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Abstract

In this study, a high-efficiency permanent magnet synchronous motor (PMSM) was de-
signed for a geared electric vehicle. The motor was developed for use in an L-category
electric vehicle with four wheels and a two-passenger capacity. During the design process,
application-specific dimensional constraints, electromagnetic requirements, and material
limitations were taken into consideration. A spoke-type rotor structure was adopted to
achieve both mechanical robustness and high efficiency with minimized leakage flux. In
addition, the combination of a 12-stator slot and a 10-rotor pole was selected to suppress
low-order harmonic components and improve torque smoothness. The motor model was
analyzed using Siemens Simcenter SPEED software (Product Version 2020.3.1), and an
efficiency above 94% was achieved, meeting the IE6 efficiency class. Magnetic flux analysis
results showed that the selected core material operated within the magnetic saturation
limits. The findings demonstrate that a compact and high-efficiency PMSM design is
feasible for electric vehicle applications.

Keywords: electric vehicle; hyper efficiency; IE6 efficiency class; permanent magnet syn-
chronous motor; spoke rotor structure

1. Introduction
The rapid development of electric vehicle (EV) technologies has been driven by the

urgent need to reduce greenhouse gas emissions and improve energy efficiency in the trans-
portation sector. This transition is further accelerated by regulations that are increasingly
geared towards environmental factors, such as the European Union’s CO2 emission targets
and the global adoption of higher efficiency standards for electric drive systems [1–4]. As
the electrification of transportation continues to expand, the traction motor has emerged
as a critical component influencing vehicle performance, energy consumption, and opera-
tional range. Consequently, the design and optimization of traction motors have become a
central research focus in the industry.

Electric traction motors for EV applications must satisfy multiple and often conflicting
design requirements, including high efficiency across a wide operating range, a compact
size to fit within constrained chassis geometries, and sufficient thermal robustness to ensure
reliability under continuous load [5]. Permanent magnet synchronous motors (PMSMs)
have become the preferred choice for many EV manufacturers due to their high efficiency,
high torque density, and wide constant power speed range compared to induction machines
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or switched reluctance motors [6–9]. Within this category, interior permanent magnet
synchronous motors (IPMSMs) offer further advantages through rotor configurations such
as spoke-type or V-shaped topologies, which enhance flux focusing, improve torque output,
and extend flux-weakening capability [10].

Over the past decade, numerous studies have investigated PMSM and IPMSM designs
for traction applications, focusing on aspects such as rotor topology optimization [11–13],
fractional-slot concentrated windings [14–16], and advanced cooling strategies [17–19].
Spoke-type PMSM configurations, in particular, have been shown to reduce torque ripple
and suppress harmonics [20], while fractional-slot concentrated windings can decrease
copper loss through shorter end-turns and improve the slot fill factor [21]. Moreover, the
integration of finite element analysis (FEA) with analytical modeling has enabled multi-
objective optimization simultaneously targeting efficiency, torque density, and manufactura-
bility. Recent advances in computational tools have also enabled more accurate prediction
of iron losses, magnet demagnetization risk, and thermal behavior, further extending the
applicability of simulation-based design approaches. Despite these advancements, several
technical gaps remain unaddressed.

High-efficiency PMSMs have been successfully developed for industrial applications,
but these machines typically employ larger frame sizes or active cooling systems that are
impractical for compact EV applications. PMSM designs for EV applications often aim to
achieve high efficiency while also meeting strict constraints on size, weight, and integration
within limited space. Various PMSM designs targeting EV applications place primary
emphasis on specific technical features, such as harmonic mitigation or flux-weakening
capability [22], while offering limited benchmarking of overall efficiency relative to other
high-performance machines. However, adapting such designs to the compact packaging
requirements of EVs often demands a re-evaluation of rotor geometry, cooling methods,
and material selection, which introduces additional multidisciplinary challenges. This
underscores the importance of broader performance comparisons to assess the practical
applicability of such designs in real-world EV scenarios.

