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Abstract. This paper presents the optimization design of
a V-shaped flux-switching permanent magnet motor (V-
FSPM) for railway traction applications. The analysis of
this V-FSPM involved employing 2-D FEM. Given the
complexity of this motor's structure, to achieve accurate
and efficient optimization, the comprehensive genetic
design optimization method is utilized in this study. This
method takes into consideration various sensitivity indices,
incorporating design variable sensitivity analysis and
genetic algorithm (GA) optimization. The results
demonstrate a significant enhancement in the output torque
with reduced torque ripple of the proposed V-FSPM motor.
These enhancements collectively contribute to the
advancement of a more dependable and efficient railway
system.
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1. Introduction

Railways provide an efficient and sustainable
transportation solution, remarkable in energy efficiency,
pollution reduction, safety prioritization, congestion relief,
and cost-effectiveness for passengers and freight. They
offer reliability, long-distance travel comfort, and support
environmental sustainability, making them an essential
component of modern transportation systems. Electric
traction stands out as the most efficient propulsion system
for railways when compared to alternative solutions like
classical steam propulsion and diesel-electric engines [1].
This approach offers numerous advantages, including
reduced pollution, enhanced control flexibility, and quick
start-stop capabilities. Over the last century, with
advancements in electric drives for traction systems [2]-[3],
railway electrification has emerged as a dominant choice
among various rail operators [4]-[6].

Recent trends indicate that permanent magnet
synchronous motors (PMSM) will play a significant role in
future railway traction applications [7]-[8]. PMSMs offer
high efficiency, an improved power-to-weight ratio (power

density), and benefits like the elimination of field-
excitation losses, increased efficiency, lower rotor inertia,
and the ability to use regenerative brakes even at low
speeds [9]-[11]. PMSMs can be categorized based on
magnet arrangements, namely rotor permanent magnet
machines (RPM) and stator permanent magnet machines
(SPM). In particular, SPMs with magnets placed on the
stator. They are notable for their low rotor inertia, and flux-
focusing effect, resulting in a robust rotor structure, high
power density, efficiency, and power factor [12]-[15].
Among SPMs, the flux-switching permanent magnet
(FSPM) motor offers high power density [16], sinusoidal
back electromotive force (EMF), and fault-tolerance
capabilities [17], outperforming other SPM motors. These
attributes make FSPM motors an appealing choice for
direct-driven systems like railway transit.

FSPM has received a lot of attention recently due to its
magnetic distribution and other advantages. Increasing the
power density of FSPM motors for railway applications
involves a number of techniques. In 2022, an FS
transverse-flux PM linear motor was systematically
designed to achieve larger thrust and reduced cogging force
through a simple structure [18]. This method effectively
minimized cogging force and increased thrust force,
making it suitable for linear traction motors. Linear FS
machines are designed for long-stroke applications. the
reduction of thrust ripple has been a key focus. Through the
application of additional pole optimization, the results of
2D Finite Element Method (FEM) analysis have
demonstrated the superior performance of the novel design
solutions presented in this study. These solutions are
remarkable in minimizing both detent force and rated thrust
ripple [19]. A segmented stator FS linear hybrid excited
machine designed for electric power trains has undergone
detailed design and analysis [20]. This machine's key
design parameters were subjected to global optimization
using a multi-objective genetic global optimization
approach. This optimization process not only led to a
reduction in the volume of PM but also resulted in an
increase in thrust force and thrust density. A fault-tolerant
field-excited linear FS machine featuring concentrated and
toroidal windings designed for rail transportation systems
underwent analysis and optimization [21]. Initial designs



22

ENGINEERING ACCESS, VOL. 10, NO. 1, JANUARY-JUNE 2024

were enhanced through the application of a genetic
algorithm (GA), leading to a notable increase in average
thrust force. However, these advancements come with
limitations, including restricted slot area and the potential
for increased power density. To address these challenges in
conventional FSPM motors, a novel complementary and
modular V-shaped FSPM motor was introduced. Utilizing
V-shaped stator poles has become a popular technique for
enhancing the electromagnetic performance of FSPM
machines, as evidenced in the literature. For instance, a
6/17 FSPM machine with V-shaped stator pole
demonstrated low cogging torque and ripple [22].
Additionally, an in-wheel FSPM motor based on V-shaped
magnet placement was proposed, highlighting its superior
torque capability and efficiency [23]. Another innovation
involved a sandwiched FSPM machine with V-shaped
magnet placement, leading to increased output torque and
improved magnet usage efficiency through slot area
enlargement [24].

