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Abstract

Due to high volume of the studies in the field, flux
switching permanent magnet (FSPM) machines are
explored in this article. Particularly, this paper is examined
the studies carried out to reduce cogging torque (CT) in
FSPMs. The reduction of CT improves the smoothness and
efficiency of electric machines, improving the effectiveness
of control systems. In addition, the reduction in vibration
and noise levels increases accuracy and reliability,
particularly in sensitive applications. The research begins
with a systematic examination of CT in FSPM machines.
Through this analysis, certain parameters contributing to
the mitigation of CT were determined, and relevant
advancements from prior literature were thoroughly
examined. Mostly, the structural changes were
implemented by enhancing the rotor and stator to mitigate
the CT. The rotor and stator efforts are discussed and
classified in detail in this paper. These investigations
substantiate the degradation in CT and the results make a
significant contribution to the existing literature within the
scope.

Keywords: CT, Flux switching machine, Optimization,
Permanent magnet, Rotor/Stator

1 Introduction

Electric machines that enhance energy conversion
through magnetic influences use the exchange of magnetic
fields between permanent magnets (PMs) on the stator and
the cogging, moving structure of the rotor. Flux-switching
permanent magnet (FSPM) electrical machines operate
through magnetic interactions between the windings and
permanent magnets (PMs) on the stator, which generate a
constant magnetic field, and the toothed, movable structure
of the rotor [1]. A switching distinction between flux-
switching permanent magnet machines and PM-assisted
synchronous reluctance machines lies in the placement of the
magnets; FSPMs incorporate the magnets within the stator
and utilize a dual excitation system Figure 1 [2]. In such
machines, the stator generates magnetic flux, and the rotor's
capability to guide the magnetic circuit optimizes energy
conversion through flux switching.
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Bu alandaki calismalarin yogunlugu nedeniyle, bu
makalede aki anahtarlamali sabit miknatisli (AASM)
makineler incelenmistir.  Bu  makalede  ozellikle
AASM'lerde vuruntu momentini (VM) azaltmak igin
yapilan c¢aligmalar incelenmistir. VM’nin azaltilmasi,
elektrik makinelerinin diizglinliigiinii ve verimliligini
artirarak kontrol sistemlerinin etkinligini gelistirir. Buna ek
olarak, titresim ve giirtiltii seviyelerindeki azalma, dzellikle
hassas uygulamalarda dogrulugu ve giivenilirligi artirir.
Arastirmalar, AASM makinelerindeki vuruntu momentini
sistematik bir sekilde incelemesiyle baslamaktadir. Bu
analizin  sonucunda VM’yi azaltmayr amaclayan
parametreler belirlenmis ve ilgili iyilestirme g¢aligmalari
gozden gecirilmistir. Cogunlukla, yapisal degisiklikler
vuruntu momentini  azaltmak i¢in rotor ve statoru
gelistirerek uygulanmistir. Rotor ve stator caligmalar
makalede ayrintili olarak tartisilmig ve siiflandirilmistir.
Bu incelemeler VM’yi azaltmayi kanitlamakta ve sonuglar
bu kapsamdaki mevcut literatiirde Onemli bir katki
saglamaktadir.

Anahtar Kelimeler: Vuruntu momenti, Aki anahtarlamali
makine, Optimizasyon, Sabit miknatis, Rotor/Stator

The design of FSPM machines (FSPMMs) is of
paramount importance in the field of electrical engineering.
Analyses conducted through finite element analysis (FEA)
elucidate this significance further. FSPMMs are appealing
for the electric machine designers due to the electromagnetic
and electromechanical characteristics of it. Such as high-
power density [3,4], high torque capability [5], primary
topology on rotor [6], sinusoidal back electromotive force
[7,8] etc. However, one of the consequences of this
appealing profile, high CT occurs in FSPMs [9] and that
needs to be handled. Thus, most of the researchers focus on
the investigations into the mitigation of CT.

The most important challenge in FSPMM is CT, which
effect out of magnetic influences among the rotor and stator
at certain positions. Due to their dual salient structure,
FSPMMs generate high levels of CT, leading to resistance in
rotor rotation, increased vibration, and noise. These effects
are particularly problematic in particular applications. To
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improve performance and efficiency, reducing CT through
optimized design and manufacturing processes is essential.
[10]
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Figure 1. Conventional FSPM machine topology and the
prototype [2]

The reduction of CT emerges as a critical objective for
enhancing the performance, efficiency, and durability of
electric machines. Relevant studies not only have the
potential to improve machine performance by providing
higher energy efficiency and longer lifespan but also
contribute to the smoother management of machine
dynamics. The resulting reduction in CT is considered a
fundamental element for innovation and advancement in the
field of electrical machines. Due to having the permanent
magnets, the CT mitigation is very crucial for FSPMs.