In addition to electromagnetic performance, mechanical robustness and manufactura-
bility are also key considerations in the design of PMSMs for EV applications. Spatial
constraints in specific vehicles, such as L-category urban EVs, impose further design chal-
lenges. Motors for these applications must deliver high torque density within a limited
envelope while ensuring manufacturability and cost-effectiveness. Reports in the litera-
ture describing PMSM designs that meet such spatial limitations while simultaneously
achieving high efficiency remain limited. Existing industrial high-efficiency machines often
cannot be directly adapted due to their larger frame sizes, active cooling requirements,
or incompatible mounting configurations. This combination of requirements (compact-
ness, high efficiency, and the potential for passive cooling) thus defines a clear gap in
the current state of the art. In particular, there is a lack of studies that explicitly address
the simultaneous optimization of slot/pole number selection, spoke-type rotor topology,
and winding design under the dimensional and operational constraints of L-category EVs.
While achieving high efficiency and torque density is a general requirement across traction
motor designs, the present study addresses this gap by combining these requirements with
the strict packaging limitations and manufacturability constraints of L-category EVs.

The present study focuses on the design and analysis of a 12-slot/10-pole spoke-type
PMSM optimized for electric vehicle applications with geared transmission systems. The
primary objectives are to achieve high efficiency consistent with IE6 efficiency classification
targets, maintain a compact geometry suitable for limited installation spaces, and ensure
smooth torque output through appropriate rotor topology selection. The design process
combines analytical pre-design calculations with detailed finite element method (FEM)
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simulations to refine the electromagnetic parameters, evaluate torque and efficiency char-
acteristics, and estimate the associated loss components. The proposed approach aims
to provide a balanced solution that addresses both performance and manufacturability
requirements, offering practical insights for the development of high-efficiency traction
motors in next-generation electric vehicles.

In summary, the key contributions of this work are

(1) The design of a high-efficiency spoke-type PMSM optimized for the dimensional
constraints and operational requirements of L-category electric vehicles;

(2) Demonstrating high torque density and low torque ripple within restricted installation
spaces;

(3) Providing a simulation-based design framework for evaluating electromagnetic perfor-
mance, torque production, and loss distribution in compact traction motor applications.

The remainder of this paper is organized as follows. Section 2 presents the design
requirements and methodology. Section 3 discusses the simulation results and performance
evaluation, while Section 4 summarizes the main conclusions and outlines directions for
future work.

2. Materials and Methods
In this study, a high-efficiency permanent magnet synchronous motor was designed

for an electric vehicle with a geared transmission system. Within the design process,
both electromagnetic and mechanical criteria were considered to size the motor, select
appropriate materials, and analyze its conformity to performance targets and operating
conditions. The design criteria and characteristics of the proposed motor are presented in
this section.

2.1. Design Requirements

The PMSM is designed specifically for the traction requirements of L-category electric
vehicles, which are compact urban mobility solutions typically intended for two passengers.
These vehicles are characterized by their lightweight structure, limited installation space,
and modest speed range, making them well-suited for short-range city commuting. In this
context, the motor must deliver high torque at low speeds to ensure sufficient acceleration
in urban driving conditions, while simultaneously maintaining high efficiency to maximize
vehicle range within the limited battery capacity.

The proposed machine is designed to operate with a geared transmission system,
enabling an effective balance between torque generation and vehicle speed. Through the
integration with a single-speed gearbox, the motor’s shaft power is efficiently transferred
to the wheels, ensuring the high starting torque required in stop-and-go traffic, while
also providing smooth operation at the rated top speed of the vehicle. This configuration
enhances driving comfort, reduces energy losses, and ensures compatibility with the overall
dynamics of compact EV drivetrains.

Moreover, the design requirements place particular emphasis on compactness, man-
ufacturability, and cost-effectiveness. Given the limited chassis space of L-category EVs,
the motor geometry must be carefully optimized to achieve high torque density within a
restricted envelope. At the same time, thermal robustness is essential, since the compact
design reduces the possibility of employing large active cooling systems. Therefore, the
proposed design aims to ensure reliable operation under natural or simplified forced-air
cooling, consistent with the practical constraints of lightweight urban vehicles.

Table 1 summarizes the key technical specifications of the selected reference vehicle,
which guided the definition of motor power, torque, and operational parameters in the
design process.
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Table 1. Technical specifications of the electric vehicle.

