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Abstract. Permanent magnet synchronous motors
(PMSMs) are widely used in industrial and commer-
cial applications such as electric vehicles, robotics, and
aerospace, owing to their high power and torque density,
operational stability, and exceptional efficiency. The
integration of permanent magnets (PMs) eliminates the
need for an external excitation current, thereby minimiz-
ing excitation losses. Recently, siz-phase motor systems
have emerged as viable alternatives to traditional three-
phase configurations, offering enhanced fault tolerance
and improved control performance under fault condi-
tions. Critical research areas for PMSMs in electric ve-
hicle applications include the design and implementation
of advanced control strategies to achieve high precision,
reliability, and energy efficiency. This study proposes
a comparative electromagnetic performance analysis of
dual three-phase and siz-phase surface-mounted per-
manent magnet motors, utilizing both analytical and
finite element methods. To further optimize the pro-
posed motors, a segmented skewing technique is applied,
demonstrating additional improvements in performance
characteristics. This research contributes to a deeper
understanding of these motor configurations for traction
drive applications.
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1. Introduction

Climate change has emerged as a pressing global issue,
driven by both natural processes and intensified hu-
man activities. One of its most apparent consequences
is global warming, primarily caused by the extensive
emissions generated daily by industrial operations and
internal combustion engines (ICEs). In response to
this, reducing emissions from transportation systems
has become a central objective in the pursuit of sus-
tainable technologies. Electric motors, recognized for
their high efficiency, precise control, and superior relia-
bility, offer a compelling alternative to traditional ICEs,
thereby playing a vital role in the global shift toward
environmentally friendly mobility solutions.

Among various electric motor technologies, Per-
manent Magnet Synchronous Motors (PMSMs) have
gained widespread adoption across numerous indus-
trial sectors, including electric vehicles, robotics, and
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aerospace |1H3|. This prevalence is attributed to their
compact size, high efficiency, reliability, and structural
flexibility, along with their high power and torque den-
sity, operational stability, and exceptional efficiency.
Their performance is further enhanced by the use of rare-
earth permanent magnets (PMs), such as neodymium-
iron-boron (NdFeB) and samarium-cobalt (SmCo),
which eliminate the need for traditional DC excitation
systems, effectively minimizing excitation losses [4}5].
PMSMs are extensively deployed in a wide range of low-
speed and high-torque applications, including medical
devices, hybrid and electric vehicles, marine propulsion
systems, hoisting mechanisms, mining operations, and
oil and gas exploration. PMSMs can be classified based
on magnet placement and rotor topology into surface-
mounted (SPM) and interior (IPM) types, as well as
inner-rotor and outer-rotor configurations. In recent
years, outer-rotor Surface-Mounted Permanent Magnet
Synchronous Motors (SPMSMs) have attracted signifi-
cant interest due to their suitability for compact, torque-
demanding machinery. Studies have demonstrated that
outer-rotor SPM designs can achieve up to 40% lower
copper losses and approximately 8.5% higher torque
compared to inner-rotor equivalents of the same magnet
size |6]. These improvements are attributed to the larger
available space for pole placement and the torque advan-
tage arising from the increased rotor diameter, which
directly influences output torque. Furthermore, the de-
velopment of multiphase motor technology, particularly
six-phase PMSMs, represents a pivotal advancement in
electric machine design. These systems have emerged
as viable alternatives to traditional three-phase con-
figurations [7/8]. By distributing the electrical load
across more phases, six-phase configurations offer en-
hanced fault tolerance, improved thermal performance,
and greater overload capacity compared to conventional
three-phase systems. These features make them ideal for
high-reliability applications such as marine propulsion,
aerospace systems, and other mission-critical environ-
ments. In terms of winding strategies, fractional-slot
concentrated winding (FSCW) has become a preferred
choice in high-torque, low-speed applications due to
its compact coil structure, reduced copper losses, short
end-windings, and improved efficiency [9-12]. However,
FSCW designs typically exhibit lower winding factors
and higher harmonic content compared to integral-slot
windings, presenting challenges in terms of magnetic
performance and thermal management, particularly in
outer-rotor motor architectures [13|. Thus, careful se-
lection of pole and slot combinations remains essential
in optimizing performance for targeted applications.

Control strategies for six-phase PMSMs have also be-
come a prominent area of research |14]. These systems
are typically categorized into symmetrical six-phase,
asymmetrical six-phase, and dual three-phase config-
urations. While asymmetrical six-phase systems are
known to produce lower torque ripple when operated

using six-step inverters, modern high-frequency pulse-
width modulation (PWM) techniques allow symmetri-
cal six-phase machines to achieve comparable torque
quality, making both symmetrical and dual three-phase
topologies viable alternatives for high-performance drive
systems.

