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Abstract

Electric power steering (EPS) systems have become the dominant steering solution in mod-
ern vehicles due to their advantages in energy efficiency and driving convenience. Among
EPS configurations, rack-type EPS(R-EPS) is widely adopted in mid-to-large vehicles for
its direct and responsive steering characteristics. However, conventional slotted motors
used in R-EPS suffer from cogging torque and torque ripple caused by periodic reluctance
variation in the stator tooth structure, resulting in vibration and noise directly perceived
by the driver. This article proposes a slotless Surface Permanent Magnet Synchronous
Motor (SPMSM) employing a Bar-Type magnet with a double-bridge rotor structure for
R-EPS applications. By eliminating stator teeth, the proposed design achieves a uniform
reluctance distribution during rotor rotation, theoretically reducing cogging torque to zero.
The absence of stator tooth magnetic saturation further enables the use of high-remanence
permanent magnets, improving gravimetric power density and enabling motor miniatur-
ization. The proposed motor was designed and verified through finite element analysis
(FEA). Compared to the conventional Arc-Type motor, the optimized design achieves a
torque ripple reduction of 64.7% (from 5.07% to 1.79%) through Bar-Type magnet shaping
combined with a 5 mm edge filet. The optimized design achieved an output power of
359.9 W, a gravimetric power density of 276.85 W /kg based on an active part weight
of 1.30 kg, and a structural safety factor of 1146, demonstrating the effectiveness of the
proposed double-bridge slotless motor for R-EPS applications.

Keywords: cogging torque; electric power steering; rack-type EPS; slotless PMSM; torque
ripple

1. Introduction

Electric power steering (EPS) systems have become the dominant steering solution in
modern vehicles, replacing conventional hydraulic systems owing to their advantages in
energy efficiency and compatibility with advanced driver-assistance systems [1,2]. Among
EPS configurations, rack-type EPS (R-EPS) is widely adopted in mid-to-large class vehicles
due to its direct mechanical linkage between the assist motor and the steering rack, which
enables high steering force with precise responsiveness [3]. Because this direct-drive
architecture transmits motor-side torque disturbances almost unattenuated to the steering
wheel, the motors used in R-EPS must satisfy stringent requirements for low cogging

torque, low torque ripple, and high gravimetric power density.
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Surface-mounted permanent magnet synchronous motors (SPMSM) are the preferred
topology for R-EPS applications owing to their high torque-to-weight ratio and ease of
control [4-6]. However, conventional slotted SPMSM designs inherently generate cogging
torque and torque ripple due to the periodic reluctance variation caused by the stator
tooth-slot structure [7]. Various mitigation techniques have been proposed, including
stator skewing, tooth-tip shaping, and fractional-slot winding configurations, but these
approaches involve geometric trade-offs that limit overall effectiveness or increase man-
ufacturing complexity [8-13]. Slotless motor architectures eliminate stator teeth entirely,
yielding a theoretically zero cogging torque and removing tooth magnetic saturation con-
straints, which allows for greater utilization of high-remanence permanent magnets and
improved power density [14-17]. Despite these advantages, existing slotless studies have
largely focused on cogging torque elimination and high-speed operation, while three
critical aspects of R-EPS-oriented slotless design remain insufficiently addressed. First,
systematic magnet-shaping methodologies that simultaneously suppress back-EMF har-
monics and high-order torque ripple, rather than only the dominant cogging component,
are rarely reported. Second, lightweight rotor structures that reduce active-part weight
without sacrificing the structural integrity required under centrifugal loading have received
limited attention in the slotless context. Third, design procedures tailored to the 48 V
system architecture and the stringent NVH requirements of R-EPS applications are sparsely
documented in the literature. This study addresses these gaps by integrating Bar-Type
magnet shaping with edge fileting for harmonic suppression, a double-bridge lightweight
rotor verified by structural analysis, and a complete FEA-based design procedure under a
fixed 48 V slotless stator configuration.

