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Abstract: This paper suggests a method to improve the performances of the Dual Stator Axial Flux
Spoke-type Permanent Magnet (DSAFSPM) machines with phase group concentrated coil (PGCC)
windings, by incorporating continuous and discrete step-skewing along with a special winding
connection. The purpose of the study is to mitigate the cogging torque and torque ripples while
increasing the output torque so it ameliorates the machine performance at minimum cost for various
applications such as wind power plants and electric vehicles (EVs). Cogging torque produces noise
and vibrations which degrade the machine’s performance and reduces its life span. The proposed
winding sequence enhances the output torque by improving its distribution factor along with the use
of continuous skew and step-skew magnets. This research work improved the cogging torque and
torque ripples with the help of skew techniques while output torque is increased by the proposed
winding sequence. Further harmonics and ripples are also mitigated by the proposed winding
sequence. The overall machine volume is kept constant along with the magnet size and the design
parameters for fair performance analysis. Comparative analysis of these machines is performed using
three-dimensional (3-D) time-stepped finite element analysis (FEA). Proposed model I and proposed
model II reduce the harmonics by 42% and 23%, respectively. By using continuous skew and discrete
step-skew magnets, cogging torque is reduced up to 81.5% and 75%, respectively. This reduction in
cogging torque reduces the noise and vibration in machines which assists the machines to perform a
smooth operation. The reduction in output torque ripples in proposed model I is 60.8% while that of
proposed model II is 59.3%.

Keywords: phase group concentrated coil winding; axial flux spoke-type permanent magnet; dual sta-
tors; step-skew magnet; trapezoidal magnet; torque ripple; cogging torque; 3-D finite element method

1. Introduction

Axial flux permanent magnet machines (AFPMM) produce relatively higher torque at
lower speed and have a compact structure and smaller weight-to-size ratio which makes
them suitable for high torque density applications [1]. Axial flux machines are vastly being
used in wind power generation and electric vehicles (EVs) due to their numerous benefits
as compared to radial flux machines [2]. Furthermore, using AFPMM allows for reducing
the mechanical structure complexity as it reduces the need for a gearbox [3].

In different applications such as wind power generation and EVs, the torque ripple
mitigation technique is required to perform smooth and uninterruptible operations with
increased output torque at minimum cost [4]. Along with its various advantages, AFPMM
exhibits torque ripples and cogging torque [5]. The presence of torque ripples causes
mechanical vibrations that ultimately generate vibro-acoustic behavior and reduce the
life span of machines [6]. Torque ripples are mainly due to the cogging torque and non-
sinusoidal back EMF in the machine. Cogging torque in permanent magnet machines is due
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to magnetic interaction between stator teeth and rotor poles [7–10]. The cost of the AFPMM
mainly depends on the cost of the permanent magnets (PMs) [11]. Ferrite PMs reduce the
cost of the machine as compared to rare earth PMs at the expense of the reduction in the
output torque. So, it is mandatory to utilize some technique to increase output torque when
ferrite PMs are used [12].

The dual stator spoke-type AFPM increases the torque output with reduced cost by
the integration of two stators as compared to the single stator AFPM, due to the flux
focusing effect but this structure also increases the cogging torque and torque ripples in
the machine [13]. The spoke-type configuration improves the air gap flux density and the
torque density in the machine [14]. The dual stator AFPMs with phase group concentrated
coil (PGCC) winding enhances the output torque as compared to the simply concentrated
winding to acquire the unity winding factor and remarkable fault-tolerant capabilities [15].
PGCC winding, together with the spoke-type rotor configuration, enhances the flux focus-
ing effect in the machine, thus compensating for the inferior ferrite magnetic properties [16].
However, the flux-focusing spoke-type rotor configuration enhances the torque ripples in
the machine [17].