Researchers have investigated numerous methods for
reducing CT. Some of these methods focus on the stator side,
such as magnet placement and design, as well as winding
patterns [11,12]. Others are concentrated on the rotor side,
including variations in rotor pole arc angles, widths, and
shaping [13-17]. Many studies emphasize the combined
effects of both the rotor and stator through various structural
combinations [18-20]. In addition, some research has
explored motor control strategies to mitigate CT. Various
approaches based on harmonic current injection (HCI) and
iterative learning control (ILC) have recently been proposed
to compensate for and modulate the air gap flux density
[21,22]. Moreover, topological changes such as increasing
the number of phases have also been shown to effectively
reduce torque ripple, which is closely associated with CT.

The studies on the CT mitigation reveal that magnetic
interactions, structural design parameters, air gap
configurations, and winding arrangements significantly
effect the magnetic field and consequently the CT [23,24].
Each of these factors plays a pivotal role in the determination
of CT, positioning them as critical elements that influence
the generally execution of the machine.

In this study, the latest advances in approaches developed
for the decrease of CT in FSPMMs are comprehensively
examined. The paper is organized to provide a clear and
systematic exploration of the topic. Section Il begins with a
detailed explanation of the analytical methods used to
understand the mechanisms behind CT generation in FSPM
machines, offering a foundation for the techniques discussed
later. Following this, Section I11 presents an extensive review
of state-of-the-art methods and strategies proposed for
effectively reducing CT, highlighting their principles,
applications, and potential benefits. Lastly, the conclusion
section provides a summary of the findings and a critical
discussion of the challenges, practical implications, and
future directions for CT mitigation in FSPMMs.

2 CT Expression

2.1 Methodology

In this review, a comprehensive literature survey was
conducted to identify and analyze various strategies
developed to minimize CT in FSPM machines. The review
focused on peer-reviewed journal articles, conference
proceedings, and relevant academic sources published
between 2005 and 2025.

Sources were selected based on their relevance to CT
reduction methods in FSPM machines, including both
analytical and experimental studies. Databases such as IEEE
Xplore, ScienceDirect, and Google Scholar were primarily
used to gather the literature. Keywords including "CT
reduction”, "flux-switching permanent magnet”, "magnetic
design optimization™, and "machine topology modification™
guided the search process.

The selected papers were categorized based on the type
of technique they proposed—such as rotor/stator geometry
modifications, magnet shifting, pole arc optimization, or
auxiliary slot introduction. Comparative evaluations were
also considered to highlight the strengths and limitations of
each approach.

This methodology ensured a structured and focused
review of the existing body of knowledge, enabling a well-
informed discussion on the effectiveness and applicability of
various CT mitigation strategies in FSPM machines.

The principles of working FSPM machines are
interesting in view of magnetic flux orientation and torque
generation. The CT generated in the FSPMM can be
represented as the rate of the change of the magnetic co-
energy with repaired the machine, as expressed in Equation
(1), where a denotes the rotor displacement angle and has an
active function in maintaining the torque creation of the
machine.

ow

feos =~ 50

o))

Here a symbol is the specify rotor position. As a result of
the transmittance of iron core is considerably stronger than
that of the air-gap and PMs, the magnetic co-energy W, can
be exchanged with Wgap, deposited in the air-gap, thus the
energy change in the iron core ignoring. [25]
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Depending on the angle 0 along the perimeter of the air
gap depicted in Equation (2), the flux density delivery B(0)
along the air gap, the flux density delivery developed by the
PMs at the stator is denoted by B(6), and the impact of the
prominent rotor on the flux density stator is denoted by G (6,
). The Fourier expansion and analytical prediction of B/(0)
for the real case are given in Equation (3) respectively.

B?(0)=B,,+ ) B, cosmPg

~ ®)
The Fourier expansion of G%(0, a) is given by:
G*(8,a) = G, +ZGn cosnP.(0 +a) (4)
n=1
PL = .
Tog(@) =22 (RZ-R)Y NGB, sink o (5)
4/“0 n=1 r%

s

Lt here denotes the axial arrange distance, R; and R>
indicate the outer radius of rotor and the inner radius of the
stator in the same order. Where,

K.,,=nP or k. =nP. =2mP, (6)
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Figure 2. (a) CT waveforms, (b) harmonic order for three
different cases [25]

As shown in Equation (5) the CT cycle generated within
an individual rotor phase should include the smallest
possible number of cycles. For instance, despite using the
similar quantity of stator and rotor poles, CT has been
calculated for three cases in the study [25]. As demonstrated
in Figure 2, Case 1 shows the original configuration, whereas
in Cases 2 and 3, PMs with reduced spacing and lower
magnetic energy are employed. The waveform and harmonic
structure of the CT for these three cases have been analyzed
[25].

According to the Equation (5), Tcog can be reduced
through the model of the stator or the rotor design. This
mitigation can be achieved by using various methods, but
most of them focus on the air gap permeance manipulation.

3 CT Reduction techniques

In this section, the methods used to reduce CT in FSPM
machines will be examined, focusing on both rotor and stator
components. It includes common improvements in rotor and
stator designs to facilitate CT reduction through various
optimization techniques and structural changes.