In this study, a comparative electromagnetic per-
formance analysis of dual three-phase and six-phase
SPMSMs is proposed. This analysis utilizes both ana-
lytical methods and the finite element method (FEM).
An analytical model is developed to calculate the nec-
essary dimensional parameters of two proposed motors
at the same power rate of 130 kW, powered by a dual
three-phase system and a symmetrical independent six-
phase system, respectively (Figure . Subsequently,
FEM is conducted to compute and analyze the elec-
tromagnetic characteristics based on these analytical
calculations. To further optimize the selected motor
configuration, a segmented skewing technique is applied,
demonstrating additional improvements in performance
characteristics. This research aims to contribute to a
deeper understanding of these motor configurations for
traction drive applications.

Section 2 presents the analytical design methodology
for SPMSMs with both inner and outer rotor configura-
tions, detailing the step-by-step design process for each
topology. In Section 3, three-dimensional finite element
method (3D-FEM) simulations are performed to evalu-
ate and compare the electromagnetic characteristics of
the two motor structures. Section 4 provides a compre-
hensive summary of the performance metrics obtained
from both configurations. Future work will focus on
multi-physics analyses, whose results are expected to
offer valuable insights for selecting the most suitable
inner rotor (IR) or outer rotor (OR) configurations for
high-speed SPMSM applications.

2.  Background of Analytical

Design

In this part, the analytical design of a SPMSM with OR
configuration is presented. The inner diameter (D)
of the rotor is defined via the maximum magnet stress

(om), 1.e.,
2.M \ 3
Di?“ = < ) )
O 0

where M is the electromagnetic torque (N.m). The air-
gap flux density generated by the PMs plays a crucial
role in determining the back electromotive force (EMF)
and the torque quality produced by the SPMSM. In
this research, Neodymium (NdFeB) magnets of grade
N38SH are selected due to their high magnetic perfor-
mance and thermal stability.

(1)
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Fig. 1: The winding diagram of SPMSM: Dual three-phase system (top); Six-phase system (bottom).

The magnetic flux density in the air gap between
stator and rotor can be defined as :

4
B, = - -sin (pPT’”) By,

s

(2)

where B, is the magnetic flux density of the PM and
Ppm is the electric angle of the PM.
The magnet thickness is determined based on :

_ ,Ur'geff'Bg'ﬂ-
B, -4-sin(%™) - By -7

m

3)

where B, is the remenant PM, p, is the relative per-
meability of PM, and gy is the effective length of air

gap. The width of the PM is determined by [17].

L
Wi, =2a- =+ (4)
s

It should be noted that the magnet length (L,) is
selected to be equal to the rotor length. The magnetic
flux of the PM is then determined by:

Om = By - Wi, - L. (5)
The length of stator yoke (hg,) is defined as
_ Bm : Wm
hoy = 220 (©
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The magnetic flux on the tooth (¢;) is defined as:

:¢m'2'p

=0,

(7)

The width of tooth (w;) is determined by:

Pt

W= —t —
"7 By k- Ly

(8)
where B; is the magnetic flux density on the tooth, k;
is the pressed factor of the stator yoke, and @ is the
number of slots. The slot bottom width (bs;) is defined

o Doy — 2(hso + o)
os 50 + w
Qs — Wt, (9)

where hg, and h,, are respectively slot opening and
wedge height. The slot top width (bs2) is determined
as:

bslzwx

2 _
bsz _ bsl 41 X A8l0t7 (10)
Qs

where Agot is the slot area. The slot height (hy) is

defined as:
2- Aslot

hy = —stot
) bsl + b52

(11)

Finally, the number of turns is determined as follows:

Us

N:
2ﬁw~f~q~kw~Bg~cos(2lng)~Di5~L

(12)

where ¢ the number of slot per pole per phase, k,, the

V2
It should be noted that for the two different phase

distribution cases, there will be different phase voltage
equations as follows:

winding factor and Us is the line voltage (Us; = U'J>

+ Case 1: Dual three-phase system:

Us
U, = 13
= (13)
+ Case 2: Independent six-phase system:
U
U, =-—- 14
: (14

where U, is the motor phase voltage calculated accord-
ing to the above 2 cases. Based on the initial parameters
of the proposed motor given in Table [I] the main di-
mensional parameters of the OR SPMSM after using
the above analytical equations are give in Table 2]

3. Results and discussion

In this section, the FEM is applied to simulate the
electromagnetic parameters of the proposed motor. The
main dimensions of this motor are given in Table [1| and
2l Figure [I] shows the winding arrangement of the

Tab. 1: Required parmeters of SPMSM with OR configuration.

