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ABSTRACT

This paper introduces a new design for a permanent magnet motor
(PMM) tailored for automotive steering applications. By utilizing new per-
manent magnet topology, high-performance materials, and rotor designs,
the newly proposed PMM design reduces torque ripple while boosting
torque density. This design is integrated within a sophisticated steer-by-
wire (SBW) system, enabling seamless operation and reliable feedback,
which are crucial for modern vehicles. The finite element analysis (FEA)
substantiates the effectiveness of the proposed PMM, resulting in a 1.2%
enhancement in magnetic flux density, a 4.65% increase in static torque,
and a 4.4% reduction in torque ripple. This research addresses the issues
in wheel steering technology and lays the groundwork for future automo-
tive motor technologies. And also, it provides valuable insights into the
development of automotive technologies, paving the way for enhanced
performance and sustainability in the automotive sector. Furthermore,
these improvements not only aim to enhance driver satisfaction but also
align with the industry’s transition toward greener technologies.
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1 Introduction

Recent advancements in the automotive industry have initiated a shift from traditional mechanical
systems to modern electronic solutions. Over the past century, vehicle steering systems have evolved
from purely mechanical linkages to sophisticated electronically controlled designs [1]. Current research
and development efforts focus on enhancing vehicle dynamics, safety, and energy efficiency by inte-
grating advanced motor technologies [2,3]. Historically, hydraulic power steering (HPS) systems have
been the norm [4]; however, recent trends suggest a notable paradigm shift toward high-bandwidth,
energy-efficient systems that utilize permanent magnet synchronous motors (PMSM) [5–8].

The increasing adoption of permanent magnet synchronous motor (PMSM)-based wheel steering
is primarily driven by their advantages in overcoming the limitations of traditional systems. Unlike
HPS, PMSM provides superior control resolution, enabling direct and independent torque vectoring
at individual wheel hubs. This granular control supports the implementation of active steering systems
that dynamically adjust steering angles based on real-time kinematic and dynamic vehicle states,
alongside sophisticated torque vectoring strategies that enhance cornering stability and agility [9].
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The resulting improvements in vehicle handling and dynamic response directly correlate to heightened
driver safety and performance, especially in adverse driving conditions in various applications [10,11].

Moreover, the elimination of complex hydraulic circuits leads to reduced vehicle mass, minimized
energy consumption, and streamlined maintenance requirements, aligning with the growing demand
for sustainable automotive solutions. Beyond immediate performance enhancements, PMSM-based
steering systems have the potential to redefine vehicle design and functionality. Their compact form
factor and flexible integration capabilities encourage re-evaluation of wheel hub designs, facilitating
innovative steering geometries and optimized suspension kinematics [12–16]. Additionally, the high-
resolution feedback signals provided by PMSM enable the development of advanced control algo-
rithms capable of adapting to varying road surfaces, driver inputs, and environmental conditions. As
research and development in this field accelerates, PMSM-driven wheel steering is set to become a
foundational technology in the next generation of vehicles, promising a driving experience character-
ized by enhanced safety, increased engagement, and reduced environmental impact [8,9,17,18].

Despite these advances, basic arc-shaped PM designs often encounter issues related to structural
integrity and magnetic performance. This study introduces a new L-shaped PM design that enhances
mechanical strength and magnetic flux distribution, resulting in better torque. This study presents an
innovative design of a permanent magnet synchronous motor (PMSM), as depicted in Fig. 1 and the
simplified model in Fig. 2. The rotor (1) is the rotating component in electric machines, interacting
with the stationary stator (3), which contains windings that generate a magnetic field. Innovations
like the new permanent magnet topology (2) optimize magnet arrangements to enhance efficiency
and performance. Windings (4), made of coils of wire, play a crucial role in producing the magnetic
fields necessary for the machine’s operation, ultimately contributing to torque generation and overall
performance. The organization of the study is as follows: Section 2 outlines the materials and methods
used; Section 3 discusses the numerical analysis conducted; Section 4 presents the results and includes
discussions, along with model validation through comparisons with established models. Finally, the
study concludes by offering insights and recommendations for future research.