An unaligned stator shifted by one stator tooth width in spoke-type dual stator AFP-
MMs, reduces the cogging torque at the price of reducing air gap magnetic flux density as
compared to dual axial aligned stators [18]. Cogging torque and torque ripples in axial flux
PM machines are reduced with the help of the poles skewing technique [19]. Poles skewing
is one of the most effective techniques to mitigate the cogging torque and the torque ripples
at the rotor side. In AFPMM, step-skewed rotor (SSR) performance and structure are better
than stator slots skewed motor. SSR is capable of reducing harmonics significantly even
with a few steps [20]. Rotor side modifications reduce the design complexities as compared
to stator side modifications. With rotor skew configuration we avoid many complications
that are faced in stator skewing [21]. Furthermore, SSR configuration significantly mitigates
the problems related to the voltage harmonics distortion that consequently ameliorates the
back EMF and torque ripples in the machine [14].

In APMMs, choosing a suitable skew angle can significantly reduce the components of
a particular time harmonic [22]. The skew rotor technique mitigates the cogging torque and
torque ripples in the motor, suppressing the vibro-acoustic behavior due to the reduction
in specific time harmonic components [23]. Most of the harmonic components can be
suppressed by adopting an optimal skew angle in step-skew rotor configuration. Further,
an increase in skew angle reduces the noise but decreases significantly the output torque,
so it is necessary to choose skew angle carefully [8,24].

This research work uses a combination of PGCC windings and continuous skewed
trapezoidal PMs as well as step-skewed PMs to enhance the performance of the dual stator
axial flux spoke-type PM machine (DSAFSPMM). DSAFSPMM with trapezoidal PMs is
named as conventional model. DSAFSPMM with continuous trapezoidal skewed PMs is
named proposed model I. DSAFSPMM with stepped skewed trapezoidal PMs is labeled as
proposed model II. Proposed model I, as well as proposed model II, reduce the harmonics
significantly. Reduction in harmonics is mainly due to the change of the relative position
between rotor PMs and stator teeth. Proposed model II is slightly more cost-effective as
compared to proposed model I as the magnets have a simpler shape and can be placed
with the use of spacers. Moreover, magnet loss in segmented magnets is lower.

Finally, changing the phase sequence of the windings also improves the performance
of the DSAFSPMM. This proposed winding sequence limits the aforementioned issues
that occurred in the conventional model. The performance of the proposed winding
sequence is analyzed with the conventional model, proposed model I, and proposed
model II. By using the proposed winding sequence, torque ripples are decreased, and the
output torque is increased. The proposed winding sequence enhances the output torque
by improving its distribution factor which ultimately improves the winding factor. All the
dimensions, materials, and design parameters in the investigated machines are kept the
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same to obtain a fair comparison. Time-stepped 3D Finite Element Analysis (FEA) is used
for the comparative analysis.

This research work is organized as follows: Section 2 explains the comparison of
conventional and proposed magnets as well as describes the flux path of conventional and
proposed machines. Section 3 describes the comparative analysis among conventional
DSAFSPMM and proposed models of DSAFSPMM having continuous and discrete step-
skewed PMs. Furthermore, this section describes further enhancement by using switched
phase sequence. In the end, a comparison of results is encapsulated in Section 4.

2. Conventional and Proposed Models

This section compares the conventional trapezoidal PMs, skewed trapezoidal PMs
and discrete stepped skewed PMs. The conventional trapezoidal PMs, proposed skewed
trapezoidal PMs and discrete stepped skewed PMs are shown in Figures 1–3 and are
labeled here as conventional PM, Proposed PM I, and Proposed PM II, respectively. The
conventional model, proposed model I and proposed model II of the DSAFSPMM are also
covered in this section.
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Figure 1. Conventional model PM shape: (a) Trapezoidal magnet; (b) Trapezoidal magnets and rotor core.
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Figure 3. Proposed model II PM shape: (a) Step-skew magnet (built-in skew); (b) Step-skew magnets
and rotor core.

2.1. Comparison of the Conventional PM, Proposed PM I, and Proposed PM II

The trapezoidal PM is used in the conventional model. Proposed PM I is a continuous
trapezoidal skewed PM. The skew angle in proposed PM I is the ratio of 360◦ to the rotor pole
pitch [11]. This optimal skew angle mitigates the torque ripples and cogging torque significantly.