Parameters Value | Unit
Rate Power 130 kW

DC Bus Voltage 650 A%
Number of phases 6 pha
Number of slots 30 slots
Number of pole pairs ) pole
Rate torque 960 Nm

SPMSM in a dual three-phase system and independent
six-phase system. The distribution of magnetic flux
density is shown in Figure 2}

It is observed that the maximum magnetic flux densi-
ties for the dual three-phase and independent six-phase
systems are 1.959 T and 2.059 T, respectively, measured
at the same tooth edge location, resulting in a difference
of 0.1 T. The higher value of 2.059 T in the independent
six-phase system is relatively close to the saturation
limit, increasing the risk of magnetic saturation un-
der fault conditions. Therefore, the dual three-phase
system, with its lower flux density, provides a safer oper-
ating margin, thereby enhancing the motor’s reliability
and overall operational stability. Figure |3| presents the
torque waveforms for both systems. It is evident that
the torque output of the independent six-phase system
is smoother and more stable. The cogging torque dis-
tribution caused by the interaction between the rotor’s
PMs and the stator teeth is shown in Figure [ It can
be observed that the dual three-phase system exhibits
higher cogging torque compared to the independent
six-phase system. Furthermore, the torque ripple of
the independent six-phase system is significantly lower,
reaching only 35.73%, while the dual three-phase sys-
tem exhibits a much higher ripple of 61.78% nearly
twice as much. At the same output power, the effi-
ciency of the independent six-phase system is 0.352%
lower than that of the dual three-phase system. This
indicates that motors using the dual three-phase system
are more energy-efficient during operation compared
to those with the independent six-phase system. Tak-
ing into account the torque quality and the advantages
and disadvantages of each system, the PMSM with the
independent six-phase system is selected for the next
stage of the study, which involves implementing magnet
skewing by segment.

The back-EMF distribution is shown in Figure [f
The total harmonic distortion (THD) of the back-EMF
for the dual three-phase and independent six-phase
systems is respectively 50.96% and 41.39%. The air-
gap magnetic flux distribution is illustrated in Figure [f]
Both systems exhibit sinusoidal waveforms. However,
the dual three-phase system has a higher amplitude,
resulting in greater torque production compared to
the independent six-phase system. Finally, simulation
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Tab. 2: Required parmeters of SPMSM with dual three-phase and six-phase system.

Parameter Dual three-phase system | Six-phase system | Unit
Stator outer diameter 289 289 mm
Rotor outer diameter 348.65 343.37 mm
Shaft diameter 172.95 178.44 mm
Rotor length 420 420 mm
Tooth width 13.52 10.84 mm
Slot height 29.7 29.6 mm
Magnet thickness 4.5 4.5 mm
Magnet electrical angle 138 126 Degree
Number of turns 4 4 Turn
Conductor diameter 1.004 1.103 mm

Fig. 2: Magnetic flux density distribution:
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Fig. 3: Waveform of output torques with dual three-phase and
six-phase systems.

results with dual three-phase and six-phase systems are
given in Table [3

It can be seen that the motor with a dual three-
phase system exhibits higher efficiency than the one
with an independent six-phase system. The motor con-
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Fig. 4: Waveform of cogging torques with dual three-phase and
six-phase systems.

figured with a dual three-phase system exhibits higher
efficiency compared to the motor using an indepen-
dent six-phase system. Both motors meet the design
requirements, delivering an output power of 130 kW
and an output torque of 960 Nm. The dual three-
phase system achieves an efficiency of 95.016%, whereas
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Tab. 3: Simulation results with dual three-phase and six-phase systems.

Parameter Dual three-phase system | Six-phase system | Unit
Ouput power 130470 130370 W
Efficiency 95.016 94.664 %
Torque Ripple 61.782 35.73 %
Power factor 0.97354 0.95033

Shaft torque 963.55 962.83 N.m
Back EMF THD 50.96 41.39 %

Tab. 4: Simulation results with before and after skewed PMs.

Parameter Before skewing | After skewing | Unit
Ouput power 130370 130990 W
Efficiency 94.664 94.493 %
Torque Ripple 35.73 8.9876 %
Power factor 0.95033 0.94557

Shaft torque 962.83 967.38 N.m
Back EMF THD 41.39 27.69 %
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Fig. 5: Waveform of back EMF with dual three-phase and six-
phase systems.
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Fig. 6: Magnetic flux density distribution at the air gap with
dual three-phase and six-phase systems.

the independent six-phase configuration reaches only
94.664%. This represents an efficiency improvement of
0.352% in favor of the dual three-phase system. This
difference becomes significant when multiple motors
operate simultaneously, contributing to notable energy
savings. The power factor values for the two configura-
tions are 0.97 for the dual three-phase system and 0.95
for the independent six-phase system, indicating that
the dual three-phase system utilizes active power more
effectively.