Figure 1: The proposed new 3D model of PMSM
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Figure 2: The simplified 2D mode of new PMSM. 1: rotor, 2: new permanent magnet topology, 3:
stator, 4: winding

2 Material and Method

Mathematical analysis and modeling are essential for understanding how different factors affect
system performance (see Fig. 3). This section provides the mathematical formulations for modeling the
permanent magnet synchronous motor (PMSM), based on key assumptions: the permanent magnets
are surface-mounted and radially magnetized. It also assumes that the ferromagnetic core material
follows a linear B-H curve and that magnetic saturation effects can be disregarded.

Figure 3: Technical route used to conduct the research
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In automotive applications, motor performance is critical. Optimizing the permanent magnet
topology is key to enhancing torque characteristics and magnetic flux density in the PMSM, which
helps minimize losses. Advanced magnetic materials featuring greater flux density, enhanced perme-
ability, and lower specific iron loss can further minimize iron losses.

The SBW system depicts vehicle steering technology by substituting mechanical linkages with
electronic parts, as shown in Fig. 4. The SBW wheel subsystem, such as angle and torque sensors,
captures the driver’s input and transmits these messages to the steering control unit. This controlling
unit is the front wheel steering motor, converting input into accurate wheel movement. Feedback
motors offer the driver real road sensations, boosting the driving experience. The integration of these
systems enables responsive steering, control, and adaptability, which will lead to future electric and
autonomous vehicles, where such technologies are integral to enhanced performance and safety.

Figure 4: Structure diagram of steer-by-wire
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2.1 Force Equations
This section focuses on determining the total force required, given that the designed PMM is

intended for use in an electric vehicle application. The main requirement is that the motor must
overcome air resistance to propel the vehicle forward [8]. The formula for calculating air resistance
is presented below.

Fa = C × S × ρ

2
× Vr

2

3600
(1)

where C stands for the coefficient of air resistance, S indicates the cross-sectional area (m2), ρ represents
the air density (kg/m3), and Vr denotes the relative velocity of the vehicle in relation to the wind (km/hr).
In addition to air resistance, rolling resistance must be considered when calculating the total force
requirement and is determined using the following formula.

Fr = fc × m × g × cosα (2)

where fc is the coefficient of rolling resistance, m is the total mass of the vehicle in kg, g is the gravitation
(m/s2), and α is the slope angle and it can be calculated as follows:

Fg = m × g × sinα (3)

Fm = m × x (4)

2.2 Magnetic Modeling
The operation of a permanent magnet motor, illustrated in Fig. 1b, relies on the efficient

transformation of energy from electrical to magnetic and subsequently from magnetic to mechanical
energy [11,14]. Consequently, developing precise methods for torque calculation is essential, as the
magnetic energy is a critical component of this transition. An important aspect of this process involves
determining the distribution of the magnetic field within the motor, as it directly influences the
magnetic energy [17,19]. The characteristics of the magnetic field are defined by two fundamental
vector quantities: magnetic flux density (B) and magnetic field intensity (H), which are related through
the following equation.

B = μ × H (5)

where μ is the permeability of the material.

Magnetic flux refers to the flux density that passes through a designated area. It can be expressed
as:

φ = B × A (6)

In this context, A denotes the cross-sectional area of the material. The total variation in magnetic
field intensity due to distance is termed magnetomotive force, which is defined as follows:

F = H × L (7)

where L is the length, the ratio of φ and F give the magnetic permanence, it is defined as:

P = μ × A/L (8)

By using P, reluctance can be found as;

R = 1/P (9)
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After defining the essential equations, the next task is to clarify additional important magnetic
relationships. In every PMM design, magnetic flux travels through the air gap that exists between the
rotor and stator. Consequently, accurate modeling of the reluctance in this air gap is essential. The
reluctance of the air gap can be calculated for various applications using the formula presented as:

Pg = (μ0) × (
A/Lge

)
(10)

where Lge is the effective air gap length. It is expressed as;

Lge = Kc × Lg (11)

In this context, Kc is Carter’s coefficient, while g indicates the length of the air gap. Carter’s
coefficient serves as a metric to assess the contracted or effective slot pitch for an armature featuring
open or semi-enclosed slots. The Kc parameter is defined as follows:

Kc =
⎡
⎣1 − 1

τs
ws

×
(

5×Lg

ws
+ 1

)
⎤
⎦ − 1 (12)

where τs denotes the distance between two magnets and ws is the distance between two slots.