θskew =
2π

no o f rotor poles
=

360
Nr

(1)

Proposed PM II is a discrete step-skewed PM. The overall skew angle of proposed PM
I and PM II is the same. Proposed PM II has four steps in shape which are shifted from
each other by a step angle. The step angle is determined by the ratio of the skew angle to
the number of steps. Therefore, as each step of the magnet is shifted at a constant angle,
this is also called a built-in skew magnet. The volume, axial thickness, and width of the
magnet are kept constant in all three models. PMs are magnetized in alternate outward;
inward magnetization directions and a circumferential anisotropic pattern is applied. The
design parameters of the machines are shown in Table 1.

Table 1. Design parameters of conventional model, proposed model I and proposed model II.

Items Symbols Unit Value

Number of stator slots Q - 30

Number of magnet poles 2P - 32

Stator/rotor outer diameter Do mm 300

Stator/rotor inner diameter Di mm 174

Total axial length Ls mm 72

Magnet span Mw degree 11.25

Magnet skew (Trap) ά degree 5.625

Magnet skew (Step) ά degree 1.40625

Air gap g mm 1.0

Stator tooth height ht mm 19

Stator yoke height hy mm 5

Rotor/PM height hr mm 22
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Table 1. Cont.

Items Symbols Unit Value

Length of the Magnet Lm mm 63

Number of turns per coil Nc - 36

Connection Y - Wye

Remanence of ferrite PM Br T 0.43

No of slots/phase belt m - 2

Coil spacing of different phase
belt (conventional) β1 elec degree 88

Coil spacing of different phase
belt (proposed) β2 elec degree 32

Distribution factor for
conventional sequence Kd1 degree 0.7192

Distribution factor for
proposed sequence Kd2 degree 0.9613

Rotor - - 50H470

Stator - - 50H470

Magnet - - Ferrite

Coil - - Copper

The cogging torque is due to the change in reluctance between the stator slots and the
permanent magnets. The conventional model magnets are skewed to mitigate the cogging
torque (Tcog) and are named as a proposed model I that is utilizing continuous trapezoidal
skew magnet while in proposed model II, magnets are skewed in the form of discrete steps
that comprises built-in skew in magnets with constant distance in each step. The number
of these steps can be increased to obtain the minimum cogging torque but at the cost of a
reduction in output torque. So, the optimal number of steps is selected to obtain the desired
results. This discrete step-skew magnet has varying skew angles from the first step to the
fourth step in magnet shape. By adjusting the number of steps, cogging torque amplitude
can be minimized and maximized. Cogging torque is directly related to flux density as
shown in Equation (2).

Tcog = −1
2

Φ2
g

dR
dθ

(2)

where Φg is denoting air gap flux density and dR
dθ is denoting the change in reluctance

with respect to the rotor position. This cogging torque occurs periodically due to periodic
variations in air-gap reluctance. Due to this periodicity, cogging torque can be represented
in the form of the Fourier series:

Tcog =
∞

∑
k=1

Tmksin(mkθ) (3)

where m denotes the least common multiple of the number of stator slots and number of
poles, while k is an integer. Tmk denotes the Fourier coefficient. Equation (3) shows that in
one mechanical revolution, cogging torque has m periods. So, it is adding up the harmonic
sinusoids. When there is no cogging torque and torque ripples mitigation technique in
the machine, then the additive effect occurs for each rotor magnet on the cogging torque
due to the same relative position of each magnet with respect to the stator slots. It leads
toward the summation of harmonic components because the resultant torque from each
magnet is in phase. Some of the harmonic components can be eliminated when the cogging
effect from each magnet is out of phase and it is achieved by imposing continuous skew
and discrete step-skew techniques.
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The performance is improved significantly by imposing a continuous skew magnet
in the machine and achieving equivalent results as in the discrete step-skew magnet.
However, the continuous skewing technique leads toward an irregular magnet shape that
is difficult to magnetize and fabricate which makes continuous skewing complex and costly.
The step-skewing of magnets resolves the aforementioned issues of continuous skewing.
So, the continuous skewing technique is better than no skew magnets but the discrete
step-skewing technique is preferable to the continuous skewing technique. When these
techniques are used alone, they also affect the output torque. Whereas the reluctance is due
to the opposition of flux between rotor poles and stator slots and it always changes with
respect to the rotor position. It is directly proportional to the length of flux flowing path
and inversely proportional to the cross-sectional area and it can be written as