4. Skewing Technique for PMs

Fig. 7: 3D-modeling of the outer rotor configuration with before
skewed PMs (left) and after skewed PMs (right).

Based on the results of the SPMSM outer rotor given
in Table [3] the FEM is applied to calculate and simu-
late the electromagnetic parameters of the motor with
an independent six-phase control system under two
conditions: without magnet skewing and with magnet
skewing. Figure[7]illustrates the 3D models of both the
non-skewed and skewed rotor configurations. In this
study, the magnet skewing technique is implemented
by dividing each magnet into five segments, each seg-
ment having different skew angles. These skew angles,
which are symmetrical with respect to 0° were given
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Fig. 8: Waveform of cogging torques in each slice after using the skew PMs.

Fig. 9: Flux density distribution on the stator and rotor before skewing (top) and after skewing (bottom).

in . The principle behind the reduction of torque
ripple using the magnet skewing technique is explained
as follows. The cogging torque waveforms generated
by each magnet segment after applying the skewing
method are illustrated in Figure

It is evident that each magnet generates a cogging
torque waveform with a distinct phase shift within one
electrical cycle, which is determined by its skewing an-
gle. When these individual cogging torque components
are superimposed, they partially cancel each other, re-
sulting in a smoother net output torque. By selecting
an optimal skewing angle, cogging torque can be almost
entirely suppressed. However, this method inherently
reduces the average torque due to the attenuation of

higher-order harmonic components. Furthermore, as
the skewing angle increases, torque ripple diminishes,
but this improvement is accompanied by a decline in
average torque . To maintain the desired output
power and preserve the nominal average torque, the
stator current provided by the motor controller must be
appropriately adjusted . The magnetic flux density
distributions for both scenarios are depicted in Fig-
ure [0] Without magnet skewing, the peak flux density
reaches 2.059 T, whereas with skewing, the maximum
value decreases to 1.896 T. This reduction demonstrates
that magnet skewing effectively mitigates the risk of
magnetic saturation under fault conditions.
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Fig. 10: Waveform of output torques with before and after
skewed PMs.
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Fig. 11: Waveform of cogging torques with before and after
skewed PMs.

Figure [10| presents the output torque waveforms for
both cases. Before applying magnet skewing, the torque
waveform exhibits substantial oscillations with an aver-
age torque of 984.2547 Nm. The significant reduction in
cogging torque is shown in Figure This results are
in a much smoother torque output. Furthermore, the
torque ripple reduces significantly from 35.73% down
to 8.9876%, clearly demonstrating the effectiveness of
the magnet skewing technique in enhancing the torque
quality of the motor.

The waveform of back EMFs after doing skewed PMs
is presented in Figure [I2] It shoud be noted that after
skewing, the total THD of the back EMF decreases
from 41.39% to 27.69%, marking a 13.7% improvement
as shown in Figure The magnetic flux density
distribution across the air gap is shown in Figure[T4] It
can be observed that the flux distribution before and
after magnet skewing remains nearly unchanged. The
key performance parameters of the motor under both
conditions are summarized in Table @ These results
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Fig. 12: Waveform of back EMFs with before and after skewed
PMs.
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Fig. 13: Harmornic components of back EMF with before and
after skewed PMs.
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Fig. 14: Temperature Magneic flux density distribution at the
air gap with before and after skewed PMs.

align with expectations and validate the effectiveness of
the proposed magnet skewing technique in this study.
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5. Conclusion

This paper presented the analytical design of two 130
kW SPMSMs with a 650 V DC bus, employing dual
three-phase and independent six-phase configurations.
Comparative analysis revealed that the independent six-
phase system excels in torque quality, stability, and elec-
tromagnetic performance, while the dual three-phase
system achieves higher efficiency. The application of
magnet skewing further enhanced performance, reduc-
ing torque ripple from 35.73% to 8.99% and back-EMF
THD from 41.39% to 27.69%, confirming the effective-
ness of both the analytical design approach and skewing
technique.

In the future work, it will focus on applying and
developing advanced motor design methodologies using
optimization techniques such as particle swarm opti-
mization, genetic algorithms, and other approaches.
The target objectives will include improving torque
characteristics, reducing cogging torque and torque rip-
ple, and minimizing material cost.
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