This paper proposes a slotless SPMSM employing a Bar-Type permanent magnet with
a double-bridge lightweight rotor topology for 48 V R-EPS applications. A Bar-Type magnet
geometry introduces a non-uniform air-gap profile that enables flux shaping, effectively
suppressing high-order harmonics in the back-EMF and reducing torque ripple without
additional stator-side modifications. The double-bridge rotor topology reduces active part
weight while maintaining structural integrity under centrifugal loading, as verified by
finite element analysis (FEA). The remainder of this paper is organized as follows: Section 2
defines the conventional motor and design constraints; Section 3 presents the magnet
optimization, lightweight rotor design, structural analysis, and FFI-based torque ripple
evaluation; Section 4 summarizes the conclusions.

2. Conventional Motor and Design Constraints

For rack-type EPS(R-EPS) motors, the radial flux type surface-mounted permanent
magnet synchronous motor (SPMSM) is commonly employed. The uniform air-gap flux
density distribution of the SPMSM enables precise torque control, which is highly advanta-
geous for motor miniaturization and weight reduction compared to the interior permanent
magnet synchronous motor (IPMSM). Furthermore, the absence of stator tooth magnetic
saturation in slotless SPMSM configurations allows for greater utilization of permanent
magnet flux, making the slotless architecture particularly suitable for high-power-density
and low-noise EPS applications.

A conventional slotless R-EPS motor was selected as the baseline, as shown in Figure 1,
Red and blue represent the north (N) and south (S) poles of the magnets, respectively. to
establish the performance and size requirements for the proposed design. As illustrated in
the exploded view of Figure la and the assembled view of Figure 1b, the motor consists of
an inner rotor carrying surface-mounted permanent magnets, an air-gap winding wound
directly without stator teeth, and a slotless cylindrical stator back-yoke that provides the
magnetic return path; these components are enclosed by the housing and end brackets
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Back-Yoke

supported on the shaft and bearings. The labeled exploded view further identifies the
rotor core, permanent magnets, plastic mold, molded coil, and stator back-yoke, which
constitute the main electromagnetic and mechanical support components of the baseline
slotless R-EPS motor. In operation, the permanent magnets establish a radial air-gap field,
and three-phase currents in the air-gap winding interact with this field to produce torque.
Because the slotless stator presents a smooth bore with no teeth, the air-gap reluctance
remains constant during rotor rotation, so cogging torque is theoretically eliminated, and
the back-EMF waveform is governed primarily by the magnet shape rather than by tooth-
slot geometry. The conventional motor operates at a rated speed of 1000 rpm with a
rated torque of 3.41 Nm, delivering an output power of 355 W and a gravimetric power
density of 259.17 W /kg with an active part weight of 1.37 kg. Detailed specifications of the
conventional motor are summarized in Table 1.

Rotor Core

Plastic Mold

Molded Coil

(a) (b)
Figure 1. Conventional slotless R-EPS motor: (a) exploded view, (b) assembled view.

Table 1. Specifications of the Conventional Motor.

Parameter Value Unit
Poles/Slots 8/24 -

Stator Diameter 84.9 mm

Size Rotor Diameter 67.5 mm

Airgap 0.5 mm

Stack Length 38 mm

Coil Diameter 0.65(0.8) mm
Winding Number of Turns 36 -
Number of Parallels 4 -

Magnet 1.43/1109 Nd T/ka/m

Materials Coil Copper -
Core 50PN470 -

To ensure equivalent or superior output performance while achieving meaningful
reductions in cogging torque, torque ripple, and active part weight, the proposed slotless
motor was designed based on the specifications of the conventional motor. The design
targets include maximizing gravimetric power density and minimizing electromagnetic
vibration sources within the given spatial constraints of the R-EPS installation environment.
The detailed design methodology and resulting specifications of the proposed motor are
presented in the following section.