R =
l

µ0 A
(4)

where l denotes the length of the magnetic path, µ0 is the permeability of free space and A
is the cross-sectional area. At some instants, rotor poles are facing stator teeth and at some
instants, rotor poles are facing stator slots, so the length between them keeps on changing
with respect to the rotor position. Hence, reluctance between them varies according to the
rotor position.

The distribution of flux lines for the conventional model and proposed model is shown
in Figure 4, which shows the distribution of flux lines at two rotor positions. Figure 4a
shows the conventional model rotor position 1 and Figure 4b shows the proposed model
rotor position I. Furthermore, Figure 4c shows the conventional model rotor position II and
Figure 4d shows the proposed model rotor position II. Rotor position I in Figure 4a shows
the alignment of the rotor core with the upper stator slots and the unalignment with the
lower stator slots. Approximately, all the PM flux will flow into the upper air gap due to
the maximum reluctance occurring in the lower air gap region. Rotor position I in Figure 4b
shows the partial alignment of the rotor core with the upper and lower stator slots. Thus,
the PM flux will flow into both the upper and lower air gaps in this case.
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Figure 4. Flux path of the conventional model and proposed model: (a) conventional model position
I; (b) proposed model position I; (c) conventional model position II; (d) proposed model position II.

Rotor position II in Figure 4c shows the alignment of the rotor core with the upper
and lower stator slots. Approximately, all the PM flux will flow into both of the air gap
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regions in this case. Rotor position II in Figure 4d shows the partial alignment of the
rotor core with the upper and lower stator slots. Thus, the PM flux will flow into both the
upper and lower air gaps in this case. The overall impact of proposed model at both rotor
positions I and II has reduced magnetic flux density distribution as well as the gradual
change in the reluctance. The reduction in flux density distribution and gradual change in
reluctance would result in reduced cogging torque and torque ripple. It is also discussed in
the performance analysis Section 3.

2.2. Design of Winding Configuration of DSAFSPM Machine

The design parameters opted for the conventional DSAFSPMM that is incorporating
an unaligned dual stator axial flux spoke-type permanent magnet machine with PGCC
winding. For one phase group, the span of the stator teeth and stator slots from the center
is the same, i.e., 11.25◦ mechanical. The span of the slots between the two phases is 15◦

mechanical. The ratio between the teeth pitch of the same phase and the teeth pitch of the
different phases is given by the following equation.

σ =
τ1

τ2
=

(
π
2 + π

2
)(

5 π
6 + π

2
) =

3
4

(5)

where σ represents the ratio between pitches, τ1 is teeth pitch between two teeth of the
same phase, and for the two different phases, teeth pitch between them is τ2. For ease of
computation, the alternative expression for τ1 is 3θ and τ2 is 4θ where θ is expressing the
difference between these two pitches as shown in Figure 5.
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To determine the coil EMF in electrical degrees, the electrical degree (θe) can be
calculated by the following equation.

θe =
P
2

θm (6)

where θm is denoting the mechanical degree and P is denoting the number of poles. The
conventional winding sequence of stator 1 and stator 2 is shown in Figure 6a. In the
conventional coils sequence, stator 1 group of phase A coils (1 to 5) and a group of phase A’
coils (16 to 20) are connected in series with stator 2 group of phase A coils (31 to 35) and
phase A’ coils (46 to 50). Similarly, stator 1 group of phase B coils (6 to 10) and a group of
phase B’ coils (21 to 25) are connected in series with stator 2 group of phase B coils (36 to 40)
and a group of phase B’ coils (51 to 55). While stator 1 group of phase C coils (26 to 30) and
a group of phase C’ coils (11 to 15) are connected in series with stator 2 group of phase C
coils (56 to 60) and a group of phase C’ coils (41 to 45). Figure 6c shows an equivalent circuit
of the conventional winding sequence. The conventional winding sequence is following.