After establishing the permeance of the air gap, it becomes easy to calculate the reluctance of the
air gap. However, the modeling of the air gap’s permeance, Pg, is complicated by the fact that flux does
not travel directly through the air gap. The resulting fringing effects lead to what is known as fringing
permeance, which is expressed as follows:

Pf =
(

μ0 × Ld

π

)
× In

(
1 + π × x

Lg

)
(13)

In this case, L represents the depth of the block into the page, while x indicates how far the fringing
permeance extends along the sides of the blocks. The expression for magnet permeance is presented
as follows:

Pm = μ × Am/Lm (14)

Here, Am denotes the cross-sectional area of the magnet, and Lm refers to the thickness of the
magnet. The permeance coefficient is calculated using the ratio of the magnet’s length to the air gap’s
length, along with the flux concentration factor, expressed in the following manner:

Pc = Lm/Lg × Cφ (15)

where Cφ is the flux concentration factor, defined as:

Cφ = Am / Ag (16)

where Ag is the cross-sectional area of the air gap.

For the magnet to operate safely, the permeance coefficient should exceed one, and the magnet’s
length ought to be significantly greater than the length of the air gap [1]. Furthermore, increasing the
air gap flux density via flux concentration Cφ > 1 leads to a reduction in the permeance coefficient.
After formulating the equations, the air gap flux density can be determined as follows:

Bg = Kl × Cφ

1 + Kr × μr

Pc

× Br (17)
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In this context, Kl represents the leakage factor, Kc is the reluctance factor, and Br denotes the
remanence. For the motor in question, which employs surface-mounted magnets, the leakage factor
typically resides within a defined range 0.9 < Kl < 1.0, the reluctance factor also falls within specific
limits 1.0 < Kr < 1.2, and the ideal value for the flux concentration factor is 1.0. Assuming these
values and the remanence are fixed based on the magnet chosen, the amplitude of the air gap flux
density is governed by the permeance coefficient Pc. As the permeance coefficient increases, the air
gap flux density Bg approaches a maximum value that is just below Br, the remanence.

2.3 Coil Resistance and Coil Inductance
Motors typically employ multiple interconnected coils to create distinct phases. These coils

inherently possess resistance and inductance. Accurately modeling inductance, particularly when
mutual inductance effects are significant, presents a considerable challenge. In general, the resistivity
of a material depends on temperature, and the relationship between resistivity and temperature is
frequently represented as an exponential function, as illustrated below.

ρ (T) = ρ (T0) × [1 + αt × (T − T0)] (18)

In this context, T denotes the temperature, T0 refers to the reference temperature, and αt is the
thermal resistivity coefficient. The use of slots in motor design is essential for achieving the correct
alignment of the coils. Consequently, accurate slot calculations are a necessary component of the
design process. To determine the slot resistance, it is first necessary to define the slot fill factor. The
wire slot fill factor is defined as follows.

Kwb = N × Awb/As (19)

In this case, N stands for the number of turns, As indicates the cross-sectional area of the slot, and
Awb refers to the cross-sectional area of the bare wire and can be represented as:

Awb = Wth/ds (20)

where, Lt denotes the tooth length, and ws represents the width of the slot. Once the slot fill factor has
been determined, the slot resistance Rs can be calculated.