In this study, the stator outer diameter and coil specifications of the conventional
slotless R-EPS motor were fixed in accordance with the requirements of the manufacturing
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partner. Therefore, the design variables available for optimization were limited to the
permanent magnet shape parameters. As illustrated in Figure 2, the red hatched region
represents the actual coil winding area, while the yellow highlighted region on the right
indicates the curved lower section of the winding. A detailed verification of the coil turn
validity within the innermost winding region was beyond the scope of this study, as the
primary objectives are to improve power density and torque performance through THD
minimization under a fixed stator configuration. Within these constraints, the permanent
magnet geometry was optimized to maximize no-load back-EMF while minimizing total
harmonic distortion (THD) of the phase voltage, which directly influences cogging torque
and torque ripple in slotless motors.

Figure 2. Two-dimensional finite element analysis (FEA) model of the conventional slotless R-EPS
motor. Cross-sectional view of the motor illustrating the rotor core, stator core, permanent magnets,
coil winding region, and stator back yoke. Gray, red, blue, and yellow represent the rotor core and
stator core, north (N) pole, south (S) pole, and coil winding region, respectively.

3. Proposed Motor Design and Optimization

As shown in Figure 3, the Arc-Type permanent magnet is designed such that its inner
and outer curvatures conform to the rotor core and stator, maintaining a constant air—gap
along the rotational direction 0.

Figure 3. Magnetic equivalent circuit (MEC) model of the conventional Arc-Type magnet.

In the Arc-Type structure, since the magnet thickness #,, and the air-gap thickness 6 is
uniform across the entire magnetic pole area, the parameters of the magnetic circuit are
treated as constants. The total reluctance of the magnetic circuit Ry, is defined as follows

HourAm — MoAg

Riotas = Rim + Rg + Reore & (1)
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Ry is the internal reluctance of the magnet, and R is the air-gap reluctance. The
reluctance of the iron core, Rcore can be neglected by assuming infinite permeability. Because
the Magnetomotive Force (MMF) source is constant and the magnetic reluctance is uniform
regardless of position, the air-gap flux density B, () theoretically forms a square wave
distribution within the range of the pole arc angle a,.

0g = \/(Rm + Rg)2 + (R,SinG)Z—chosé) @)

This square wave distribution, when decomposed via the Fourier series, contains sub-
stantial high-order harmonic components that directly elevate the total harmonic distortion
(THD) of the back-EME, contributing to cogging torque and torque ripple.

3.1. Bar-Type Permanent Magnet Optimization

In contrast to the conventional Arc-Type geometry, the Bar-Type magnet configuration
features a non-uniform air-gap 6(0) that varies with angular position [18]. This enables
flux shaping, in which the magnetic equivalent circuit (MEC) parameters are tailored to
improve the harmonic profile of the back-EMF [19].

The air-gap reluctance Ry (6) and the resulting air-gap flux density B, (6) for a Bar-Type
structure can be defined as Equations (3) and (4).

)
8O =A@ ©
B
Bol0) > @
L4 o (@)

By substituting the position-dependent air-gap function §(6) into Equation (4), it is
evident that the air-gap flux density B, (6) is no longer constant across the pole arc. Since
the air-gap length §(6) increases as the angular position moves from the center toward the
pole edges, the flux density naturally attenuates at the magnet peripheries. This physical
characteristic transforms the conventional square wave distribution into a more sinusoidal
profile, effectively suppressing high-order harmonics that contribute to Total Harmonic
Distortion (THD).

An additional degree of freedom is introduced through a side-cut geometry at the
magnet edges, as shown in Figure 4 [20]. By tuning the side-cut angle, the effective pole
arc and the flux density transition slope can be precisely controlled, enabling targeted
suppression of specific harmonic components in the back-EMF. Parametric simulations
confirm that an optimized side-cut angle can reduce the THD to below 1%, which is
essential for EPS applications requiring smooth torque delivery and minimal vibration.