Phase a and Phase a’
Phase b and Phase b’
Phase c and Phase c’

The proposed winding sequence of stator 1 and stator 2 is shown in Figure 6b. In the
proposed winding sequence, stator 1 group of phase A coils (1 to 5) and a group of phase A’
coils (16 to 20) are connected in series with stator 2 group of phase C coils (55 to 60) and a
group of phase C’ coils (41 to 45). Similarly, stator 1 group of phase B coils (6 to 10) and
a group of phase B’ coils (21 to 25) are connected in series with stator 2 group of phase A
coils (31 to 35) and a group of phase A’ coils (46 to 50). While stator 1 group of phase C
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coils (26 to 30) and a group of phase C’ coils (11 to 15) are connected in series with stator 2
group of phase B coils (36 to 40) and the group of phase B’ coils (51 to 55).
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In the proposed winding sequence, stator 1 phases are connected in series with stator
2 phases in such a way that voltage phase shift at positive zero crossing between two phases
(stator 1 phase and stator 2 phase) is a minimum of 32◦ as shown in Figure 6f while phase
difference in the conventional winding sequence is 88◦ as shown in Figure 6e. This reduction
in phase difference in the proposed winding sequence improves the distribution factor



Energies 2022, 15, 7337 10 of 22

which is 0.9613◦ and ultimately winding factor improves. Whereas the distribution factor in
the conventional winding sequence is 0.7192◦. The proposed winding sequence ameliorates
the voltage magnitude. Hence, the overall average output torque of conventional and
proposed models gets better due to the improved distribution factor. This winding sequence
also mitigates the voltage total harmonic distortion VTHD, significantly. Both proposed
models having proposed winding sequence exhibit the least percentage value of VTHD due
to improved distribution factor that ultimately improves the winding factor. The proposed
winding sequence is as follows;

Phase a and Phase c’
Phase b and Phase a’
Phase c and Phase b’

Kw1 = Kp1 × Kd1 (7)

Kw2 = Kp2 × Kd2 (8)

Kw1 = cos
α

2
×

sin m1β1
2

m1sin β1
2

(9)

Kw2 = cos
α

2
×

sin m2β2
2

m2sin β2
2

(10)

where Kw shows the winding factor, Kp is the pitch factor and Kd is the distribution factor.
α is the chording angle in the case of a short pitch coil when the pole pitch is less than or
greater than the coil pitch. In the case of full pitch coil α = 180 (deg), the pitch factor cos α

2
is equal to 1. While m1 and m2 are referring to the no of slots/phase belt as mentioned in
Table 1.

The design parameters and materials of the DSAFSPM machine are listed in the form
of Table 1, which also describes the materials used for each component in the machine.
The rotor and stator part of the machine are made of silicon steel, 50H470 material. The
permanent magnets are made of ferrite material, while windings are of copper material.
The rotor part is rotating at a constant speed of 480 rpm. The face type mesh element is
applied on each part of the machine keeping the constant size element of 2 mm to obtain
precise machine 3-D analysis. There are a number of variables that define the machine
parameters such as the Do and Di denote the outer and inner diameter of the stator and
rotor, Ls denotes the total axial length of the machine, ht and hy denote the stator tooth and
yoke height, respectively, and all the parameters are kept the same for the conventional
model, proposed model I and model II. Nc denotes the number of turns per coil, so each
coil is utilizing a total number of 36 coils. The air gap for the conventional model, proposed
model I and proposed model II is kept the same which is 1 mm, and the total axial length is
also the same for all three machines.

