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Improved Torque Characteristics
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Abstract: This paper introduces a unique rotor pole configuration for an Axial-Field
Flux-Switching Permanent Magnet (AFFSPM) machine, focused on minimizing cogging
torque (CT), reducing torque ripple (TR), and improving average torque (AT). This
innovative design is based on the standard rotor configuration of the AFFSPM machine,
with a Reversed Radial Pole (RRP) placement that this new topology will be recognized
as RRPAFFSPM. To thoroughly evaluate the proposed design's effectiveness, sensitivity
analysis will be conducted to determine the significance of geometric parameters and
identify the best topology in comparison studies. Extensive 3D finite element analysis
(FEA) confirms the design's effectiveness, demonstrating substantial reductions in CT
and TR, along with an increase in AT. These results suggest that the desired rotor pole
configuration is a promising solution for high-performance electric machines in
demanding different applications.
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Introduction

investigated to address these issues, such as the modular

XIAL-FIELD flux-switching Permanent Magnet

machines have become a viable alternative to
traditional  radial-field machines, especially in
applications that require high torque density,

compactness, and efficiency [1]. Recently, these motors'
topologies have garnered considerable attention for their
unique abilities to combine the benefits of flux-
switching and axial flux path technologies, providing
high torque/power density and reliability [2]. As a result,
AFFSPM has found applications in various sectors,
including electric vehicles (EVs) and renewable energy
systems like wind turbines [3, 4]. The main challenges
faced by AFFSPMs are CT and TR, which can
significantly affect the motor's operational smoothness
and efficiency [5]. Several design strategies have been
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combination technique and the optimization of pole
shapes and rotor-stator configurations [6, 7], both of
which have proven effective in reducing CT and
enhancing  torque  uniformity [8].  Dual-stator
configurations have also shown promise in reducing TR
by balancing electromagnetic forces and smoothing
overall torque production [9]. Performance evaluations,
particularly in terms of efficiency and power density,
have demonstrated the potential of AFFSPMs in various
high-performance applications [10]. For instance,
AFFSPMs with modular stators and flux-modulating
rotors have exhibited excellent torque characteristics
when optimized for wind energy applications [11].
Despite these advancements, challenges remain in the
design of AFFSPMs, such as manufacturing complexity,
material costs, and the impact of non-operational
harmonics on electromagnetic performance [12, 13].
Various methods have been proposed in the literature to
address these challenges [14]. For example, in [15], the
impact of rotor parameters, including rotor pole number, pole
width, pole shape, and rotor thickness, has been investigated

and led to significant improvements, including a
reduction in CT by approximately 40% and an increase
in torque density by nearly 25%. The use of the design of
experiments optimization method has resulted in a reduction of
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approximately 62% in CT. The same study has been done
in [16]. The E-core and U-core dual-stator modular
motor, based on the flux modulation principle as
presented in, showed significant torque improvements,
including a 35-45% reduction in CT, a 30-40% decrease
in TR, and a 20-25% increase in torque density [6]. The
U-core design outperformed the E-core in terms of
efficiency and mechanical vibration reduction. This
study also emphasized the importance of stator/rotor
pole combinations, with higher pole combinations
yielding optimal torque density and smoother operation.
The importance of stator core shape can also be found in
[17, 18]. According to [19] , combining dual rotors with
hybrid excitation allows better control over flux paths,
significantly reducing TR. Various methods have been
proposed and reviewed, with detailed numerical reports
on techniques such as adding magnetic bridges, tecth
pairing, and various displacement methods, as discussed
in [20-22]. The teeth skewing method in the rotor teeth
discussed in [23] where three rotor teeth structures
including fan-shaped, single-skew, and dual-skew are
analyzed. The implementation of the rotor notching
technique in [24] resulted in a 72% reduction in CT
amplitude.

The rising demand for sustainable and efficient motor
technologies in electric transportation highlights the
need to optimize the performance, reliability, and safety
of these machines [25]. In this context, TR and CT are
critical factors that require attention [26]. Factors such as
magnet strength, air-gap length, skew degree, and slot
opening width influence this torque, which is typically
expressed as a percentage of the peak torque [27].

CT can cause increased noise and vibration in electrical
machines. In applications where low noise and vibration
are essential, such as electric vehicles (EVs) [28], CT is
undesirable and must be minimized [29]. This
phenomenon directly affects efficiency, power density,
and thermal management, all crucial for enhancing
vehicle range, endurance, and overall performance [30].
Additionally, the impact of TR and CT extends to
durability, reliability, and integration aspects,
necessitating comprehensive solutions that address these
issues while ensuring compatibility with existing
infrastructure and vehicle architecture.

Therefore, while TR and CT present significant
challenges, effectively managing them is key to
unlocking the full potential of electrical machines in
transportation applications.