3.1 Rotor side adjustment

The rotor is the moving part of FSPM machines. There
are various methods to reduce CT on the rotor side of
FSPMMs. These methods include optimizing the rotor
geometry [26], designing the rotor with axial skew [27],
chamfering the rotor tooth tips [28], and segmenting the rotor
slots [29]. These strategies support the effective
minimization of CT through refinements in rotor
configuration. The optimization techniques applied to the
rotor side are summarized along with their corresponding
references in Table 1 for clarity and comparison.

Table 1. Rotor side adjustments

ROTOR ADJUSTMENT REFERENCE

3-D enq effect and rotor - [3,15,30,31]
eccentric, rotor optimization

Shifting rotor teeth, and stepped [16]
skewing rotor blocks

Rotor pole shaping, chamfering

and flange rotor pole shape [7,27,32]
without skewing teeth

Teeth notching [25,33]
Rotor pole width

Rotor pole shape

Rotor pole skew [29,34]
Rotor pole displacement

Rotor dummy slot

Different arc angled rotor poles [35,36]
Skewing, step-skewing,

notching, pairing, right-angle

chamfering and cos-chamfering [27,28,37]
rotors

Rotor position [18,38]
External rotor [39,40]
Different rotor tooth [41]
Outer Rotor Structure [42]
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The author in study [35] the design of the Unequal Rotor
Slot Arc (URSA), which investigates the effects of
asymmetric rotor poles with distinct angles for a three phase
FSPM machine. During the configuration process, an FSPM
machine topology consisting of 12 stator poles and 10 rotor
poles was selected. The results show that the unequal rotor
slot arcs exhibit superior performance compared to the
symmetrical design. The asymmetric schemes for the rotor
slots were, simulated using parametric analysis to reduce the
CT. Figure 3 illustrates the angle parameter in the parametric
optimization process. To achieve optimization, two angles,
0. and Oy are defined, which can adjust the rotor pole as
depicted in Figure 4. When equal rotor slot angles are
accepted as zero, the unequal rotor slot angles are
constrained between plus and minus two degrees to facilitate
the optimization process. Additionally, an inequality is
established for the two consecutive rotor poles, allowing the
angles Ors1 and Ors2 to vary by + 2 degrees. The proposed
design shows a significant reduction in CT and shows a
significant improvement.

Oni - Or2 On1 -0

(a) Equal rotor slot angles (b) Unequal rotor slot angles

Figure 3. The configuration of the URSA method for
FSPMs [36]

Figure 4. Unequal rotor slot angles method and
optimization process angle parameters [36]

Five distinct angles have been selected to present the
results in a comparative manner. The chosen angle
parameters are detailed in Table 2.

erl = rsli ea
0r2 = (952 + Hb

r

U]

Table 2. Chosen angle parameters after the FEA
optimization process [36]

ga eb
Design 1 (D1) 1.2 -2
Design 2 (D2) 14 -1.8
Design 3 (D3) -2 11
Design 4 (D4) 0.8 -2
Design 0 (D0) 0 0

The proposed design shows a significant reduction in CT
and shows a significant improvement in [36]. Figure 5
highlights the impactivity of the URSA method in
minimization CT, establishing it as a pioneering solution.
According to the optimization and simulation results, D1
exhibits the lowest CT at 4.1% and also demonstrates a
reasonable average torque loss. These findings support the
assertion that the URSA method has significant potential for
mitigating CT. Ultimately, the employment of unequal rotor
slot arcs for FSPMMs allows satisfactory results to be
achieved.

1000 D1
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@
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0 2 T 32 2r
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Figure 5. CT results [36]

Xiu et. al. proposed a new chamfered and flanged rotor
pole geometry to reduce the CT without the use of sloping
teeth [32]. The basic recommended dimensions of the rotor
pole geometry have been optimized Figure 6. It shows the
contribution of this pole shape to CT reduction by providing
a more stepped change in the air gap opposition in the
magnetic flux direction during rotor spinning. This impact of
the method is confirmed by FEA and modeling based on
practical examples. The influences of the offered pole
configuration on the reverse electromotive force (EMF) and
average electromagnetic torque are moreover studied. On a
6/4 pole FSPM machine, it is critical to reduce the CT to a
certain low level to ensure the smooth machine operation. In
this context, a chamfered and flanged rotor pole geometry
without chamfered teeth is proposed. The proposed pole
geometry is optimized by systematic techniques and FEA
founded simulations, and the effectiveness of the approach is
verified with empirical data.

In addition, the effects of this novel pole shape on the
back EMF and the average electromagnetic torque are
evaluated in detail. For a constant air gap distance, an
unexpected alteration in air gap transmittance as the rotor
pole side joins or exits the stator pole. But, in case of a larger
air gap is added when the poles begin to overlap, this sudden
change can be reduced. As the air gap length gradually
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decreases, the air gap permeance changes more smoothly,
lowering CT. For this reason, a chamfered rotor pole surface
is recommended. This creates a gradual rise in the air gap
from the center to the edge, allowing a smoother variation in
air gap permeance. Accordingly, the circulation of G%(a, 0)
down the perimeter of the edge rounding rotor pole area is
displayed in Figure 6b [32].

