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flux mechanism. Several benefits of this special topology include high
power density, efficiency, and wide-band operation. However, the
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Outer Rotor Hybrid Excitation Flux HEFSMs work since they control the machine's electromagnetic
Switching Motor, Cogging Torque, properties such torque generation, efficiency, cogging torque, and
Chamfering, Notching, Pole Pairing.  operational stability. Their employment in vital fields including

robotics, electric vehicles (EVs), and renewable energy systems is
restricted by issues like excessive cogging torque, torque ripple, and
magnetic losses, despite their potential. This study aims to analyze and
evaluate the impact of various rotor-pole combinations on the
electromagnetic performance of 3-phase OR-HEFSMs. JMAG Designer is
utilized to simulate and compare the electromagnetic behavior of
multiple configurations, focusing on key parameters such as torque
output, cogging torque, and flux linkage. The analysis explores the
influence of both integer and fractional rotor-pole combinations,
providing insights into their advantages and trade-offs. Furthermore,
this research investigates techniques to reduce cogging torque, a
primary source of torque ripples and noise in FSMs. Structural
techniques such as chamfering, notching, and pole pairing were
implemented, yielding critical design insights into rotor pole
optimization for OR-HEFSMs. These findings support the future
development of high-performance machines for electric mobility and
renewable energy applications.

1. Introduction

Several studies have divided flux switching motor (FSMs) into three primary classes according on the source of
its excitation, Permanent Magnet Flux Switching Motor (PM-FSM), Field Excitation Motor (FE-FSM) or Wound
Field and Hybrid Excitation Motor (HE-FSM). Despite the advantages offered by FSM, they have certain drawbacks,
including notable cogging torque and ripples, resulting in noticeable vibrations [1]. The HE-FSM combines two
excitation sources—permanent magnets (PMs) and field excitation windings (FEWs)—in a unique configuration
that allows for greater control over the motor’s magnetic field. This dual-source excitation offers significant
advantages, including improved torque control, power density, and the capability to sustain high performance
across diverse speeds and loads [2]. An outer rotor configuration further amplifies the potential of the HE-FSM by
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positioning the rotor outside the stator. Unlike traditional inner rotor motors, this structural adjustment provides
multiple advantages: high torque density, improved efficiency and reduced cogging [3]. It also offers superior
cooling due and enhances thermal performance [4]. Additionally, rotor-pole configurations significantly influence
the torque production and ripple, flux distribution and core losses and cogging torque of these motors. There has
been a strict requirement to reduce cogging torque in terms of increasing output efficiency and reducing vibration
and noise for a long time [5]. However, despite their potential, comprehensive studies on the slot-pole effects in
outer rotor HE-FSMs remain underexplored. This study aims to address these challenges by systematically
analyzing the electromagnetic performance of various rotor-pole configurations focusing on identifying the most
optimal configuration and implementing strategies to reduce cogging torque to ensure smoother operation and
enhanced motor performance.

The performance of outer rotor HEFSMs is heavily influenced by their rotor-pole configurations, which impact
on critical factors like torque production, torque ripple, flux distribution, and electromagnetic efficiency. The
specific combination of stator slots and rotor poles determines the cogging torque frequency. Poor rotor-pole
combinations can lead to higher cogging torque. Additionally, cogging torque, a common issue caused by the
interaction of the rotor’s permanent magnets with the stator slots, can lead to vibration, noise, and reduced motor
smoothness, further affecting motor performance. Even when there is no current flowing through the windings,
this magnetic attraction causes periodic torque changes as the rotor rotates. A high cogging torque may have a
negative impact on the motor's output torque. As a result, the motor's performance could be impacted from low
output torque. Low output power is caused by low output torque. When the cogging torque reduction approach is
used to the design, the outcomes will vary.

2. Literature Review

2.1 Inner and Outer Rotor Hybrid Excitation Flux Switching Motor Configuration

The main difference between inner and outer rotor motors is the placement of the rotor relative to the stator in
which when the rotor is inside the motor, while the stator is on the outside is known as inner rotor motors while
outer rotor motors are vice versa. Inner rotor motors have a lower moment of inertia compared to outer rotor
motors, which translate into higher acceleration, faster response, and a lower mechanical time constant. In outer
rotor motors, the material selection and weight reduction features are critical to reducing the moment of inertia.
The operating principle of OR-HEFSM is illustrated in Fig. 1.
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Fig. 1 Operating Principle of OR-HEFSM (a) 6e = 0° (b) 8¢ = 180° More Excitation, (c) 6e = 0° (b) fe = 180° Less
Excitation.