Recently, the electromagnetic performance of a V-
shaped FSPM machine was improved using a stepwise
technique, which resulted in high power density and low
cogging torque compared to the initial structure [25]. The
outstanding features of the V-shaped FSPM motor have
been revealed to enhance the power and torque capabilities
of PM machines through an improved flux-focusing effect.
As a result, this structure indicates high potential to be used
for railway applications. Therefore, this work represents
the first implementation of GA in V-shaped FSPM
machines, which was targeted to enhance electromagnetic
performance and achieve higher torque density, with a
particular focus on optimizing the output torque for
railway applications.

2. Traction motor topology

This study focuses on a motor topology specifically
designed for railway traction. The benchmark motor
topology, namely, a V-shaped FSPM motor, is illustrated in
Figure 1(a) [25]. This motor design features a stator core
with 12 slots, incorporating VV-shaped segments positioned
between two PMs installed in the stator pole with opposing
polarities. The V-shaped flux-focusing magnet is designed
to achieve high-power density for the FSPM motor. To
enhance fault-tolerant capability, a 6-phase concentrated
armature winding configuration is employed in this
topology. Additionally, the optimal rotor with 19 poles and
the optimal size for design variables, previously determined
through a stepwise design approach, are incorporated to
achieve a balance between efficient magnetic flux storage
and manageable flux leakage. This optimized design
technique results in higher power density. Figure 1(b)
presents the optimal structure of the 6-phase V-shaped
FSPM motor with adjusted design variables using the GA.
The specific dimensions of both motors are detailed in
Table 1, with design variables defined in Figure 2. Traction
motors for railway applications demand high-output torque
at high speeds. Consequently, the ratings and specifications
of the V-shaped FSPM motor are outlined in Table 1.
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Fig. 1 (a) The initial and (b) the optimal structure of a 6-phase 12/19
V-shaped FSPM motor.
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Fig. 2 2D-schematical design variables for the VV-shaped FSPM
motor.



ENGINEERING ACCESS, VOL. 10, NO. 1, JANUARY-JUNE 2024

23

Table 1 Dimension of V-shaped FSPM motor.

Parameters Unit Initial Optimal
structure structure
PM type - NdFeB
Magnet remanence T 12
Magnet coercivity kA/m -909.46
Axial length, L mm 185
Outer stator radius, Rs mm 163.5
Air gap length, g mm 1
Flux rib mm 1.5
Coil turn turn 14
Stator yoke length, L mm 8.56 8.08
Stator inner radius, Rsi mm 130.8 127.46
Cut delta, Laera degree 57.05 50.4
Stator pole width, 6 mm 9.2 10.12
PM width, fpm mm 7.68 8.75
Rotor pole height, L, mm 25.96 29.61
Rotor inner radius, Ryi mm 60 66.36
Sandwiching pole arc, 0s degree 4.92 4.94
Rotor pole width, 6 mm 13.66 12.4
Rotor pole-yoke width, 6, mm 24.63 24.48

Table 2 Ratings and specification of the V-shaped FSPM motor

Parameters Value
Base speed (rpm) 2000
DC link voltage (V) 1500
Rated current (Ams) 100

3. Optimal design of the V-shaped FSPM
motor

In the process of determining the design variables for
FSPM motors, the initial dimensions of the proposed motor
are obtained. To provide a clear and structured
representation, the outlined comprehensive optimization
procedure for the V-shaped FSPM motor is presented in
Figure 3. This procedure encompasses several sequential
steps as follows:

Firstly, the initial design phase of the V-shaped FSPM
motor is conducted. During this stage, the requirements
specific to railway applications and establish the
optimization objectives are defined.

Secondly, the design variables and constraints are
selected to formulate the motor's parametric model. To
accomplish this, sensitivity analysis methods are employed
to align the sensitivity indices of design variables with
respect to the optimization objective. This aim in determine
the boundaries of design variables for the subsequent
optimization phase.

Thirdly, based on the above sensitivity analysis, the
GA optimization method is applied to fulfill the predefined
design requirements effectively.

Finally, the motor's performance is simulated, and a
comparative analysis is conducted before and after
optimization. This analysis serves to validate the proposed
V-shaped FSPM motor and assess the effectiveness of the
optimization methodology.
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Fig. 3 Flowchart of the FSPM design variable sizing process.