] ! | |
|| |
| |
] ] I
-Tr 0 Ir £
=]
G (a, 8) |
TN
| [
|
]
=Tr 0 Tt ]

Figure 6. G(0,0) distribution (a) Fixed air gap distance,
(b) Edge rounding rotor pole surface [32]

In this study, a chamfered and flanged rotor pole design
is presented in Figure 7. This design provides a further
incremental change of air gap displacement in the flux
linkage during rotor rotation, which results in lower CT.

Original
\ Fx retor pole

Chamfering — -
rator pale , / &
e T
1
S

|

3
Rotor
R fange

|
o
Figure 7. Suggested chamfering and flange rotor pole
form [32]
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To provide more analytical conclusions, the optimum
dimensions of the flange thickness (Fx) and flange height (Fy)
are considered using the Finite Element (FE) technique,
which effectively allows to take into account for magnetic
fullness and flux escape effects. As the FE study, the flange
width (Fy) and flange height (Fy) are made equal, while the
flange edge thickness F: is kept at constant value. The
simulation of FE analysis for the CT of the recommended
rotor pole configuration with various chamfer magnitude and
flange width dimensions are given in Figure 8.
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Figure 8. CT from the new rotor pole configuration by
various scales of chamfer magnitude and flange width
sizes [32]

Zhang et. al. [37] examine six rotor-side cogging
suppression methods to improve the efficiency of FSPM
machines. These methods include skewing, step-skewing,
notching, pairing, right-angle chamfering and cos-
chamfering rotors, as depicted in Figure 9. The skewed rotor
technique [Figure 9(a)] reduces torque ripple by tilting the
rotor core at a specific angle. The step-skewed [Figure 9(b)]
rotor is a more effective version of this method. The notched
[Figure 9(c)] rotor reduces harmonics causing torque ripple
by adding notches to the rotor teeth. The paired [Figure 9(d)]
rotor suppresses torque ripple by alternating rotor teeth of
different widths, modulating the magnetic field. Right-angle
[Figure 9(e)] and cos-chamfered [Figure 9(f)] rotor methods
apply chamfers of different shapes to the rotor teeth tips to
reduce torque ripple. While all these techniques minimize
torque ripple, they also impact other performance factors like
back EMF and torque. Therefore, the most suitable method
should be chosen based on application requirements. Their
robustness against manufacturing errors has also been
considered.

Using FEA, the study predicts the effect of each
technique on the CT waveforms of the FSPMM to assess the
effectiveness of CT repression. Moreover, the outcomes of
the methods applied to reduce the CT are demonstrated in
Figure 10.

Furthermore, an overall theoretical analysis is conducted
out to illuminate the common characteristics of cogging
minimization techniques in FSPM machines. The
observations contribute to a more integrated rotor structure
methodology for researchers and designers in the field. In
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addition, prototype experiments are carried out on a 12s/10p
FSPMM utilizing four of the above rotor strategies. The
observation of these experiments supplies important
reference points for cogging suppression strategies
applicable to FSPM machines.

'\ Right-angle
| chamferin
— =)
grm—

PP —

J

Figure 9. CT of the 12s/10p FSPMM with the rotors (a)
continuous skew, (b) step-skew, (c) notching, (d)
big/small tooth content, (e) right-angle chamfering, (f)
chamfering [37]
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Figure 10. CT of the 12s/10p FSPMM with the rotors (a)
CT waveforms (b) Harmonic analysis of the torque content
[37]

3.2 Stator side adjustment

In this study, the latest advances in approaches developed
for the decrease of CT in FSPMMs are comprehensively
examined. The paper is organized to provide a clear and
systematic exploration of the topic. Section Il begins with a
detailed explanation of the analytical methods used to
understand the mechanisms behind CT generation in FSPM
machines, offering a foundation for the techniques discussed
later. Following this, Section I11 presents an extensive review
of state-of-the-art methods and strategies proposed for
effectively reducing CT, highlighting their principles,
applications, and potential benefits. For ease of comparison
and reference, these techniques along with their
corresponding literature sources are systematically compiled
in Table 3. Lastly, the conclusion section provides a
summary of the findings and a critical discussion of the
challenges, practical implications, and future directions for
CT mitigation in FSPMMs.

Table 3. Stator side adjustments

STATOR ADJUSTMENT REFERENCE
Different permanent magnet [4]
materials

Stator flux bridges

Stator structure

effects of short permanent [43.44]
magnets

Winding configuration [23,45]
A new pole shaping [46]
Distinct stator/rotor pole

arrangements

Winding arrangements and [47.48]
stator layering section forms

Dummy slot [49,50]
Hybrid excited multi-tooth [51]

Gan et. al. investigates the reduction of CT in three phase
12s/10p FSPMMs by examining the impact of compact
permanent magnets and stator flux bridges (FB) in [43]. Four
diverse FSPM configurations (outer/inner, inner/inner,
inner/outer and outer/outer) Figure 11. were developed by
adjusting FB placement and PM length. Through finite-
element analysis, CT, output torque, and PM usage were
compared across configurations. Experimental validation
confirmed that the outer-inner structure effectively reduces
CT and decreases PM material usage.