Figure 4. Analysis model of the Bar-Type magnet geometry.
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However, an excessive side-cut reduces the fundamental flux density component,
which may compromise average torque output. Therefore, the magnet thickness and side-
cut angle were selected through an iterative optimization process to satisfy both torque
density and NVH requirements simultaneously, as illustrated in Figure 5.
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Figure 5. Parametric analysis of no-load characteristics according to magnet thickness and side-cut
angle: (a) No-load line-to-line back-EMF; (b) No-load phase voltage THD.

Based on the comprehensive parametric analysis, a magnet thickness of 8.0 mm and a

side-cut angle of 28° were selected as the final design parameters for the 48 V EPS motor.

This configuration achieves a no-load line-to-line back-EMF of 30.05 Vrms and a minimum

phase voltage THD of 0.38%. Furthermore, a performance comparison was conducted

through load analysis to verify the operational characteristics of the optimized design, with

the load magnetic field distribution of the proposed Bar-Type model shown in Figure 6,

and the results are summarized in Table 2. The optimized design meets the required torque

and efficiency targets under rated operating conditions.

Table 2. Comparison of Performance of Arc-Type Model and Bar-Type Model.

Performance Arc-Type Bar-Type Unit
Resistance 0.42 Ohm
No-Load BEMF 17.52 18.03 Vims
L2L BEMF 25.11 25.88 Vmax
Torque 3.42 3.52 Nm
Torque Ripple 5.07 3.36 %
L2L Max 36.93 37.27 Vmax
Speed 1000 rpm
Current 11.8 Arms
Load Current 2
Density 17.78 Apms/mm
Copper Loss 175.44 W
Core Loss 2.45 1.69 W
Output Power 355.69 380.54 \
Efficiency 66.66 68.10 %
Weight 1.34 1.58 kg
Output  pyer Density 258.64 24051 W/kg
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Figure 6. Load magnetic field distribution of the proposed Bar-Type model (a) Magnetic flux density
contour plot; (b) Magnetic flux density vector plot.

3.2. Double-Bridge Lightweight Rotor Design

The analysis results in Table 2 confirm improvements in no-load back-EME, torque
and output power. However, because the rotor lightweight design has not yet been
implemented, the total weight is 0.24 kg higher, resulting in a power density that is
18.13 W/kg lower than the conventional motor. Consequently, a rotor lightweight design
is conducted on the proposed model to address this deficiency. As illustrated in Figure 7,
both Polygon-type and Bridge-type topologies are proposed. The optimal rotor geometry
is derived by observing the trends in magnetic flux density saturation relative to various
bridge thicknesses and angles, with the saturation analysis for the polygon-type rotor
presented in Figure 8.

‘/; mm

Figure 7. Polygon-type lightweight rotor topology.

The analysis results revealed that for the polygon-type configuration, magnetic sat-
uration exceeding 1.8 Tesla occurred in the rotor back-yoke region due to the thin bridge
thickness. Consequently, a dual-bridge rotor lightweight topology, featuring an iron core
inserted into the center of the polygon rotor shape, is presented in Figure 9. Similarly,
Figure 10 illustrates the magnetic flux density saturation trends at various angles for a
bridge thickness of 2 mm.

The analysis results indicated that for the double-bridge rotor configuration, some
magnetic flux leakage occurred due to the insertion of the central iron core; however, this
modification effectively reduced the magnetic saturation level in the back-yoke region.
Consequently, the trends in torque and weight based on this analysis model are illustrated
in Figure 11, and model (d) in Figure 10 was selected as the final design as it satisfies the
saturation limit of under 1.8 Tesla without compromising electromagnetic performance.
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(d)
Figure 8. The magnetic flux density saturation analysis for the proposed polygon-type rotor as a
function of bridge thickness and rib angles. (a) 55°; (b) 57°; (c) 59°; (d) 61°; (e) 63°; (f) 65°; (bridge
thickness: 2 mm).
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Figure 10. The magnetic flux density saturation analysis for the proposed bridge-type rotor as a
function of bridge thickness and rib angles. (a) 55°; (b) 57°; (c) 59°; (d) 61°; (e) 63°; (f) 65° (bridge
thickness: 2 mm).
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Figure 11. Variation in output torque and rotor core weight as a function of the rotor bridge angle.