Rs = (
ρ (T) × L × N2

)
/(Kwb × As) (21)

Inductance might not be the primary factor in every PMM design, it plays a crucial role in
establishing the time constant of the winding, which in turn affects the rate at which winding currents
change. Coils have both self-inductance and mutual inductance. Self-inductance is the effect of one
coil on another coil in the same phase, while mutual inductance is the effect of one coil on another
coil in a different phase. However, this analysis focuses on the mutual inductance between coils within
the same phase, since the mutual inductance between different phases is typically much less than self-
inductance. When coils are put in slots, their inductance has three parts, each of which corresponds to
an area where the current in the coils creates a strong magnetic field. These areas encompass the air
gap, the slots, and the end turns, as described below.
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Lg = 2π × μo × l × Rro

1 + i
μr × Cφ

× Nc
2

Ls = Nm × (2 × Nc)
2 ×

⎡
⎢⎣μo × ds × L

3 × wsb

+ μo × dt × L
wso + wsb

2

+ μ0 × dsh × L
wso

⎤
⎥⎦

Le = Nm × μo × τcp × N2

2
× 1n

(
τcp × √

π√
2 × As

)

(22)

In this context, Nc refers to the number of conductors, Nm indicates the number of magnets, l
represents the length of the motor, rg is the radius of the air gap, dt is the distance from the tooth to
the entrance, te denotes the thickness of the slot entrance, ws is the width of the slot, and we indicates
the width of the slot entrance.

2.4 Electromagnetic Force and Torque Analysis
In a PMSM, the electromotive force (EMF) arises from the interaction between the permanent

magnets on the rotor and the windings of the stator, playing a vital role in torque generation. The
strength of the back EMF depends on the speed of the rotor, the density of the magnetic flux, and the
number of turns present in the stator winding [20–23].

E = k × φ × N × ω (23)

where, E: back EMF, k: constant related to motor design, φ: magnetic flux, N: number of turns in the
winding, ω: angular velocity of the rotor.

The EMF waveform shows harmonic distortion due to variations in rotor geometry and stator
winding configurations, affecting motor performance and torque characteristics [6]. Torque produc-
tion in PMSM involves two main components: the permanent magnet torque and the reluctance
torque. The total electromagnetic torque (Te) can be expressed as:

Te = Tpm + TrTe = Tpm + Tr (24)

where Tpm is torque produced by permanent magnets, Tr is reluctance torque.

3 Finite Element Analysis

The design of a permanent magnet synchronous motor (PMSM) has four key stages. In the first
stage, we defined the key geometric parameters that impact torque, efficiency, and overall motor
behavior. The stator design focuses on the best winding configurations and material selection to reduce
losses. The rotor is designed to include permanent magnets, carefully positioned for maximum electro-
magnetic interaction with the stator. Lastly, performance estimation includes simulating operational
characteristics to assess efficiency and torque. The new model is based on the values in Table 1, and
Fig. 5a,b show the finer mesh for both 2D and 3D simulations. The time complexity of the FEA is a
crucial consideration in our analysis, as it mainly affects both the precision of the simulation results
and the computational resources required. FEM solves systems of partial differential equations, and
as we increase the mesh refinement to capture complex electromagnetic interactions more accurately,
the number of elements rises. This results in exponential growth in computational time and memory
usage, which needs to be carefully managed to maintain feasibility.
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Table 1: Design parameters of new PMSM model [2]

Components Value

Outer radius of the stator (mm) 45
Inner radius of the stator (mm) 24
Stator back iron depth (mm) 5
Stator tooth width (mm) 4
Number of phases 3
Stator pole (pairs) 6
Stator slots 12
Air gap (mm) 1
Stator and rotor core M19-29G
Permanent magnet material NdFeB (N50)
Shaft Iron
Winding Copper

Figure 5: The corresponding mesh for (a) 2D and (b) 3D of the model, respectively

Flux Density

Magnetic flux density in PMSM can be analyzed using 2D and 3D models. 2D models in Fig. 6a
indicate a flux density of 3.2 T and are useful for the initial design stage, but they oversimplify the
magnetic field by neglecting end effects. The 3D models, as shown in Fig. 6b with a density of 3.66 T,
provide a more precise depiction, including complex geometries and spatial variations.