The segmented and modular design of the stator core
complicates assembly. To make the stator more robust and
reduce production complexity, a stator flux bridge (FB) can
be included, consequent in a single-unit stator. Adding an FB
not just minimizes manufacturing complication and creates
a stronger stator arrangement but also helps alleviate CT
presented in Figure 12, include two possible locations to
situation stator FB: the inner aspect (there the FB is inserted
next to the stator pole) and the outer aspect (there the FB is
inserted next to the stator yoke). Furthermore, the width of
the FB is a different significant determinant connected to
efficiency.
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Figure 11. Finite element models of the proposed three-
phase 12-slot/10-pole FSPM machines are illustrated as
follows: (a) Inner stator with inner rotor, (b) Inner stator
with outer rotor, (c) Outer stator with inner rotor, and (d)
Outer stator with outer rotor, adapted frcl)Ln [43]

Stator Stator

'@'i ®
Figure 12. Location of the stator FB (a) Inner layer (b)
Outer layer [43]

1
o (a) o o (b)

1, _
U god

© @
Figure 13. Four configurations of FSPM machines
incorporating short permanent magnets and stator flux
barriers are depicted: (a) Inner stator with inner rotor, (b)
Inner stator with outer rotor, (c) Outer stator with inner
rotor, and (d) Outer stator with outer rotor. [43]

Simulation results for CT in the inner/inner structure are
presented for diverse PM dimensions illustrated in Figure
11(a) and 13(a). In such an arrangement, the stator FB is
positioned on the inner aspect and the PM dimension
decreases the inner axial axis. The result of the CT is
illustrated in Figure 14(a).

Inner/outer structure is illustrated in Figure 11(b) and
13(b). This structure conclusion for CT is illustrated in
Figure 14(b). Regarding this arrangement, the stator FB is
included on the inner side, and the dimension of the PM is
mitigated in the outer axial axis. When the PM dimension is
mitigated to 17 mm, the peak significance of the CT decline
to 40% of the 19 mm arrangement. Still, when the PM
dimension is continuously decreased from 17 mm to 15 mm,
only a slight decline in CT is detected. The CT with 17 mm
PM dimension was diminished by 60% contrasted to 19 mm.
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= ~ 19mm

-0.6 .

2 3 4 5 6
Rotor Position (deg)
(b)
Figure 14. CT results a) CT illustration of the inner/inner
structure b) CT illustration of the inner/outer structure

[43]

The connection between CT and permanent magnet
dimension in the outer/inner structure is illustrated in Figure
11(c) and 13(c). This structure outcomes CT is illustrated in
Figurel5(a). As the PM length decreases, the CT
significantly reduces, reaching a minimum at a PM
dimension of 15 mm. Reducing the PM dimension from 19
mm to 15 mm outcomes in a continuous diminish in average
output torque; even so, this diminution is more limited
compared to the inner/outer structure.

0.6
£ 04
Z
2 0.2
2
s 0
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75' 0.2
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Figure 15. CT a) CT illustration of the outer/inner
structure b) CT illustration of the outer/outer structure
[43]
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Within the outer/outer structure, the stator FB is included
on the outer aspect, and the PM dimension is decreased to
the outer axial bearing, as illustration in Figure 11(d) and
13(d). In this topology, the CT is displayed in Figure 15(b).
As the PM dimension decreases, the CT declines.
Additionally, in the topology with a PM length of 17 mm,
the peak significance of the CT is minimized by 34%
compared to the design with a PM dimension of 19 mm,
although the torque loss is 13%.

Stator PM motors, especially FSPM dual salient PM, and
flux inverted PM motors, are gaining increasing attention in
various fields such as EVs [52,53], wind power
transformation [54], and wave power transformation [55].
These motors share common structural features, such as the
existence of PMs and core turns in the stator, and the rotor
condition created as a basic iron core. These characteristics
facilitate easy heat management of the PMs and provide a
simple and robust structure for the rotor. Traditional stator
PM motors utilize non-overlapping concentrated armature
windings, resulting in low winding resistance and low copper
consumption. However, this design has limitations in
improving power density further. [45]

Du et al. [45] focused on the armature winding
configuration pattern of FSPM motors (FSPMMs). In their
study, the air-gap PM flux density of an existing 12s/10p
FSPMM was analyzed, and a new 12s/7p FSPMM was
proposed. Unlike the traditional non-overlapping
concentrated winding, the new motor was designed with a
distributed winding configuration to enhance torque density.
The results were verified by calculating and analyzing the
electromagnetic characteristics of both motors, and
conclusions were drawn based on the findings.

Figure 16 demonstrates the configuration of a
conventional 12/10-pole FSPMM, referred to as Motor I in
this article. This motor’s stator features essential teeth would
with non-overlapping compact windings made from U-
shaped layered parts, among which the permanent magnets
are sandwiched, with their magnetic alignment courses
configured alternately and adjacent in the tangential
direction.

B2 ('12 cl
A7

3 z
B~ %

Ad
Figure 16. Motor | — 12s/10p FSPMM [45]

The winding factor of the motor designated Motor Il
displayed in Figure 17(a) will be quite low. Thus, with the
aim of increase the power density, the distributed winding
called Motor Il shown in Figure 17(b) is preferred.
Therefore, according to the proposed winding design
method, there is only one type of winding configuration for

12/10 pole FSPM motors and two types of winding
configurations for 12/7 pole FSPM motors.