Regarding this target, this paper investigates a new
structural modification on the rotor pole to nullify
undesirable factors with the lowest effect on the key
performance parameters. In this way, in section 2, a brief
declaration of performance will be stated alongside the
targeted novelty. Then, section 3 will report
electromagnetic  outcomes that will show the

effectiveness of novelty and finally in section 4 salient
achievement will be reviewed.

2 The nature of Operation and Implementation of
Desired Topology

Fig. 1, showcases a 3D exploded view, revealing the
dual stators, each with a U-shaped iron core, placed
opposite each other. The PMs are aligned in a
unidirectional orientation.

Fig. 1. Exploded view of the 12/10 poles AFFSPM.

Additionally, Fig. 2, presents a 2D model that depicts the
flux paths. The rotor yoke acts as an intermediary,
splitting the flux paths originating from the opposing
magnets. The flux switching principal functions with
changes in the rotor's position; when the rotor aligns
with the magnet or teeth, a periodic electromotive force
(EMF) and sinusoidal bipolar flux linkage are generated
within the windings.
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Fig. 2. Magnetization patterns as well as flux paths during
switching.

To move on more to details, when the rotor pole aligns
with the stator tooth, the flux undergoes switching,
encompassing one-phase windings as they pass through
the air gap. In the absence of excitation, part of the
magnetic flux traverses the air gap while the rest creates
a short circuit in the magnetic circuit. By applying
sufficient positive current the excitation current
generates magnetic flux, which, combined with the
magnet flux, passes through the motor air gap, aiding in
energy conversion. When the rotor pole reaches the next
stator tooth, the flux direction through the air gap
reverses.

The AFFSPM is constructed based on the theoretical
framework and equations discussed below.
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Initially, the general formula for output power is
provided as follows [31]:

m
Pout: E Em Im n (1)

where P,,, mandzy indicate output power, phase
number, and efficiency, respectively. Before calculating
the maximum voltage (E,,) and current amplitudes (/,,),
the Back-EMF can be estimated using the following
equations [31]:

dl//m_ dop d@_N do ) 2)
dr Phae dr T Phae O

e=-

9=9,, cos (P.0)

where Npp, @, ¢, P, and@ denote the number of
turns per winding in each phase, the rotor's angular
speed, flux amplitude, rotor pole number, and rotor
position angle, respectively. The subsequent equations
individually express the Back-EMF and the amplitude of
the sinusoidal current [32] :
T
Em:Nph @, Pr KleBgmax SF (DzZJ'Dlz) (3)
s
V2 7 A, D; “)
Dy =N2 Iy =—— N,
where Pgis the number of stator PMs, K, is the flux
leakage coefficient, K; is related to the air gap flux
density distribution, /,, represents the maximum current
density, Bg,,, indicates the peak air gap flux density,
is the area ratio of the stator tooth to the stator pole
pitch, and D,and D; are the stator's outer and inner
diameters, respectively.
Hence, power output can be defined as below [32]:

Pout = (5)
V21 P,

% E n K/Kd ﬁs ASBgmax(]')'z) D03 n,

where K is the flux waveform distribution factor, and A
is the ratio of the stator's inner to outer diameter.

The motor's geometric parameters significantly influence
the output torque.

In addition, it is essential to differentiate between CT
and TR, where TR is a computational parameter that can
be calculated for all types of machines as follows [33]:

TR(%) = M x

100 (©6)
TAVG

while CT results from electromagnetic operation,
derived from interactions with magnetic force, especially
in salient structures. Faults can also contribute to
creating ripples in electrical machines. The number and
position of poles are key factors influencing CT and are
not affected by loading or the armature's effect. Suitable
approaches for reducing CT can be identified through its
governing equations, which will be presented in further
detail. ~The following equation gives a co-energy
relation that evolved three terms [34]:

1, I ‘
We=  SLE  + SRe’ + fi.9) )

armature reaction fielcTe}c—‘it-a/tiun Jhu-linkage and armature

where L, I, R, ¢ are inductance, current, air gap
reluctance, and air gap flux linkage, respectively.

In no-excited condition, the CT presented as:

. OWe e, s I dR 2
excitedT T no-ecited C——E(pE (8)
here, Wc-and 6 represent the co-energy and rotor
position, respectively. According to this equation, the
most effective way to reduce CT is by minimizing
variations in air gap reluctance. It is evident that using a
stronger magnet increases the air gap flux, and
consequently, CT as well. Various techniques aim to
reduce changes in reluctance throughout the structure.
Alternatively, decreasing the harmonics of magneto
motive force can also be a solution, though it may lead
to a reduction in output torque.

Therefore, altering these parameters can affect not only
the torque value but also the CT, vibration, and noise
levels produced by the motor. This insight drives the
introduction of a new design in this paper.

