor.
(a) no-load back-EMF waveform, (b) harmonic spectra

The results indicate that the torque initially increases and then
decreases as the pole-arc ratio increases, with a maximum torque

of 51.5 Nm at a pole-arc ratio of 0.75. When the pole-arc ratio of
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the YASA motor is 0.7, the output torque is 46.5 Nm. The output
torque of the Halbach array YASA motor is 9.71% higher than
that of the conventional YASA motor. In addition, its torque per
magnet volume is increased by 9.4% compared with that of the
traditional one. This indicates that the Halbach array configura-
tion improves permanent magnet utilization by generating higher
torque output for a given magnet volume.

Figure 6 shows simulation results of the torque waveform and
torque ripple of Halbach array YASA motor at a pole-arc ratio of
0.75. The torque ripple of the Halbach array YASA motor was
3.5 Nm (peak-to-peak), corresponding to 6.7% of the average
torque.

In addition, a no-load analysis is conducted to evaluate the to-
tal harmonic distortion (THD) of the back electromotive force
(Back-EMF). A higher THD in the back-EMF can cause torque
ripple and additional losses during motor operation and conse-
quently a lower THD is required. The THD of the no-load back
EMF is calculated by using Equation (1).

/V22+V32+V42+w
THD = ~— x 100[%)] )

1

Figure 7(a) and (b) presents the back-EMF waveforms and har-
monic spectra of both models. The inset in Figure 7(a) provides a
zoomed view of the positive back-EMF waveform. Figure 7(b)
shows the harmonic components obtained from the fast fourier trans-
form (FFT) analysis of the back-EMF waveform. The inset in Figure
7(b) shows a zoomed view of the harmonic spectrum for clearer
comparison. While the THD of the traditional YASA motor was cal-
culated to be 4.12 %, that of the Halbach array YASA motor was

3.8%, representing an approximately 7.7 % reduction.

3.2 Overhang Effect

Owing to improve motor performance, an overhang structure
can be applied to the rotor. Both the conventional YASA model
and the Halbach array YASA model were analyzed for cases
without overhang and with overhang lengths from 2 to 16 mm,
in 2 mm increments. An increase in overhang length can enhance
machine performance by improving magnetic flux utilization.
However, if the overhang length becomes excessive, magnetic
saturation may occur in the stator core, resulting in a decline in
performance. Therefore, to achieve optimal machine performance, it
is essential to select an appropriate overhang length while taking into
account the magnetic saturation characteristics of the stator core. To

investigate the effect of overhang, electromagnetic analyses were
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conducted on both the conventional YASA motor and the Halbach
array YASA motor, using identical design specifications and
rotational speeds. The only variable altered during the analysis was
the overhang length.

Figure 8 and Figure 9 show the electromagnetic performance and
loss characteristics of the YASA motor according to the overhnag
length. The analysis results indicate that both torque and output
power generally exhibited an upward trend as the overhang length
increased. Although ohmic and iron losses increased with longer
overhang lengths, the efficiency of the 8 mm overhang model was
calculated to be 97.7%, comparable to that of the non-overhang
model when accounting for electrical losses. This indicates that the 8
mm overhang model can improve output power by approximately
17.1% compared to the conventional YASA motor while maintaining
a similar efficiency level. In contrast, the efficiency of the 16 mm
overhang model dropped to 96.4%, likely due to increased losses and

magnetic saturation in the stator core caused by excessive overhang

length.
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Figure 10: Magnetic field distribution of YASA motor: (a) non over-
hang model (1.85T), (b) 4 mm overhang model (1.89 T), (c) 8 mm
overhang model (1.92 T), and (d) 16 mm overhang model (2.13 T)

Figure 10 presents the magnetic flux density distribution of the
YASA motor for different overhang lengths. As the overhang length
increases, more magnetic flux links with the stator winding, thereby
enhancing torque and output power. In the 8§ mm overhang model,
the maximum flux density was 1.92 T, indicating that the stator core
remained within an acceptable magnetic saturation range. In
contrast, the 16 mm overhang model exhibited a maximum flux
density of 2.13 T, confirming the occurrence of magnetic saturation
in the stator core. Therefore, considering output performance,
efficiency, and magnetic saturation characteristics, the 8§ mm
overhang length was selected as the design value.