The conventional model, proposed model I, and model II machines are sharing same
dimensions and incorporate one inner rotor and two outer stators (unaligned) utilizing
spoke-type PMs and PGCC winding to enhance the flux-focusing effect on the machine.
Exploded views of these machines are shown in Figures 7 and 8, respectively. Adjacent
magnets are reversed in polarity by applying outward and inward directions with a
circumferentially magnetized pattern. Concentrated coil winding is used in this machine
and then the number of groups is made for each phase. Furthermore, neighboring coils
within one phase have opposing polarities, which accounts for the alternate magnetization
orientations in permanent magnets. Each coil’s generated EMF will behave in the same
way, following the same direction, resulting in the biggest resultant EMF. The machine
topology of the conventional model DSAFSPMM is shown in Figure 7a. The unaligned
positioning of both stators is shown in Figure 7b. The machine topology of proposed model
I DSAFSPMM and proposed model II DSAFSPMM is shown in Figure 8a,b, respectively.
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model II.

The summary of the design approach is presented in Figure 9 which describes the
machine structure and different techniques that are adopted in the proposed topology to
obtain desired results and torque ripple mitigating techniques. Furthermore, the design
process is shown in Figure 10 which explains the procedures involved in this research work.
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3. 3-D FEM Analysis

Conventional and proposed model characteristics are analyzed using the 3D time-
stepped finite element method to obtain more precise results. This comparative analysis is
performed among the conventional model, proposed model I, and proposed model II using
the 3D finite element method. This analysis is carried out using the constant volume of the
machine as well as the constant volume of conventional and proposed magnets. In this
research, time-stepped 3D FEA is used to analyze the cogging torque, output torque, torque
ripples, and back EMF of the machines with the conventional and proposed magnets.

Air-Gap Flux Density, PM Flux Linkage, Back EMF, Cogging Torque and Output Torque

A comparative analysis of air gap flux density is shown in Figure 11. The cogging
torque is directly proportional to the air gap flux density. The conventional model DSAF-
SPM machine has the highest air gap flux density, so cogging torque will be high as
compared to proposed model I and proposed model II. There is an inverse relation between
air gap flux density and the effective permanence of permanent magnets. The conventional
model has lower effective permanence of magnets while proposed model I and proposed
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model II have high effective permanence of magnets. As a result, cogging torque will be
low in proposed model I and proposed model II. In the conventional model, air-gap flux
density (Bg) is 0.8295, while air-gap flux density in proposed model I and proposed II is
0.7424 and 0.7949, respectively.
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Figure 11. Comparative analysis of air-gap flux density among the conventional model DSAFSPMM,
proposed model I DSAFSPMM and proposed model II DSAFSPMM.

The permanent magnet flux linkage of the conventional model, proposed model I,
and proposed model II is shown in Figures 12–14, respectively. PM flux linkage is directly
related to the output torque of the machine. High flux linkage produces higher output
torque. Flux linkage in the conventional model, proposed model I and proposed model II
are very close to each other, but the average value of output torque is increased in proposed
model I and proposed model II due to fewer ripple factors. This ripple factor is mitigated
due to skew techniques in proposed model I and proposed model II because the maximum
and minimum value of output torque is reduced so less ripple factor will involve. Torque
ripple is a periodic increase or decrease in output torque as the motor shaft rotates. It is
measured as the ratio of the difference in the maximum and minimum torque to the average
torque and is generally expressed as a percentage. The flux linkage of the conventional
model is 0.05856, while the flux linkage of proposed model I and proposed model II is
0.05885 and 0.05965.
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Phase back EMF of the conventional model and proposed model I is shown in Figure 15.
It can be noticed in Figure 15 that the back EMF of proposed model I is more sinusoidal as
compared to the conventional model due to the continuous skew in magnet shape. The back
EMF of the conventional model is 138.5 Vrms, which is slightly greater than that of proposed
model I which is 132.4 Vrms. Phase back EMF of the conventional model and proposed
model II is shown in Figure 16. It shows that the back EMF of proposed model II is more
sinusoidal as compared to the conventional model due to the discrete step-skew magnets
which mitigates the harmonic components significantly. The back EMF of the conventional
model is 138.5 Vrms, while that of proposed model II is 124.09 Vrms. Proposed model I and
proposed model II have more sinusoidal back EMF as compared to the conventional model
due to the lower VTHD percentage.