The rotor also comprises of a basic iron core thought
significant teeth.

(b)

Figure 17. Armature winding connection of 12s/7p
FSPMM. (a) Motor II-Classic non-overlapping winding
(b) Motor Il — Spread winding [45]

Displayed in Figure 18 are the CT waveforms for these
motors. The peak to peak magnitude of CT for the 12s/7p
FSPMM is 0.62 Nm as observed, which constitutes only
24.5% of the corresponding value for the 12s/10p FSPMM.
This significant decrease in CT is one of the factors
contributing to the reduced torque variation exhibited by
Motor I11.

<Motor | =Motor II, 111

Cogging torque (N)

0 60 120 180 240 300 360
Rotor position (Elec. deg.)

Figure 18. CT waveforms of three motors [45]

The use of distributed winding has been found to
significantly boost the power density of the 12s/7p FSPMM
contrasted to the motor with non-overlapping dense winding.
Additionally, it has been observed that the 12s/7p FSPM
motor exhibits a lower CT compared to its 12s/10p
counterpart. However, the average value of the coil
inductance of the 12s/7p FSPMM with distributed winding
is more than four periods that of the other two motors.
Finally, a prototype of a 12s/10p FSPMM was developed and
evaluated. The trial outcomes, including the three-phase no-
load EMF and three-phase self-inductance, have verified the
outcomes derived from FEA and the investigative design.

Lan et al. [49], two surface-mounted PMSM prototypes
with different magnetic loading levels were examined M1
(10-pole/12-slot, low magnetic loading) and M2 (12-
pole/18-slot, high magnetic loading), as illustrated in Figure
19. The aim was to evaluate the influence of dummy slots on
machine performance.
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(a) 10-pole/12-slot (M1) (b) 12-pole/18-slot (M2)

Figure 19. Stator winding configuration and flux path in
the no-load state.[49]

According to the results, dummy slots impact not only
the harmonic components of the CT but also the distribution
of local forces on the stator bore. These effects stem from
alterations in the air-gap flux density caused by the presence
of dummy slots. The main goal of incorporating dummy slots
is to reduce the amplitude of CT, considered a global force.

The paper presents a mathematical model for CT
generated by real slots and extends it by formulating the
additional torque contributions introduced by dummy slots.
The total CT is defined as the sum of both components.
Although certain harmonics can theoretically be cancelled
through dummy slot placement, the cancellation is not
perfect due to differences in the behavior of real and dummy
slots.

In practice, one dummy slot was applied to each tooth in
the M1 machine, and two were used in M2, as shown in
Figure 20. This led to a notable reduction in the fundamental
CT in both machines. However, some higher-order
components increased specifically the 24th harmonic in M1
and the 18th in M2 (shown Figure 21).

\"(

v

and

@Ml (b) M2

Figure 20. Electromagnetic finite element models of M1
and M2 incorporating dummy slots.[49]
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Figure 21. Spectral analysis. [49]

Overall, the study highlights how dummy slots alter CT
harmonics and emphasizes their implications for noise and
vibration performance.

In this study [50], Yokoi and Higuchi proposed and
analyzed various techniques aimed at reducing CT in
surface-mounted PM synchronous motors (SPMSMs). The
first method presented involves an “Alternate Slot Winding”
configuration, in which the windings and stator slots are
arranged in an alternating pattern. This structure was
primarily developed to suppress torque ripple components
caused by back electromotive force (EMF). However, due to
the irregular slot configuration, the frequency of CT is
halved, which may, in turn, negatively influence torque
ripple behavior.

To address this issue, the stator design with alternate slots
was enhanced by the inclusion of "Dummy Slots," as
illustrated in Figure 22. These dummy slots were constructed
to replicate the magnetic reluctance distribution of the actual
slots. As a result, they effectively suppress the lowest-order
harmonic components of CT. The slot opening widths for
both real and dummy slots were adjusted to be half the length
of the slot pitch. This configuration enhances the presence of
higher-order harmonics, thereby contributing to the
reduction of torque ripple.

b (i

Ca M

]
1
1
1
1
(d) I
i
1
1
1
I

(&) \.l.A._A_A,i,A_AﬁeIJ

Figure 22. Illustrations depict the configurations of both
actual and dummy stator slots for equal and alternate slot
winding arrangements. The angular positions are
presented in terms of electrical degrees. Specifically,
subfigures include: (a) Equal Slot Winding with 24 slots
(ESW24), (b) ESW48, (c) ESW72, (d) Alternate Slot
Winding with 24 slots (ASW24), and () ASW60. [50]
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Moreover, the rotor magnet design was considered
alongside the stator structure. Two principal strategies were
implemented to minimize torque pulsations. The first
approach involved shifting the positions of the magnets on
the rotor surface by a specific angle. This technique
particularly aims to mitigate dominant CT harmonics, such
as the 30th-order component. A theoretical expression was
also provided to determine which harmonic component
should be targeted for suppression. The second approach
consisted of modifying the magnet arc width, primarily to
attenuate undesirable back-EMF harmonics such as the 7th
order. While this method primarily improves the EMF
profile, it also contributes indirectly to the reduction of CT.