2.2 Review of Cogging Torque Reduction Technique in Flux Switching Motor

Torque production in FSM relies on controlling the flux path within the machine by switching the magnetic field
between different rotor poles [6]. A fluctuating magnetic field is produced in the air gap by this control over the
magnetic flow. The air-gap field harmonics, including the fundamental component responsible for the primary
torque generation and higher harmonics owing to the structure of the rotor, play a crucial role [7]. The effects of
torque ripples transcend in the form of vibration, acoustic noise, and structural resonance which are transferred
from the source to the load via rotor shaft. Therefore, the cogging torque reduction technique will reduce the
cogging torque and torque ripples. The cogging torque reduction technique can be done through motor drives or
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geometrical modifications [8]-[9]. In general, cogging torque reduction for design methods can be accomplished
by two aspects which include modifications on the rotor and the stator side. Modification on the rotor side has
been widely used compared with the stator part as it complicates the stator manufacturing and consequently
increases the manufacturing cost of the machine. The geometrical modification to reduce the cogging torque in
this study is divided into several techniques which are pole pairing, chamfering and notching. While these
methods have been widely studied in conventional PM and switched reluctance machines, their combined and
comparative application specifically in OR-HEFSMs is less explored. The project conducts a fair comparison of the
three reduction techniques under identical simulation conditions that provides a consistent benchmark for
evaluating the effectiveness of each method, which is often lacking in fragmented literature studies that use
differing models or parameters.

3. Methodology

This section presents the flow and process of the project, including a thorough explanation. The implementation
of this project is divided into three parts, design, analysis and cogging torque reduction. The number of poles for
this project differ for each design, using 8, 10, 14, 16 respectively for a three-phase motor. The number of rotor
pole and stator slot combination can be expressed using Equation (1).

k
Nr=NS<liE)

3.1 System Flowchart of Overall Project

(1)

Fig. 2 illustrates the step-by-step process for designing, analysing and cogging torque reduction techniques. For
this project, JMAG-Designer version 18.1 is used to design the motor. It begins with drawing the parts and region
radial pattern followed by setting of material use, condition, circuit, and mesh. After the confirmation of operating
principle, various characteristics of the three-phase OR-HFSM are investigated which include no load and load
analysis of the proposed motor. The performance analysis of various rotor pole numbers is measured at open and
short circuit conditions. Then, based on the successful designs at the design stage, one of the most optimal designs
will undergo the cogging torque reduction techniques to refine the cogging torque of the OR-HEFSM. This method
also compares the effectiveness of three cogging torque reduction techniques which are chamfering, notching, and

pole pairing.
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Fig. 2 Overall implementation of the study
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4. Result and Analysis

This section discusses the results and comparison from the analysis conducted in this project. Once the
parameters have been clearly determined and set in the motor, all four of the designs of ORHEFSM will be analyzed
based on 2D-FEA for no load analysis and load analysis. Fig. 3 shows the illustration design of all four different
configurations of OR-HEFSM in Geometry Editor.
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Fig. 3 Complete design of (a) 12S-8P OR-HEFSM, (b) 125-10P OR-HEFSM, (c) 12S-14P OR-HEFSM and (d) 125-16P
OR-HEFSM

4.1 No Load Analysis

The analysis of flux linkage, induced voltage, cogging torque and torque vs Ja at maximum armature coil current
density for the various design topologies is conducted in this section at open circuit condition. For flux linkage
analysis, the 12S-8P has a significant flux linkage of 0.012 Wb when compared to other outer rotor PMFSM
configurations, as illustrated in Fig. 4.
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Fig. 4 U-phase flux linkage of the 4 designs of OR-HEFSM

The back electromotive force (back-EMF) analysis is to study the induced voltage. The back-EMF generated
from field excitation coil with the speed of 1200 rpm for different pole numbers are illustrated in Fig. 5. 12S-16P
OR-HEFSM has the highest positive amplitude of 97V, the least back EMF (F) is 12S-8P at 48V.
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Fig. 5 Back-EMF of the 4 designs of OR-HEFSM