However, this article will focus on the variations in the
rotor pole. Fig, 3. a, illustrates the 2D typical
geometrical design of the stator and its PMs, while
Common Pole (CP) structure is shown in Fig 3,b, [32].
The primary concept of this paper is to reverse the
structure in the radial direction and evaluate the
sensitivity of arc poles. Two parameters, namely the
basic pole arc angle (4.) and ( /)’f ) the fan-shaped pole

angle is introduced to create an RRP structure (Fig. 3.c)
[35]. Additionally, the rotor pole arc without the fan-
shaped pole will also be considered as the Basic Pole
(BP) structure and evaluated further.

Given the structural limitations related to pole arc-to-
pole pitch issues, Table 1 outlines the key parameters of
the designed machine alongside the considered range for
sensitive analysis.
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Fig. 3.2D U(;l:z/iew of stator and PMs and its ((gr)nensions, (b)
CP, (c) RRP.
Table 1. Key Dimension of the Conventional and Desired
Motors.
Parameters Value
Rated output power (Pour) 600 W
Rated speed (n,) 750 rpm
Rated current () 35A
Magnet remanence 12T
Turn per phase (Vi) 360
Stator outer diameter (D,) 140 mm
Stator inner diameter (D)) 80 mm
Stator axial length (L) 20 mm
Stator yoke length (L) 8 mm
Rotor axial Length (L)) 22 mm
Machine axial length (L) 64 mm
Stator tooth width (fs) 7.5 deg
Stator slot width (fs) 7.5 deg
Stator PM width (Bry) 7.5 deg
Rotor pole width (B)) 7.5 deg
BP topology rotor pole 7.5

Basic pole arc angles (8) (2.5,5,7.5,10,12.5,15,17.5) deg

Fan shape pole angles (ﬂf) (0,2, 4) deg

3 Electromagnetic Evaluation

In this section, torque values are assessed across 35
distinct rotor pole configurations; Six values of (S ) are

evaluated under two modes of ( ﬁf) for different

structures. Additionally, torque values were measured
for the same rotor pole dimensions at the highest and

lowest positions.
To begin with, due to the importance of meshing on the
electromagnetic results, Fig.4, demonstrates

implemented meshes on the stator and rotor. Auto
meshing with the surface element method is used.

The simulations performed in sinusoidal current
excitation mode will be as shown in Fig. 5, with an
amplitude close to 4.94 A and a frequency of 125Hz.

(a) (b)
Fig. 4. 3D meshed parts: (a) stator, (b) rotor.
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Fig. 5. Three-phase current profile.

To evaluate structures based on the torque
characteristics, Table 2 shows the various modes in FEA
and sensitivity analysis.

An observable trend indicates a smooth increase in
torque as pole width increases, influenced by the two
introduced parameters. Notably, the lowest torque value
of 2.82 Nm was recorded for the model with
(f,=2.5) while the maximum torque was achieved in a
similar structure without a fan shape at (,=12.5 ).

For a constant ﬁ/, as f increases, the torque trend

initially rises, reaches a peak, and then decreases,
suggesting an optimal point for f Values. This table
also reveals that adding a fan shape reduces TR by
creating a path with lower reluctance. Consequently, TR
ranges from approximately 80% to about 10%.
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Also, variations in CT, which range from 0.9 Nm to
around 4 Nm have been reported in this table. In many
cases, the addition of a fan shape reduces CT.

In this section, a performance evaluation criterion based
on the ratio of AT to CT is used to identify the structure
with optimal performance. Table 2 includes the results
of these calculations for various scenarios. For an
equitable comparison, the basic structure ( ﬂf:0 and

(B.=7.5)is compared with two carefully chosen
structures: one from the CP topology and another one
from the RRP design. According to the results, the
selected structure from the CP has (=4 and

(B,=12.5), while the RRP structure has geometric

parameters  including (8 =4 and (B =15). The
calculated ratios of AT to CT for the CP and RRP
structures were 8.32 and 7.73, respectively, compared to
3.81 for the basic topology without a fan shape. This
indicates a clear improvement in the torque profile due
to the use of a fan-shaped construction and, particularly,
the reverse rotor pole configuration. Regarding the
calculated ratios, a gradual increase in the coefficient
with rising f is observed for the non-fan-shaped
topology, but this trend does not apply to the other
structures. In the rest of the paper, a comprehensive
review will be done of the three chosen topologies in
different terms.

Table 2. Torque Characteristics of the Presented Models.