3.3. Structural Integrity Analysis

To ensure the mechanical reliability of the proposed Double Bridge lightweight rotor, a
structural integrity analysis was performed using Finite Element Analysis (FEA) [21]. While
the primary goal of the “Polygon” and “Double Bridge” topologies was to enhance power
density through weight reduction, it is critical to verify that the reduced bridge thickness
can withstand the centrifugal forces generated at maximum operating speeds. The analysis
was conducted under the maximum rated speed of the EPS motor. The material properties
of the rotor core (electrical steel) were defined with a Yield Strength 0y ;s of 275 MPa. The
main objective was to ensure that both the induced stress and radial deformation remain
within safe limits to prevent structural failure or air-gap interference.

The distribution of von Mises stress and the resulting radial displacement across the
rotor cross-section are illustrated in Figure 12. The mechanical stress distribution is shown
in Figure 12a. The maximum von Mises stress o1, occurs at the inner edges of the bridge,
reaching a value of 0.24 MPa. This stress level is concentrated at the sharp corners of the
bridge and rib areas, which act as the primary mechanical supports for the permanent
magnets against centrifugal load. The radial displacement distribution is illustrated in
Figure 12b. The maximum displacement is recorded as 7.51 x 10~% mm, occurring at the
outermost sections of the permanent magnets. This negligible deformation indicates that
the structural rigidity of the optimized rotor is sufficient to maintain a consistent air-gap
clearance, ensuring magnetic stability and preventing any physical contact between the
rotor and stator during operation.

Misses
Stress : Mpa

| 0.28

0.24

Displacement: mm
7x107*

6x107*
5x107*
4x107*
3 x107*
2x107*

1x107%

0
Max:7.51 x 10~*

(a) (b)

Figure 12. Structural analysis results (a) von Mises stress; (b) radial displacement.

Max : 0.24
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To quantitatively evaluate the structural reliability, the Safety Factor (SF) was calcu-
lated using the following Equation (5).

F ~ Jyicld 5)
Omax
Given the yield strength of 275 MPa and a maximum induced stress of 0.24 MPa, the
calculated safety factor is approximately 1146. In general mechanical design, a safety factor
between 1.5 and 2.0 is considered sufficient for reliable operation. The calculated safety
factor of 1146 far exceeds this threshold, confirming that the proposed double-bridge rotor
maintains structural robustness despite the significant weight reduction.

3.4. Electromagnetic Performance Comparison

With the structural integrity of the double-bridge rotor confirmed, this section presents
a comparative analysis of the electromagnetic performance between the conventional Arc-
Type and the optimized Bar-Type rotor models. The key performance metrics, including
back-EMF, torque output, core loss, and efficiency, are evaluated based on finite element
analysis (FEA) results and summarized in Table 3.

Table 3. Performance comparison between the conventional Arc-Type and the Bar-Type rotor models.

Performance Arc-Type Bar-Type Unit
Resistance 0.42 Ohm
No-Load BEMF 17.52 18.40 Vims
L2L BEMF 25.11 264 Vimax
Torque 3.42 3.59 Nm
Torque Ripple 5.07 3.87 %
L2L Max 36.93 37.39 Vinax
Speed 1000 rpm
Current 11.8 Arms
Load Current Density 17.78 Apms/mm?
Copper Loss 175.44 A
Core Loss 2.45 1.72 \
Output Power 355.69 374.22 \
Efficiency 66.66 67.87 Yo
Weight 1.34 1.33 k
Output Power Sensity 258.64 281.37 w /gkg