Ultimately, the study emphasized that effective CT
reduction can be achieved through the combined application
of multiple design techniques, each addressing different
harmonic components, as demonstrated in the simulation
results (Figure 23). The integration of alternate slot
windings, dummy slots, and optimized rotor magnet
arrangements was shown to significantly decrease torque
ripple. The effectiveness of the suggested methods was
confirmed through FEM analyses.

1.5 o Experiment --- ESW24
1 e ASW24
— 104 —— ASW60
8
£ 0.5
o 0
= 4
I
S 0.09
=]
=
‘B -0.5
o0 4
o
© 1.0
-1.5 T T
U] 15 30 45 G0 75 90

Rotor Position [° mech.]
Figure 23. CT for ESW24, ASW24, and ASW60. [50]

In a study conducted by Zhu et al. [51], three innovative
designs of hybrid excited multi-tooth flux-switching
permanent magnet (HE-MFSPM) machines were proposed.
These designs integrate the benefits of hybrid excitation with
those of multi-tooth stator FSPMM’s. While all three models
operate on a similar principle, they differ significantly in the
configuration of their stator structures.

As illustrated in Figure 24, Models 1, 11, and Il feature
hybrid excitation systems comprising tangentially
magnetized permanent magnets and concentrated field
windings (FWs). Model | stands out as the design utilizing
the least amount of PM material, employing auxiliary slots
and tangential magnets with opposing polarities. Model 11
incorporates radially magnetized PMs within the auxiliary
slots and shares an equal PM volume with Model IlI.
Notably, Model III enhances system reliability and
modularity through the inclusion of six fault-tolerant teeth.

Armature A Field
Winding Winding

Dummy skot

Armature Fukl
Winding Winding

Annature Fiekd
Winding

X Fault toleranmt
) Looth

Figure 24. Structures of three HE-MFSPMM’s. (a)
Model I. (b) Model Il. (c) Model 111.[51]

To ensure effective flux control and mitigate the risk of
demagnetization, all designs utilize a parallel hybrid
excitation approach that separates the magnetic paths of PMs
and FWSs. Two-dimensional finite element analysis (2-D
FEA) confirms that magnetic flux follows the intended
excitation source when activated independently. The fault-
tolerant structure of Model 11, in particular, restricts inter-
phase flux coupling, thereby improving phase separation.

The analysis demonstrated that all three HE-MFSPM
configurations exhibit low CT characteristics. Among them,
Model | achieved the minimum peak-to-peak CT, while
Model 111 followed closely behind. Figure 25 presents the CT
waveforms for the three machines, offering a comparative
visual overview of their torque behavior. Overall, the study
concludes that all models deliver favorable CT performance,
with Model | emerging as the most effective in this regard.
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Figure 25. CT waveforms of three he-mfspm machines.
(@) Model I. (b) Model II. (c) Model 1I. [51]

3.3 Rotor and stator side adjustment

In this section, the methods employed to minimize CT in
FSPMMs will be examined, focusing on both rotor and stator
components. Through various optimization techniques and
structural modifications, improvements made
collaboratively in the configurations of the rotor and stator
support the mitigation of CT. A comprehensive summary of
these methods, along with their related references, is
presented in Table 4 to facilitate a clearer understanding of
the applied strategies.

Table 4. Rotor and stator side adjustments

ROTOR-STATOR ADJUSTMENT REFERENCE

tooth chamfering methods [56]
Improvement of stator and rotor teeth [17,57]
Slot-pole combination, stator-poles and [58,59]
rotor-teeth (P-T) combinations '
Slot pitch of the stator and rotor, magnet

arc, stator tooth arc, and stator yoke [60]
thickness

Rotor/stator configurations [61,62,63]
Including arrangements of stator slots and

rotor poles

skewing angle [64,65]

stator tooth width

rotor tooth width

magnet thickness

cos-formed edge rotor (CSER), cos-
formed edge stator, and dual cos-formed [66]
edge, air-gap field modulation

Zhu et. al. [56], various tooth chamfering methods are
proposed to minimize CT for a 12/10 FSPMM. The effects
of both round beads and correct angles, as well as their
possible arrangements, on CT are examined using 2D FEA.
The finding of the research show that using the right angles
on both stator and rotor teeth is the most productive process.
The combinations are illustrated in Figure 26.