Fig. 6 shows the cogging torque characteristics of various rotor pole topologies with 12S-10P having the
lowest cogging torque followed by 12S-14P, 12S-8P and 12S-16P, with a peak-to-peak value of approximately 540

Nm, 546 Nm, 558 Nm and 634 Nm.
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Fig. 6 Cogging torque of the 4 designs of OR-HEFSM

The performance of an electric motor at the maximum current density, Ja, is what determines its capabilities.
Fig. 7 illustrates the torque versus Ja for the four designs. The influence on torque is examined when the Ja is
changed from 5 Arms/mm? to 30 Arms/mm?. As the value of Ja grows, it is observed that the torque increases.

The minimum torque is produced by 12S-16P with 32.25 Nm.
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Fig. 7 Torque versus Ja at Maximum Armature Coil Density of the 4 designs of OR-HEFSM
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Table 1 shows the performance comparison of the various rotor pole numbers. It can be concluded from the
table that topology 12S-10P is the most optimal topology compared to other topologies for OR-HEFSM as it has
low cogging torque, and back EMF but notably high torque with high flux linkage.

Table 1 No load performance comparison of various rotor pole topologies

Analysis 12S-8P  12S-10P  12S-14P  12S-16P
3 Coil Test (Wh) 0.0124 0.0106 0.0087 0.0095
Back-EMF (V) 48.60 60.75 85.05 97.21

Cogging Torque (Nm) 558.39 539.51 546.01 633.51
Torque at Jo= 30 A/mm (Nm) 132.36 137.93 177.94 32.25

4.2 Load Analysis

Motor performance was examined under closed-circuit conditions with armature current densities, JA ranging
from 0 Arms/mm? up to 30 Arms/mm?2. This condition involved analyzing the output torque of several motor
topologies against different field excitation current densities, Je. Results were sketched from Fig. 8 until Fig. 11 for
four different rotor configurations. In 12S-8P OR-HEFSM, from Fig. 8 the maximum torque of 115.51Nm was
obtained by the model when the armature current density was set to 15 Arms/mm? and reduced until 30
Arms/mm?2. The torque achieved at different field excitation current densities from 5 Arms/mm?2 to 30 Arms/mm?
are 45 Nm, 92 Nm, 116 Nm, 109 Nm, 102 Nm, and 97 Nm respectively.
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Fig. 8 Torque vs Ja at various Je of 125-8P OR-HEFSM

In Fig. 9, the higher the amount of armature current density, ]a, the higher the torque would be generated. The
detailed torque of the motor at different field excitation current densities from 5 Arms/mm? to 30 Arms/mm? are
48 Nm, 93 Nm, 129 Nm, 146 Nm, 152 Nm and 155 Nm respectively. The maximum torque of 155.41 Nm was
obtained by the model when both Ja and Je were set to 30 Arms/mm?2.
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Fig. 9 Torque vs Ja at various Je of 125-10P OR-HEFSM
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In Fig. 10, the maximum torque of 240.62 Nm was obtained by the model when the armature current density
was set to 30 Arms/mm?, but the increment stopped at Ja 20 Arms/mm? and slowly reduced the optimal point.
The torque achieved at different field excitation current densities from 5 Arms/mm? to 30 Arms/mm? are 61 Nm,
119 Nm, 171 Nm, 204 Nm, 225 Nm, and 241 Nm respectively.

Ja (Arms/mm™2)

Fig. 10 Torque vs Ja at various JE of 125-14P OR-HEFSM

Fig. 11 shows that 12S-16P topology has the lowest cogging torque value but does not have the best slot and
rotor pole combination as the cogging torque increases halfway then reduces. The 125-16P configuration offers
more uniform airgap flux density due to better alignment between stator teeth and rotor poles that results in
smoother magnetic transitions which reduces the abrupt changes in reluctance that causes low torque. The
detailed torque of the motor at different field excitation current densities from 5 Arms/mm? to 30 Arms/mm? are
2Nm,5Nm, 11 Nm, 14 Nm, 13 Nm and 16 Nm respectively.

a0

Forgue (Nm)

Fig. 11 Torque vs Ja at various Je of 125-16P OR-HEFSM

Table 2 shows the performance comparison of the various rotor pole design for load analysis. It can be
concluded from the table that topology 12S-10P is the most suitable topology for OR-HEFSM as the armature
current density increased with the field excitation current density, higher than Ja achieved the optimal point later
compared to lower Je.