The FEA results show that the proposed Bar-Type model outperforms the conven-
tional Arc-Type motor in several key areas. The no-load line-to-line back-EMF increased
from 25.11 Vs to 26.4 Vi, which directly contributed to a 4.97% increase in output
torque (from 3.42 Nm to 3.59 Nm). Furthermore, the core loss was significantly reduced
from 2.45 W to 1.72 W, representing a 29.8% reduction [22,23]. This improvement in
the electromagnetic loss profile, combined with the higher torque output, resulted in an
overall efficiency enhancement from 66.66% to 67.87%. To address torque ripple reduc-
tion, Section 3.5 performs a comparative FFT analysis of the torque produced by existing

Arc-Type and Bar-Type motor designs.

3.5. Torque Harmonic Analysis and Magnet Edge Filet Optimization

This section examines the torque ripple characteristics of the conventional Arc-Type
rotor and the optimized Bar-Type rotor. To investigate the specific frequency components
contributing to torque fluctuation, a Fast Fourier Transform (FFT) analysis was performed,
with the results illustrated in Figure 13. Although the time-domain waveforms are sim-
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ilar owing to the slotless structure, the harmonic spectra provide a more sensitive and
quantitative indication of the effect of magnet shaping.

0.1

| OArc-Type @Bar-Type

e
=)
=)

Torque [Nm]
o o
o o
E= [+

e
o
o

0 27, -
6 12 18 24 30 36 42 48 54 60
Harmonic Orders

Figure 13. Fast Fourier Transform (FFT) analysis results.

As shown in Figure 13, the Bar-Type rotor significantly reduces the dominant 6th-
order harmonic compared with the Arc-Type rotor, whereas some higher-order components,
such as the 12th, 24th, 36th, and 42nd harmonics, are relatively increased. This harmonic
redistribution arises because part of the energy suppressed at the dominant 6th-order
component is transferred to higher-order multiples due to the geometric saliency and
sharp flux-transition points of the Bar-Type topology [24-26]. Although these high-order
harmonics are small in absolute magnitude, they may still affect steering NVH performance
by inducing high-frequency vibration components [27].

To mitigate these harmonic risks while maintaining the high average torque character-
istic of the Bar-Type design, a filet geometry was implemented at the magnet extremities.
Figure 14. presents the proposed magnet edge fileting intended to smooth the air-gap flux
density distribution, and Figure 15. analyzes the resulting reduction in dominant torque
harmonics as a function of the filet radius.

2

Figure 14. Proposed magnet edge fileting for torque ripple and THD reduction.

The analysis in Figure 15a demonstrates that while the average torque of the Bar-Type
rotor decreases as the filet radius increases, it remains above the Arc-Type baseline of
3.42 Nm up to a 5 mm filet radius. Furthermore, as shown in Figure 15b, increasing the filet
radius effectively attenuates the torque harmonics across major orders. In particular, the 5
mm filet was identified as the optimal design point, offering the most significant suppres-
sion of high-order harmonic components while maintaining the required output torque.
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Figure 15. (a) Characteristics of average torque as a function of the magnet filet radius; (b) harmonic
orders as a function of the magnet filet radius.
Based on these findings, the 5 mm filet design was selected to maximize the reduction
in noise and vibration without compromising electromagnetic performance. Consequently,
a comparative FFT analysis of the conventional Arc-Type and the optimized Bar-Type with
a 5 mm filet is presented in Figure 16 for final performance validation. The FFT analysis
reveals that for both models, the torque ripple is dominated by the 6th harmonic and its
multiples, which is characteristic of the slot-pole combination of the designed motor.
3.8 0.1
| ...... Arc-Type ——DBar-Type I B Arc-Type BEBar-Type
_ 37 Torque : 3.42 Nm 0.08
E36 Torque Ripple : 5.07% E‘
Z. 3 Z. 0.06
gs 5 o ‘I' -, g
=1 50.
5 34 - g 0%
= Ly =
33 Torque : 3.45 Nm 0.02
Torque Ripple : 1.79%
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0 60 120 180 240 300 360 6 12 18 24 30 36 42 48 54 60
Rotating Angle [deg’] Harmonic Orders
(a) (b)

Figure 16. Torque and harmonic analysis: (a) comparison of torque waveforms; (b) comparison of
harmonic orders.