Parameter Value Unit

Motor power 2.5 kW
Nominal motor torque 3.5 Nm

Battery capacity 5.5 kWh
Battery technology Lithium-Ion

Charging time (0–100%) 4 h
Range 75 km

Top speed 45 km/h
Gearbox type Single-speed automatic transmission

2.2. Design of the PMSM

In the motor design process, the outer diameter of the stator was determined to be
144 mm, considering the available mounting space within the vehicle. A 12-stator-slot
and 10-rotor-pole configuration was selected to achieve high efficiency, compact structure,
and low harmonics. The selection of a 12-slot/10-pole spoke-type PMSM topology was
motivated by its favorable electromagnetic performance characteristics, including high
torque density, wide constant-power speed range, and the inherent potential for low torque
ripple. While this combination has been reported in previous studies, its direct adaptation
to the spatial and operational constraints of L-category electric vehicles presents unique
engineering challenges. The compact chassis configuration of such vehicles imposes strict
limitations on the motor’s axial length and overall envelope, while also restricting the
integration of active cooling systems. To address these constraints, the rotor geometry,
stator slot design, and winding configuration were tailored to achieve the required torque
output and efficiency targets within the restricted installation space. The spoke-type
rotor layout was specifically optimized to suppress low-order harmonics, ensuring smooth
torque delivery without the need for additional structural complexity. Analytical pre-design
calculations provided the initial dimensions and electromagnetic loading estimates, which
were then refined through high-fidelity finite element analysis to evaluate the effects of
magnet placement, flux concentration, and tooth geometry on torque ripple, efficiency, and
manufacturability. Special attention was given to the winding end-turn length to improve
the slot fill factor and minimize copper losses, which is critical in compact designs where
space efficiency directly impacts performance. This engineering adaptation demonstrates
that the 12-slot/10-pole spoke-type topology, when systematically optimized for compact
EV constraints, can simultaneously satisfy high efficiency, favorable torque per volume
ratio, and manufacturability requirements without active cooling. The approach bridges the
gap between theoretically optimal electromagnetic designs and practical implementation
in space-limited traction applications.

The electromagnetic and geometric considerations, the material selection for both the
stator/rotor cores and the permanent magnets is a decisive factor in achieving the targeted
performance objectives. The materials employed in the designed PMSM are summarized
in Table 2. The magnetic cores of both the stator and rotor are composed of M250-50A
non-oriented electrical steel laminations. This grade was selected due to its favorable
compromise between magnetic permeability and specific core losses under the design
operating frequency. Its relatively low hysteresis and eddy current losses contributed
to the efficiency requirements of the machine while maintaining manufacturability and
cost-effectiveness. Furthermore, the use of M250-50A allowed sufficient magnetic flux
conduction capacity without pushing the laminations into premature saturation, which is a
crucial concern for compact traction motors where high flux densities are concentrated in
a confined volume. For the rotor permanent magnets, NdFeB grade N30SH was selected.
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NdFeB alloys are widely recognized for their superior remanence and coercivity compared
to ferrite or SmCo alternatives, making them particularly suitable for high-torque-density
traction motors. The N30SH grade, with a remanence flux density (Br) on the order of
1.05–1.10 T, combines strong magnetic properties with enhanced thermal stability. The “SH”
classification corresponds to a maximum operating temperature of approximately 150 ◦C,
which significantly reduces the risk of irreversible demagnetization during continuous
traction operation in compact electric vehicle environments. This high-temperature capa-
bility was considered essential for the intended geared EV application, as forced cooling
options are limited in the restricted chassis layout. The spoke-type rotor was designed
with rectangular NdFeB permanent magnets having dimensions of 27 mm (axial length)
× 16 mm (width) × 3.8 mm (height/thickness) for each insert. This corresponds to a per
magnet volume of approximately 1641.6 mm3 (≈1.64 cm3). The relatively small thickness
of 3.8 mm was selected to support flux focusing and reduce leakage across the rotor bridges,
while the 16 mm width ensured adequate radial flux interaction with the stator teeth. The
length of 27 mm was matched to the active stack height of the motor, thereby maximizing
the effective utilization of the magnet volume in the electromagnetic design. The selected
geometry was finalized after iterative evaluation of flux distribution, torque density, and
manufacturability, ensuring that both electromagnetic and mechanical requirements were
satisfied within the restricted motor envelope. This magnet configuration was determined
through a parametric design process, in which variations in insertion depth and tangential
span were evaluated to balance torque density, efficiency, and manufacturability under
the geometric restrictions of L-category electric vehicles. Particular attention was given to
avoiding local saturation in the stator teeth and rotor bridges, as well as to mitigating me-
chanical stress concentrations around the magnet cavities. The adopted geometry reflects
a compromise between electromagnetic performance and structural robustness, ensuring
reliable operation in continuous duty.

Table 2. Materials of the designed PMSM.