Table 2 Performance comparison of various rotor pole topologies for load test.

Analysis 12S-8P 12S-10P 12S-14P 12S-16P
Torque (Nm) 115.51 155.41 240.62 15.67

4.3 Cogging Torque Reduction

The analysis of cogging torque reduction for the proposed 12S-10P OR-HESFSM topology is conducted in this
section using three different techniques which are chamfering, notching and pole pairing. Fig. 12 shows the
illustration motor design when the techniques are applied.
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(c)

Fig. 12 Motor design for cogging torque reduction (a) chamfering method, (b) notching method and (c) pole
pairing method.

Based on the motor design of 125-10P OR-HEFSM, the chamfering technique is adopted. Curve chamfer
dimension is measured by the curve radius of the chamfer located on the tip of the rotor pole. The chamfer is
applied on both tips on each rotor pole. The cogging torque resulting from the chamfering method exhibited
different behaviors as illustrated in Fig. 13 showing the peak-to-peak cogging torque values and average output

torque. The most optimal cogging torque reduction happens at an arc angle of 10° at 359.6 Nm peak-to-peak and
achieved 33.35% cogging torque reduction from the initial value.
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Fig. 13 Cogging torque reduction chamfering method

The influence of parameters, which is the depth of a notch on the cogging torque and output torque is
investigated as shown in Fig. 14. The analysis of designs differs with a notch depth from 1 mm to 10 mm showing
a decrement of peak-to-peak cogging torque value with an increasement of notch depth. The lowest cogging

torque reduction value is achieved at a notch depth of 8mm with 450.94 Nm with 16.42% cogging torque
reduction from the initial design.
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Fig. 14 Cogging torque reduction notching method
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Fig. 15 shows the result of three different rotor configuration for pole pairing technique. This cogging torque
reduction approach uses a pole pairing method that involves geometrically matching two rotor pole widths.
Because the 12S-10P has an even number of rotor poles, the manipulative pole and the pole whose width is
maintained at its initial width will alternate. Design 2 with a peak-to-peak cogging torque value of 101.28 Nm
achieved the lowest value with 81.23% of cogging torque reduction from the initial design.
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Fig. 15 Cogging torque reduction pole pairing method

Table 3 shows the performance comparison of the cogging torque reduction techniques applied. It can be
concluded that the most suitable method to achieve the lowest cogging torque produced is by applying the pole
pairing method as it relies on electromagnetic symmetry and phase-shifting between pole pairs to suppress
cogging harmonics. This method effectively distributes the magnetic flux in a more balanced manner, reducing the
airgap flux density fluctuation. The cogging torque is cut down from 539.51 Nm to 101.28 Nm with a percentage
reduction of 81.23% showing the most percentage reduction compared to the other two methods while the output
torque increased a little by 10.46 Nm from 155.41 Nm to 165.87 Nm.

Table 3 Overall performance on applied cogging torque reduction methods

Method Cogging torque Maximum torque Percentage
(Nm) (Nm) reduction (%)

Chamfering 359.6 158.21 33.35

Notching 450.94 148.93 16.42

Pole pairing 101.28 165.87 81.23

5. Conclusion

The rotor pole analysis of various 3 phase outer rotor HEFSM designs have been investigated. Initial results of the
topologies were analyzed based on 2D-FEA using the JMAG software. There are 4 topologies being analyzed. Based
on the no-load and load analysis, 12S-10P OR-HEFSM has achieved better performance characteristics compared
to other topologies. The analyzed result achieved cogging torque of 539.51 Nm peak-to-peak, induced back-emf
of 60.75 V and average torque of 137.93 Nm. Then with the most optimal configuration, cogging torque reduction
methods have been investigated on 12S-10P OR-HEFSM. The reduction technique adopted was the classical
techniques such as chamfering, notching and pole pairing. It can be observed that the pole pairing technique is
substantial to reduce cogging torque but also preserves overall motor performance. These techniques provided a
significant decrease in the cogging torque which fulfills the objective.
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