T

/,J L\ ! ‘\\
i
r‘ﬂ« i
= L*\ e L"\
Iy

|
Figure 26. Various tooth chamfering configurations
applied to both stator and rotor teeth are presented as
follows: (a) Original design, (b) Stator tooth with a round
fillet on the magnet side, (c) Stator tooth with a round
fillet on the slot side, (d) Stator tooth with a right angle on
the magnet side, (e) Rotor tooth with a round fillet, (f)
Rotor tooth with a right angle, (g) Stator tooth with a right
angle and rotor tooth with a round fillet, (h) Right-angled
chamfering applied to both stator and rotor teeth [56]

In order to provide a clearer explanation of this
phenomenon, an analysis of the flux density in the air gap
has been conducted. Additionally, the effects on phase back
electromotive force and electromagnetic torque have been
thoroughly analyzed. The expected conclusions show that
the suggested method can considerably reduce the peak
value of CT from 2.6 Nm to 0.4 Nm, with only a 1.6%
reduction in average torque. These findings represent a
notable improvement when compared to approaches utilized
in the previous literature.

First, the CT waveforms for the initial design of the 12/10
FSPMM, based on 2D-FEA, are displayed in Figure 27,
where the peak torque magnitude reaches 5.2 Nm with a
mechanical period of 6°. It is concluded that using a circular
bead has very little effect on CT and that simply adding a
circular bead does not reduce the torque. However,
employing a right angle on the magnet section of the stator
tooth lowers the torque partially. When examining the effects
of the circular fillet and the right angle, it is determined that
the CT in the rotor tooth can be considerably reduced with
the right angle, that is more productive than the round bead.
Comparisons of diverse configurations also indicate that the
configuration utilizing both right angles provides the best
solution.
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Figure 27. CT waveforms of diverse tooth-chamfering
configurations. () Initial (b) round fillet in stator tooth/
magnet side, (c) round fillet in stator tooth/slot side, (d)
right angle in stator tooth / magnet side, (e) round fillet in
rotor tooth, (f) right angle in rotor tooth, (g) right angle in
stator tooth / round fillet in rotor tooth, (h) right angles in
both stator and rotor teeth [56]

In this section, the optimization studies carried out for the
reduction of CT in the rotor and stator components of the

FSPM electric machines studied are comprehensively
discussed. These optimization processes include various
design changes to refine the efficiency of the machine and
diminish vibrations. The applications of the related
optimizations are visualized with a detailed diagram in
Figure 28.

4 Conclusion

A range of methods aimed at reduce CT in FSPM
machines have been explored in this study. CT is an
undesirable effect that occurs at low-speed operation of the
motor and adversely impacts the overall performance of the
system. The conducted analyses and implementations have
demonstrated the effectiveness of the techniques used to
minimize CT.

Among the methods examined are the optimization of
magnet arrangement and modifications to the rotor and stator
geometry. The combination of these techniques has
significantly reduced the CT while contributing to have more
stable operation and increased efficiency of the motor. In
conclusion, the studies conducted to reduce CT are critically
important for ensuring high performance and reliability in
industrial applications of FSPMM. Future research is
expected to contribute a significant advancement in this field
through more innovative design and control methods.

Despite the progress in reducing CT through various
design and control strategies, several challenges remain. One
of the key difficulties lies in achieving optimal torque
performance  without compromising other machine
parameters such as cost, manufacturability, and thermal
behavior. Moreover, while many studies have focused on
specific  structural modifications,  comprehensive
comparisons across different mitigation techniques are still
limited. In particular, there is a noticeable gap in the
literature  regarding  integrated  approaches  that
simultaneously consider electromagnetic, thermal, and
mechanical aspects. Therefore, future work should aim to
address these multidimensional challenges by combining
advanced modeling techniques with practical validations.

Rotor Side Adjustments

Stator Side Adjustments

Both Sides Adjustments

3-D end effect and rotor eccentric,
rotor optimization [3,15,30,31]

Different permanent magnet materials

‘ Tooth chamfering methods [56] ‘

Shifting rotor teeth, and stepped
skewing rotor blocks [16]

Stator flux bridges,
Stator structure,
effects of short permanent magnets.

Improvement of stator and rotor
teeth[17,57]
Slot-pole combination, stator-poles ‘

and rotor-teeth (P-T) combinations

Rotor pole shaping, chamfering and
flange rotor pole shape without
skewing teeth [7,27,32]

Winding configuration [23,45]

[58,59]
Slot pitch of the stator and rotor,
magnet are, stator tooth arc, and stator

yoke thickness [60]

Teeth notching [25,33]

Rotor pole width, Rotor pole shape,

Anew pole shaping [46]

‘ Rotor/stator configurations [61,62,63] ‘

Rotor pole skew, Rotor pole
displacement, Rotor dummy slot

‘ Different arc angled rotor poles [35,36] |

Distinct stator/rotor pole arrangements
[29,34] Winding arrangements and stator
layering section forms [47,48]

Including arrangements of stator slots and
rotor poles
skewing angle
stator tooth width
rotor tooth width

Skewing, step-skewing, notching,
pairing, right-angle chamfering and
cos-chamfering rotors [27,28,37]

Dummy slot [49,50] [64,65]

magnet thickness

cos-formed edge rotor (CSER), cos-

Rotor position [18,38]

Hybrid excited multi-tooth [51]

formed edge stator, and dual cos-
formed edge

External-rotor[39,40]

Different rotor tooth[41]

Outer-Rotor Structure[42]

Airgap field modulation [66]

Figure 28. Classification of structural optimization techniques for CT reduction in FSPM machines
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