3.1 Sensitivity analysis

To enhance the subsequent optimization process, this
study incorporates sensitivity analysis. The purpose of
sensitivity analysis is to assess the impact of design
parameters on the output torque, thereby prioritizing their
influence. The sensitivity index, Si can be calculated as:

CF(Xg£AX;) ~F(X,)
+AX,

5i

(1)

Where F(X) represents the objective function, Xq
denotes the initial value, and X; corresponds to the value of
the design variables, + A X; is typically defined as 10% or
20% of its initial value.

As depicted in Figure 4, a sensitivity analysis of the
ten design variables is conducted. The sensitivity value
indicates the degree of correlation between the
optimization objective and each dimensional variable, with
positive and negative values signifying positive and
negative correlations, respectively. Notably, the stator inner
radius, sandwiching pole arc, stator pole width, and PM
width significantly influence the output torque. Observably,
changes in the size of the stator's inner radius impact other
design variables, leading to a high sensitivity value.
Meanwhile, the negative sensitivity value indicates that an
increase in the stator's inner radius results in a reduction in
output torque. Furthermore, the sensitivity analysis allows
for the clear ranking of design variables based on their
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sensitivity index values from greatest to least, as illustrated
in Table 3. This ranking of design variables will be utilized
to define parameter boundaries for the GA optimization, as

explained in the subsequent section.
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Fig. 4 Sensitivity analysis for the output torque.

Table 3 Sensitivity values of design variables

. . Objective
Design variables Output torque

Stator inner radius, Rsi -26.2677
Sandwiching pole arc, 6y 18.7153
Stator pole width, Oy 18.1579
PM width, Gpm 17.9343
Cut delta, Lgeita 9.9391
Stator yoke length, L, 9.0659
Rotor pole width, 0y 3.2636
Rotor pole-yoke width, 8, -1.6490
Rotor pole height, L, 0.8266
Rotor inner radius, Ry 0.1777

3.2 Parameter optimization design

To facilitate the subsequent design optimization
process, the initial values and variation ranges of the design
variables are compiled, as detailed in Table 4. These values
play a significant role in optimizing the torque performance
through GA optimization. It's important to emphasize that
the boundaries for each design variable are established
based on the sensitivity analysis ranking. As a result, the
selected normal design boundaries for these design
variables aim to ensure the maximum output torque of the
motor. To provide a comprehensive view of the
optimization process, The results in Figure 5 indicate that,
after nearly 400 generations of GA optimization, the
process successfully converges to the optimal solution.
This visualization illustrates the achievement of the
optimization goal. This convergence represents a
noteworthy transformation in the motor's structure as part
of the endeavor to enhance output torque and accomplish
the optimization objectives.
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Fig. 5 The trajectory of the objective function value changes with the
number of iterations in GA.

Table 4 Initial values, boundaries, and optimal values of design

variables.

Design Unit Initial Boundaries Optimal
variables values values
Rsi mm 130.8 124.3-137.3 127.46
Osw degree 4.92 7.8-11.7 4.94
Ost mm 9.2 7.1-10.7 10.12
Opm mm 7.68 6-9.1 8.75
Lgeita degree 57.05 45-70 50.4
Ls mm 8.56 6.8-10.3 8.08
On mm 13.66 10.8-16.4 124
Oy mm 24.63 15.5-34.8 24.48
Lh mm 25.96 20.7-31.2 29.61
Ryi mm 60 48-72 66.36

4. Electromagnetic performance analysis

4.1.1 PM flux line distribution

Figure 6 compares the distributions of flux lines
between the initial structure and the optimal structure of the
6-phase V-shaped FSPM motor. It's evident that all the
design variables have been adjusted to suitable sizes,
aligning with the optimized results from the GA analysis
aimed at enhancing the motor's output torque. This clearly
demonstrates the expansion of the area for inducing EMF,
specifically involving design variables with a high
sensitivity index. These variables include the stator's inner
radius, the sandwiching pole arc, stator pole width, and PM
width. These adjustments have resulted in an increased
generation of effective flux, consequently leading to a
substantial enhancement in output torque production.
Furthermore, the optimal structure stands out with the most
intense distribution of PM flux lines across rotor pole
sections. This difference is attributed to a critical factor - an
increase in the PM volume. This optimized design
technique implies a higher power density in the 6-phase V-
shaped FSPM motor, which has the potential to
significantly enhance overall performance.
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Fig. 6 PM flux distributions of V-shaped structure. (a) Initial
structure (b) Optimal structure.