Fan Shape Degree

Topology 6 CT (Nm) AT (Nm) AT/ CT () TR (%)
B,=2.5 237 2.82 1.18 73.95
B.=5 3.86 433 1.12 80
B,=7.5 1.83 6.99 3.81 27.1
BP B,=10 1.8 6.77 3.76 28
B,=12.5 1.71 8.12 474 26.42
B,=15 1.43 7.86 5.49 21.72
B,=17.5 0.89 6.88 7.73 27.05
B.=2.5 35 4.81 1.37 72.72
B.=5 1.19 6.18 5.19 25.55
B.=7.5 2.02 7.29 3.60 32.69
CP (Bf=2) B,=10 1.33 7.49 5.63 21.9
B,=12.5 1.84 7.53 4.09 22.19
B,=15 1.25 737 5.89 16.84
B,=17.5 2.15 6.72 3.12 31.98
B.=2.5 1.1 6.1 5.54 21.88
=5 1.93 7.08 3.66 35
B.=7.5 1.43 7.9 5.52 22.28
CP (Bf=4) B,=10 1.31 7.6 5.80 19.93
B,=12.5 0.91 7.58 8.32 14.88
B,=15 1.99 6.67 3.35 29.59
B.,=17.5 1.09 5.69 5.22 26.77
B.=2.5 1.66 3.79 2.28 45.58
=5 2.26 5.79 2.56 55.57
RRP (pf=2) B.=7.5 1.16 7.08 6.10 13.18
B=10 1.05 7.52 7.16 21.73
B,=12.5 1.07 7.68 7.17 19.23
B,=15 1.04 7.46 7.17 16.11
B,=17.5 1.18 6.85 5.80 18.14
B.=2.5 1.6 4.8 3 26.82
B.=5 2.08 6.55 3.14 33.32
B,=7.5 1.05 7.02 6.68 17
RRP (pf=4) B,=10 1.19 7.83 6.57 23.54
B,=12.5 1.09 7.84 7.18 18.55
B.,=15 0.97 7.5 7.73 15.7
B.=17.5 0.84 6.45 7.67 24
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Fig. 6. Rotor flux density at the same rotor position for three selected topologies (a) BP (B, =
(c) RRP (B, =4, B,
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Time (ms)
Fig. 7. AT in three selected topologies versus time.
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Fig. 8. CT profiles in three selected topologies versus
mechanical degrees.
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=15).

Fig. 6, 10 illustrates the flux density distribution in the
rotors. Overall, flux density values in the two structures
with the proposed geometry have notably increased. The
flux density change cycle across all structures remains
consistent, although flux density values in the rotor yoke
exhibit phase differences. In the basic rotor yoke
configuration, the maximum recorded flux density is
approximately 1.45 T, while in the two proposed
structures, regions with higher flux paths show flux
density values nearing the saturation limit of about 1.95
T. Torque profiles and CT profiles for three selected
topologies are depicted in Fig. 7 and 8, respectively.
Numerical details have already been covered, and the
reduction in torque profile fluctuations within the
proposed configurations is apparent. Additionally, the
peak CT values have significantly decreased in both
studied structures, ranging from approximately 1200
mNm to below 800 mNm and 400 mNm.

Moreover, the rate of change in the presented models is
significantly greater than in the basic configurations.

Fig. 9, shows the Back-EMF voltages for all three
structures in three different phases. Both proposed
topologies exhibit a nearly similar increase in voltage
components. In the BP structure, the effective back-EMF
value is 48.5 V per phase, while this value is around 56.5
V in the CP and RRP models.

—BP (Bf =0, Br =7.5)

—BP (Bf=0, pr=7.5) —BP (Bf=0, pr=7.5)

80 S 80 oS 80 P o
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Fig. 9. Induced voltage in three different topologies for (a) Phase A, (b) Phase B, and (c) Phase C.
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4 Conclusion

This paper explored an innovative design for an axial-
field flux-switching machine, which includes a two-layer
stator with 12 poles and a single 10-pole rotor. The
primary goals were to enhance torque while reducing
both cogging torque and torque ripple through structural
changes. The rotor's straightforward and unique design
allowed easy adjustments. The main innovation of this
design is the radial reversal of the rotor pole compared to
typical poles. Additionally, a fan-shaped geometric
coefficient was introduced and its effects on the structure
were analyzed. Finally, based on a coefficient
representing the ratio of electromagnetic torque to
cogging torque, three sample structures were compared.
In the standard rotor pole structure, the average torque
was 6.99 Nm, which increased to 7.58 Nm with the
addition of fan-shaped rotor poles with different
parameters. A similar increase was seen in the reverse
rotor pole configuration. Furthermore, a significant
reduction in cogging torque and torque ripple was
observed. For the reverse rotor pole with specific
geometry, the cogging torque decreased from 1.83 Nm
to 0.9 Nm, and the torque ripple in both proposed
structures was reduced by over 11%. The study
demonstrates that the proposed method can enhance
average torque while reducing torque ripple, improving

the suitability of this machine type in various
configurations
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