The remanent flux density of permanent magnets is crucial for the functioning of PMSM. In two-
dimensional models, a remanent flux density of 2.05 T is illustrated in Fig. 7a; however, this value
may be inflated due to the exclusion of end effects. Conversely, the three-dimensional model results
presented in Fig. 7b reflect a remanent flux density of 2.19 T, offering a more accurate depiction of
the motor’s intricate magnetic field dynamics.
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Figure 6: (a) 2D and (b) 3D, PMSM model flux density

Figure 7: (a) 2D and (b) 3D PMSM model remanent flux

4 Result and Discussion

This section evaluates the effectiveness of the newly proposed design for the permanent magnet
synchronous motor. It presents key characteristics, including phase current, voltage, power, and wind-
ing coil flux. Additionally, the results are validated through a comparative analysis with conventional
PMSM designs, focusing on magnetic torque, flux density, and torque ripple. This comparison offers
information about the improvements achieved by the new design.

Figs. 8 and 9 show phase current and voltage in PMSM, both critical for motor performance. The
number of winding turns affects phase current, necessitating an optimal value to avoid excess current
and ensure overload capacity. Accurate current measurement is crucial to prevent torque pulsations.
Phase voltage, influenced by winding configuration and inverter voltage levels, impacts the required
DC voltage and includes voltage harmonics.
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Figure 8: Phase current on the winding coils of PMSM model

Figure 9: Phase voltage of PMSM model

Fig. 10 depicts that phase power in PMSM is impacted by winding turns, current, and voltage.
Fractional slot winding improves power density, while distributed winding promotes a near-unity
power factor. Fig. 11 illustrates that phase flux, generated by rotor magnets, is crucial for torque and
based on winding turns and material selection.

The air gap thickness in a PMSM plays a key role in determining the magnetic torque produced
by the new proposed motor. A rise in air gap thickness leads to higher magnetic reluctance, which in
turn reduces the magnetic flux density within the air gap. This reduction in flux density affects the
torque output, as the torque in a PMSM arises from the interaction between the magnetic field of the
stator and the rotor’s PMs; see Fig. 12.
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Figure 10: Phase power of proposed PMSM model

Figure 11: Phase flux plot of proposed PMSM model

The thickness of permanent magnets in a PMSM impacts the magnetic flux density within the
motor. Typically, a thicker magnet provides more magnetic material for flux generation, resulting
in higher magnetic flux density in both the air gap and rotor. This increased flux density enhances
torque production, as a stronger magnetic field interacts more efficiently with the armature current;
see Fig. 13.

Model Validation

This section presents the validation of the model by comparing the new PMSM model with the
existing design. The analysis was performed using MATLAB 2021 and assessed magnetic flux density,
torque, and torque ripple.
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Figure 12: Impact of air gap on torque performance

Figure 13: Impact of PM thickness on flux density of PMSM

Fig. 14 shows that the proposed PMSM design has a higher magnetic flux density. This offers
better performance. Fig. 15 show an increase in magnetic torque of 4.65%, due to the new PM
topology, high-performance magnetic materials, and good rotor structures. Additionally, Fig. 16
depicts the newly designed PMSM reducing torque ripple by 4.4%, further boosting performance.

Figure 14: Flux density comparison
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Figure 15: Static torque vs. rotor angle plot

Figure 16: Torque ripple plot

5 Conclusion

Improving the performance of permanent magnet synchronous motors (PMSM) presents ongoing
challenges for motor designers in vehicle steering systems. Boosting performance while minimizing
weight is essential for overall improvements in steering systems. One technique to overcome these issues
is the implementation of a new PM topology, which can replace conventional designs to reduce losses,
weight, and size in PMSMs. Additionally, the new rotor shape of the L-shaped PMSM can increase
static torque performance by 4.65%. These PMSM designs contribute to safer, more comfortable
driving experiences and support the development of intelligent automotive technologies in vehicle
steering systems.

Furthermore, considerations regarding manufacturability and cost are critical. The new L-shaped
model facilitates cost reductions by lowering material usage, simplifying manufacturing processes,
and reducing energy losses. These factors not only lower manufacturing costs but also improve the
motor’s performance-to-cost ratio, making it a compelling choice for modern vehicles. However, future
research should explore the scalability of the new topology to different motor sizes and configurations,
as well as assess the long-term reliability of the L-shaped rotor in various operating conditions.
This will provide clear insights into the various applications of PMSM’s next-generation automotive
designs.
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