As shown in Figure 11, Figure 12, and Figure 13, the Hal-
bach array YASA motor exhibited electromagnetic performance
and loss characteristics similar to those of the conventional
YASA motor concerning the overhang length. As the overhang
length increased, torque and output power generally improved
due to enhanced magnetic flux utilization. However, under con-
ditions of excessive overhang length, performance gains were
limited by increased losses and magnetic saturation in the stator
core. The Halbach array YASA motor with a 12 mm overhang
demonstrated the highest torque and output power, achieving an
approximately 15.9% improvement compared to the non-over-
hang model. The optimal overhang length of the Halbach array
YASA motor was larger than that of the conventional YASA motor.
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This is because the Halbach array YASA motor concentrates
magnetic flux toward the air gap, enabling the additional mag-
netic flux in the overhang region to contribute more effectively
to torque generation. Consequently, the torque and output power
increase over a longer overhang range compared to the conven-
tional YASA motor, leading to a larger optimal overhang length
of 12 mm. This result indicates that combining the Halbach array
with an overhang structure can further enhance electromagnetic
performance compared to using the Halbach array alone. Under
these conditions, the maximum flux density was 1.97 T, indicat-
ing that the stator core remained within an acceptable magnetic
saturation range. In contrast, when the overhang length exceeded
12 mm, the maximum flux density reached 2.2 T, indicating mag-
netic saturation in the stator core, as shown in Figure 13.

Table 2 summarizes the overall electromagnetic performance
of the analyzed models. The reported efficiency was calculated
under the assumption that only electrical losses, such as iron loss

and ohmic loss, were considered. These results demonstrate that
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© (d)
Figure 13: Magnetic field distribution of Halbach array YASA mo-

tor: (a) non overhang model (1.87 T), (b) 8 mm overhang model
(1.92 T), (c) 12 mm overhang model (1.97 T), and (d) 16 mm over-
hang model (2.2 T)

Table 2: Comparison of Electromagnetic Performance

Halbach array
Item YASA YASA
Overhang length [mm)] 0 8 0 12
Output power [kW] 10.2 12.3 11.3 13.5
Torque [Nm] 46.5 55.8 51.5 61.3
Efficiency [%] 97.7 97.7 97.4 97
Torque density
[Nm/dm’] 16.65 | 19.92 | 18.45 | 21.51
THD [%] 4.12 4.19 3.8 4.02

applying a Halbach array and an overhang structure to a YASA
motor can significantly enhance its overall electromagnetic per-
formance. In particular, the YASA motor employing both the
Halbach array and the overhang structure exhibited an approxi-
mately 22.5% improvement in torque density compared to the

conventional YASA motor.

4. Conclusion
In this study, the effects of Halbach array and overhang on a
YASA motor were analyzed based on 3D FEM. The Halbach ar-
ray was applied to the conventional YASA motor to enhance
magnetic flux concentration and PM utilization. Simulation re-

sults demonstrated that the Halbach array YASA motor achieved
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a 9.71% increase in output torque and a 9.4% improvement in
torque per magnet volume compared to the conventional YASA
motor. The overhang effect was then analyzed by varying the
overhang length. For the conventional YASA motor, the 8 mm
overhang model was selected as the appropriate design consider-
ing output power, efficiency, and magnetic saturation character-
istics. Furthermore, the combined application of the Halbach ar-
ray and the overhang structure resulted in the most significant
performance improvement. The Halbach array YASA motor with
a 12 mm overhang achieved the highest torque and output power,
demonstrating an approximate 15.9% increase compared to the
non-overhang Halbach array model. Additionally, the torque den-
sity improved by approximately 22.5% compared to the conven-
tional YASA motor, further verifying the effectiveness of the pro-
posed design in enhancing the electromagnetic performance of
the YASA motor. These results can be considered an effective ap-
proach for improving the torque density and electromagnetic per-
formance of YASA-type AFPM motors for electric propulsion

systems.
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