According to the torque analysis illustrated in Figure 16a, the implementation of the
filet resulted in a decrease in the average torque of the Bar-Type rotor from 3.59 Nm to
3.45 Nm. Conversely, the torque ripple was reduced by approximately 50%, falling from
3.87% to 1.79%, primarily due to the effective suppression of dominant harmonic orders.
Consequently, this configuration was selected as the final model. Table 4 and Figure 17
present the final results: Table 4 provides a comprehensive performance comparison of
the electromagnetic performance between the conventional Arc-Type motor and the final
optimized Bar-Type model with the 5 mm filet, while Figure 17. shows the magnetic flux
density distribution of the final optimized Bar-Type model.
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Table 4. Performance comparison between the conventional Arc-Type and the optimized Bar-Type
rotor models.

Performance Arc-Type Bar-Type Unit
Resistance 0.42 Ohm
No-Load BEMF 17.52 17.66 Vims
L2L BEMF 25.11 25.17 Vimax
Torque 3.42 3.45 Nm
Torque Ripple 5.07 1.79 %
L2L Max 36.93 37.33 Vinax
Speed 1000 rpm
Current 11.8 Arms
Load Current Density 17.78 Apms/mm?
Copper Loss 175.44 \
Core Loss 2.45 1.58 W
Output Power 355.69 359.90 \W
Efficiency 66.66 67.03 %
Weight 1.34 1.30 k
Output Power gensity 258.64 276.85 W/gkg

Magnetic
Flux Density

T
l 1.8
1.5

1.2
I 0.9
0.6

0.3

0
Max:1.72

Figure 17. Magnetic flux density distribution of the final optimized Bar-Type model.

4. Conclusions

This paper presented a slotless SPMSM with a Bar-Type permanent magnet and
a double-bridge rotor lightweight topology for 48 V rack-type EPS applications. The
following conclusions are drawn: (1) Bar-Type magnet shape optimization: By introducing
a non-uniform air-gap profile with a 28° side-cut angle, the Bar-Type magnet geometry
achieves a no-load back-EMF THD of 0.38%, directly reducing cogging torque and torque
ripple relative to the conventional Arc-Type design. (2) Magnet edge filet optimization: A
5 mm filet radius at the magnet extremities suppresses dominant torque harmonic orders
while preserving an average torque of 3.45 Nm, which exceeds the conventional motor
baseline of 3.42 Nm. Torque ripple was reduced from 3.87% to 1.79%, a 53.7% improvement.
(3) Double-bridge rotor lightweight topology: The proposed rotor reduces the active
part weight to 1.30 kg while maintaining rotor back-yoke flux density below the 1.8 T
saturation limit. The structural safety factor was confirmed to be 1146 under maximum-
speed centrifugal loading, far exceeding the general design requirement of 1.5-2.0. (4) FEA-
based performance verification: The optimized design achieved an output power of 359.9 W
at 1000 rpm with a torque of 3.45 Nm, yielding a gravimetric power density of 276.85 W /kg.
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This work demonstrates a systematic design methodology for slotless R-EPS motors in 48 V
systems and provides a viable engineering solution for next-generation automotive steering
applications demanding both high power density and ultra-low NVH characteristics. Given
the relatively high current density and the efficiency of approximately 67% reported in this
study, future work will focus on thermal management and temperature-rise validation to
assess motor reliability under continuous operating conditions [28], together with prototype
fabrication, experimental validation, and closed-loop control validation under dynamic
steering load profiles [29,30].
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