4.1.2 Back-EMF

Figures 7(a) and 7(b) illustrate the waveforms and
spectra of the open-circuit phase back-EMF for both
motors, respectively. It is evident that the optimal motor
structure generates a higher phase back-EMF compared to
the initial design. This improvement is primarily attributed
to a more balanced distribution of magnetic flux paths
within the machine. The magnetic flux circulates more
uniformly across the machine thanks to the appropriate
sizing of all design variables. This leads to better utilization
of the generated magnetic field and, consequently, a higher
phase back-EMF. Specifically, the optimal structure
produces a phase back-EMF of up to 471 Vms, Which is
10.6% higher than that of the initial structure. However, it's
worth noting that the optimal structures exhibit a higher
total harmonic distortion (THD) value of 2.9% compared to
the initial design (1.7%). This increase in THD can be
attributed to operating closer to the saturation point of the
magnetic circuit, introducing non-linearities in the
magnetic behavior and resulting in a higher harmonic
content in the phase EMF waveform.
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Fig. 7 Open-circuit phase back-EMF. (a) Waveforms (b) Spectrum.

4.1.3 Output torque

Figure 8 presents a comparison of the output torque
characteristics between the initial and optimal motor
structures, both operating under the same motor ratings and
specifications (2000 rpm, 100 Arms). The results
demonstrate that the optimal motor structure achieves
significantly higher torque performance, yielding a
remarkable output torque of up to 550 N-m. This represents
a substantial increase of 9.3% when compared to the initial
motor structure. The notable improvement in torque
performance can be directly attributed to precise
adjustments made to the dimensions of the design
variables. These dimensions play a critical role in guiding
magnetic circulation within the motor, allowing for
accurate control and positioning. This enhanced control
results in greater efficiency in torque production by
maximizing the utilization of the magnetic field.
Furthermore, the optimal structure exhibits a modest
reduction in torque ripple in contrast to the initial design.
This reduction in torque ripple highlights the precision with
which the optimal structure leverages its design variables to
minimize undesirable fluctuations in output torque. This
controlled and smoother torque delivery is a crucial
attribute that can significantly enhance the operational
stability and performance of railway traction motors. It
should be noted that the output torque of the proposed
motor is at a commendable level when compared to other
traction motors [26]-[33]. It contributes to a more reliable
and efficient railway system.
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Fig. 8 Output torque waveforms

4.1.4 Efficiency

Table 5 compares performance indicators for the V-
shaped FSPM motor. Impressively, the optimized V-shaped
FSPM motor shows a remarkable 10.6% increase in output
power compared to the initial structure, reaching an
impressive 141.3 kW. This improvement is achieved by
resizing design variables to enhance suitability, resulting in
higher flux density and improved flux circulation. A lightly
enhanced level of core losses is observed, primarily
attributed to the comparatively higher flux densities.
Additionally, a slightly larger PM usage contributes to a
minor enhancement in eddy current losses. Copper loss
remains nearly unchanged from the initial setup, as the slot
area is not significantly altered. It's crucial to clarify that, in
this study, electrical losses are exclusively considered in
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efficiency calculations. Despite these factors, the overall
performance of the optimized structure is not
compromised, achieving an impressive 93.4%. This
ensures that the optimized V-shaped FSPM motor is
suitable for use in railway traction motors.

Table 5 Comparison of performance indicators for the V-shaped

FSPM motor.
Parameters Unit Initial Optimal
structure structure

phase back- EMF (rms) \Y 425.9 471
Phase current (rms) A 100
Output power kw 127.7 141.3
Average torque N'm 503.4 550.2
Torque ripple factor % 14.4 13.3
Copper loss W 364.5 363.5
Core loss w 3105.9 3402.9
PM-eddy current loss W 2510.1 2743.1
Total loss w 5980.5 6509.5
Efficiency % 93.3 934

5. Conclusion

This study proposes the optimization design of a 6-
phase V-shaped FSPM motor. The primary objective was
to enhance electromagnetic performance and achieve
higher torque density, with a specific emphasis on
optimizing traction force for railway applications. By
incorporating the GA optimization method, the accuracy of
the optimal results was significantly enhanced by
determining the boundaries of design variables through
sensitivity index ranking. The study thoroughly
investigates and compares the electromagnetic performance
of the 6-phase V-shaped FSPM motor before and after the
design optimization process. Following optimization,
notable improvements were observed, including a 10.6%
increase in phase back-EMF, a substantial 9.3% rise in
average output torque, and a commendable 1.1% reduction
in torque ripple. These enhancements collectively
contribute to the development of a more reliable and
efficient railway system. This work emphasized the
potential of advanced optimization techniques in the field
of railway traction motors.
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