Component Material Grade

Stator core material Slicon steel M250-50A
Stator coil material Copper Class 180 (H)
Rotor core material Slicon steel M250-50A

Rotor magnet material NdFeB N30SH

The motor designed with this configuration is targeted to achieve an efficiency level
exceeding 94%. This objective aligns with the IE6 efficiency class discussed in the draft
version of IEC 60034-30-3 [23], which, although not yet officially standardized, has been
proposed in the literature. The IE6 class aims to reduce motor losses by approximately
20% compared to the currently highest standardized efficiency class, IE5 [24]. Thanks
to the reduced losses in the motor, the resulting thermal load within the system will be
significantly decreased, eliminating the need for an active cooling system. Since the motor
is planned to be mounted at the front of the electric vehicle, it is intended to utilize natural
airflow for passive cooling during operation. Accordingly, the motor has been designed
with a structure featuring only two end covers, allowing direct contact between the internal
components and the air. As there is no specific requirement for a protection class in this
application, the motor was designed with an IP0 protection level, and ventilation holes
were added to the front and rear covers to promote air circulation. This configuration
enables effective heat dissipation and eliminates the need for additional active cooling
systems, ensuring that the thermal assumptions used in the analyses are consistent with
the real installation environment.
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2.3. Design Constraints

The design process of an electric motor is shaped by constraints arising from both the
physical installation space and the selected materials. Dimensional parameters, such as
the stator outer diameter and core length, are generally limited by the available mounting
space within the application environment. In this study, the overall motor envelope was
constrained to 150 × 150 × 54 mm (W × H × L), corresponding to a total volume of
1.215 × 10−3 m3 (≈1.2 L). This compact envelope was dictated by the installation require-
ments of the target vehicle. Additionally, constraints related to materials and performance
stem from factors such as the motor’s thermal endurance and magnetic properties. In this
context, design parameters including torque per rotor volume (TRV), electrical loading
(Ac), the ratio of inner to outer diameter (Dsi/Dso), the aspect ratio (Lstk/Dsi), supply volt-
age, and current density (Jrms) are taken into consideration. These parameters define the
design boundaries while ensuring optimal performance within the physical and material
limitations of the motor, as well as compatibility with application-specific requirements.

2.4. Outputs of PMSM

The motor model was developed in accordance with the specific application require-
ments and the constraints imposed by the selected materials. To maintain the clarity and
conciseness of this paper, detailed analytical and numerical calculations involved in the
design process have been omitted. Instead, the key design parameters are summarized in
Table 3. For a comprehensive explanation of the design methodology and the underlying
computational procedures, readers are referred to [25–27].

Table 3. Design parameters of the proposed motor.

Parameter Value Unit

Number of Stator Slots 12
Number of Rotor Poles 10

Winding Topology Concentrated Winding
Slots per Pole per Phase 0.4

Winding Symmetry Number 2
Winding Factor 0.933

Number of Turns per Phase 16
Conductor Cross-Sectional Area 11.4 mm2

LCM (Least Common Multiple) 60
Coil Span (Throw) 1

Torque per Rotor Volume 25.1 kNm/m3

Electrical Loading 22.67 kA/m
Average Airgap Flux Density 0.62 T

Current density 5.2 A/mm2

Split Ratio 0.56
Aspect Ratio 0.34

Stator Tooth Width 11 mm
Tooth Width/Tooth Pitch 0.4

Number of Phases 3
Stack Length 27 mm
Rotor Volume 135,716.8 mm3

Table 3 presents the results obtained from analytical calculations related to the motor’s
geometrical, electrical, and electromagnetic characteristics. These results represent the
design outputs based on the input parameters outlined in Table 1 and serve as founda-
tional data for subsequent motor performance analyses. In this context, the PMSM was
modeled using the determined design parameters, and motor analyses were conducted
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using Siemens Simcenter SPEED software (Product Version 2020.3.1). The designed motor
model is shown in Figure 1. In this design, a spoke-type rotor structure was preferred. This
configuration offers significant advantages in terms of mechanical strength, compact motor
construction, and achieving high efficiency. By utilizing the spoke-type rotor structure,
leakage fluxes are minimized, enabling magnetic flux interaction between the rotor and
stator to occur with minimal leakage. Furthermore, a 12-slot stator and 10-pole rotor com-
bination was selected for the motor topology. This configuration prevents the occurrence
of low-order odd harmonic components, such as the 5th, 7th, and 9th, thereby reducing
torque ripple and enhancing the overall performance of the motor.

  
(a) (b) 

Figure 1. The designed PMSM: (a) 3D structural view, (b) winding layout.

To further benchmark the electromagnetic performance, the torque per rotor volume
(TRV) was evaluated. The designed PMSM achieves a TRV of 25.1 kNm/m3, as reported
in Table 3. This metric was adopted instead of envelope-based torque density, since it
provides a gearbox-independent and machine-intrinsic normalization of torque capability.
Reported TRV values for totally enclosed rare-earth permanent magnet motors generally lie
within the range of 14–42 kNm/m3 [26], confirming that the proposed design demonstrates
a competitive performance.

Table 3 summarizes the electrical, geometrical, and electromagnetic outputs of the
designed PMSM. The selected winding configuration ensures high fundamental component
utilization while maintaining compact coil geometry. The relatively high split ratio and
aspect ratio were determined based on vehicle constraints, ensuring a balance between
torque capability and axial compactness. The average air-gap flux density of 0.62 T and the
electrical loading of 22.67 kA/m indicate a moderate magnetic and electric loading, selected
to limit saturation and thermal stress under continuous duty. These outputs, together with
the geometric parameters such as tooth width and stack length, form the baseline inputs
for the FEM-based performance analysis presented in the subsequent section.

3. Results
This section presents the analysis results of the PMSM designed for the electric vehicle.

The analyses were carried out using the FEM-based environment of Siemens Simcen-
ter SPEED software. The simulations were performed under the rated operating point
in continuous duty, considering a winding temperature of 100 ◦C. In this process, both
the temperature-dependent reduction in the winding resistance and the temperature-
dependent decrease in the magnet remanence were taken into account. The copper resis-



Energies 2025, 18, 4684 8 of 14

tance was calculated by including the end-winding extension height (≈5 mm per side),
while the coil configuration of 16 turns per phase with an RMS current density of 5.2 A/mm2

was applied. The efficiency evaluation followed the total losses approach, as defined in
IEC 60034-2-1 [28], where core losses were obtained from FEM using the material B–H and
loss characteristics and AC copper losses were verified to remain negligible compared to
the DC component. The operating point was determined using a maximum torque per
ampere (MTPA) current phasing strategy. The current vector angle was determined to be
γd = 90.95◦ with respect to the d-axis, corresponding to a small deviation of 0.95◦ from the
q-axis, indicating that id ≈ 0. The electromagnetic load angle was calculated as δ = 33.88◦.
These two angles have distinct definitions: γd represents the current vector angle relative
to the rotor d-axis, whereas δ denotes the load angle between the rotor flux and the stator
flux linkage. At rated operating conditions, such values are typical for spoke-type PMSMs
and confirm that the current vector remains predominantly aligned along the q-axis, as
expected under MTPA control.

Figure 2 shows the results of the electromagnetic analysis. The primary objective of
this analysis is to evaluate whether the core material reaches magnetic saturation. Upon
examination of the obtained results, it is observed that magnetic saturation does not occur
in the motor core. Remaining below the critical saturation threshold of 1.6 T indicates
that the core material has been appropriately selected and that the motor does not pose
a risk of saturation under nominal operating conditions. Moreover, the general orien-
tation and symmetry of the flux lines suggest that the motor possesses a magnetically
balanced structure.

 
Figure 2. Magnetic flux density distribution.

The current waveforms of the three-phase stator windings as a function of the rotor’s
electrical position are shown in Figure 3. Each phase of the three-phase system exhibits
a sinusoidal waveform with a 120◦ phase shift between them, indicating that the motor
operates under balanced and ideal conditions. The root mean square (RMS) value of the
current for each phase is obtained as 59.4 A.
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Figure 3. Three phase stator current waveforms of designed PMSM.

The back-electromotive force (back-EMF) waveforms induced in each phase as a func-
tion of the rotor’s electrical position are shown in Figure 4. Each phase exhibits a sinusoidal
waveform with a 120◦ phase shift, indicating a balanced and ideal electromagnetic design.
The RMS value of the back-EMF per phase is determined as 16.2 V.

Figure 4. Three phase back-EMF waveforms of PMSM.

The nominal torque of the motor is approximately 3.504 Nm, as shown in Figure 5. The
torque ripple is calculated to be around 0.46% using (1). The low amplitude of torque ripple
indicates that the motor has a well-balanced magnetic design and offers high torque stability.
From the perspective of electric vehicle applications, this feature provides significant
advantages by enhancing driving comfort and the reducing vibrations and noise that may
affect mechanical components.

Tr = (Tmax − Tmin)/Tavg (1)

where Tmax, Tmin, and Tavg are maximum torque, minimum torque, and average torque,
respectively.
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Figure 5. Electromagnetic torque variation versus rotor electrical position.

Figure 6 shows the cogging torque waveform obtained over a mechanical rotation of
0–30◦. The peak cogging torque is approximately 0.18 Nm. The periodic and symmetrical
nature of the waveform indicates a proper alignment between the rotor magnets and
stator teeth. In electric vehicle applications, such a low cogging torque level is particularly
beneficial at low speeds, where it contributes to smoother and vibration-free operation.

Figure 6. Cogging torque variation versus rotor electrical position.

The torque and power characteristics of the designed PMSM are shown in Figure 7 as a
function of motor speed. At low speeds, the torque remains nearly constant around 3.5 Nm,
but it begins to decrease beyond a certain speed. In contrast, the power increases with speed
and reaches approximately 2900 W. At the nominal operating point of 7000 rpm, the torque
is 3.5 Nm and the output power is approximately 2.5 kW. This reflects a transition from
the constant torque region to the constant power region, which is a desirable performance
profile for electric vehicle applications.



Energies 2025, 18, 4684 11 of 14

Figure 7. Operating characteristics of designed PMSM.

The efficiency map obtained as a function of shaft torque and motor speed is presented
in Figure 8. It is observed that the motor operates with an efficiency above 90% over a
wide operating range. In particular, high efficiency is achieved within the torque range of
1.5–3.5 Nm and the speed range of 1500–8000 rpm. Under nominal operating conditions,
the motor reaches an efficiency of approximately 95.35%, which exceeds the level defined
by the highest officially recognized IE5 efficiency class. In the literature, the proposed
IE6 classification is associated with approximately 20% lower losses compared to IE5 [24].
Accordingly, the obtained efficiency value meets the expected performance of the IE6
efficiency class, indicating that the motor offers a highly advantageous structure in terms
of energy efficiency and overall performance for electric vehicle applications.

Figure 8. Efficiency map of the designed PMSM.

The summary of the key electromagnetic and performance parameters of the motor is
presented in Table 4. These results highlight that the proposed PMSM achieves a nominal
torque of 3.5 Nm and an output power of 2.56 kW at 7000 rpm, with an efficiency of 95.35%.
The relatively high power factor confirms the effectiveness of the MTPA-oriented current
phasing strategy, while the low winding resistance ensures that copper losses remain
small compared to iron losses. The inductance values indicate a saliency ratio close to



Energies 2025, 18, 4684 12 of 14

unity, which is consistent with the spoke-type rotor design and beneficial for stable torque
production. Furthermore, the back-EMF constant aligns well with the targeted DC bus
voltage, ensuring compatibility with the intended EV drive system. Overall, the parameters
confirm that the designed motor offers a balanced combination of high efficiency, compact
size, and suitability for geared electric vehicle applications.

Table 4. Output parameters of the designed PMSM.

Parameter Value Unit

Nominal torque 3.5 Nm
Nominal speed 7000 rpm

Nominal output power 2565 W
Input power 2690 W

Efficiency 95.35 %
Phase winding current 59.4 Arms

Power factor 0.83
Frequency 583 Hz
Iron loss 84.7 W

Winding loss 39.8 W
Back EMF 16.2 Vrms

D-axis inductance 0.0394 mH
Q-axis inductance 0.0469 mH

Phase winding resistance (20 ◦C) 0.00285 Ω

4. Conclusions
In this study, a permanent magnet synchronous motor with a spoke-type rotor topol-

ogy was designed for application in an L-category electric vehicle intended for the urban
transportation of two passengers. The motor was tailored to meet the specific torque and
speed requirements of the reference vehicle, while also ensuring a compact construction
suitable for gearbox integration.

Simulation results showed that the proposed PMSM achieves a peak efficiency of
95.35% under continuous operation, thereby confirming its hyper-efficiency level. The
adopted 12-slot/10-pole configuration significantly suppresses low-order harmonics, which
reduces torque ripple and contributes to stable drive performance. Magnetic flux analysis
further demonstrated that the selected core material remains well below saturation limits,
ensuring electromagnetic stability during nominal operation.

In addition, the torque-per-rotor-volume (TRV) of 25.1 kNm/m3 highlights the com-
petitive torque density of the proposed design compared with state-of-the-art permanent
magnet machines, while maintaining a lightweight and manufacturable structure.

In conclusion, this study demonstrates the feasibility of achieving both compactness
and high efficiency in a PMSM designed for geared electric vehicle applications. In future
work, prototype production is planned, and the design will be validated experimentally
through efficiency mapping, torque ripple characterization, and thermal performance tests
at the electrical laboratory of Volt WEG Group.
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