A comparative analysis of cogging torque among the three DSAFSPMM models,
conventional model, proposed model I, and proposed model II is shown in Figure 17. In
this analysis, it is noticed that there is a significant difference in cogging torque with and
without the skew shape of the magnet. The conventional model has 20 Nm peak-to-peak
cogging torque, while proposed model I has 3.7 Nm peak-to-peak cogging torque and
proposed model II has 5 Nm peak-to-peak cogging torque. The machine that is utilizing
the continuous skew magnet technique mitigates the overall cogging torque up to 81.5%
while the machine that is utilizing the discrete step-skew magnet technique mitigates the
cogging torque up to 75%. This reduction in cogging torque reduces the noise and vibration
in machines which assists the machines to perform smooth operations.
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A comparative analysis of average output torque for the conventional winding se-
quence among the three DSAFSPMM models, conventional model, proposed model I, and
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proposed model II is shown in Figure 18. Analysis shows that there is a considerable
difference between average output torque and the output torque ripples with and without
the skew shape of magnets. Output torque ripples are reduced in proposed model I and
proposed model II due to the decrease in cogging torque and improved sinusoidal back
EMF of the machines. Harmonic components are also reduced significantly. The conven-
tional model has 53 Nm average output torque, while proposed model I has 61 Nm average
output torque and proposed model II has 65 Nm average output torque.
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Torque ripple is a periodic increase or decrease in output torque as the motor shaft
rotates. It is measured as the ratio of the difference in maximum and minimum torque to
the average torque and is generally expressed as a percentage.

τripples =
τmax − τmin

τavg
× 100 (11)

The conventional model has 41.6% output torque ripples. Whereas proposed model I
has 16.3% torque ripples and proposed model II has 16.9% torque ripples. Reduction in
output torque ripples in proposed model I is 60.8% as compared to the conventional model,
while that of proposed model II is 59.3%. Further improvement in output torque is made
by switching winding sequences of both stator coils.

Core losses are a combination of stator loss and rotor loss while copper loss includes
winding loss. Copper loss for the conventional model, proposed model I and proposed
model II is 125 W while iron losses for the conventional model, proposed model I and
proposed model II are 58 W, 41 W and 41 W, respectively. The conventional model efficiency
is 93.6% while proposed model I, and proposed model II efficiency is 94.8% and 95.1%,
respectively, as shown in Table 2. Efficiency is calculated by the following equation.

Efficiency =
τ × ω

(τ × ω) + copper loss + iron loss
× 100

where τ is the average torque of the machine and ω is the rotational speed of the machine.
While copper loss and iron loss are given in Table 2.
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Table 2. Performance comparison of conventional model DSAFSPMM, proposed model I DSAFSPMM
and proposed model II DSAFSPMM with conventional winding sequence.

Item Units Conventional Model
(DSAFSPM) Machine

Proposed Model I
(DSAFSPM) Machine

Proposed Model II
(DSAFSPM) Machine

Cogging torque (peak to peak) Nm 20 3.7 5

Output torque (AVG) Nm 53.3 61.3 65

Torque ripple factor % 41.6 16.3 16.9

Phase back EMF (RMS) V 138.50 132.46 124.09

VTHD % 11.2514 6.7869 4.6050

Bg T 0.8295 0.7424 0.7849

Copper loss W 125.5 125.5 125.5

Iron loss W 58 41 41

Efficiency % 93.6 94.8 95.1

Phase back EMF of conventional model DSAFSPMM with the proposed winding
sequence is shown in Figure 19. It can be noticed in Figure 19 that back EMF is significantly
increased from 138.5 Vrms to 182.6 Vrms and is relatively more sinusoidal as compared to the
conventional winding sequence. This phase back EMF is improved by 24.1% as compared
to the conventional winding sequence.
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Phase back EMF of proposed model I DSAFSPMM with the proposed winding se-
quence is shown in Figure 20. It shows that the back EMF is significantly improved from
132.4 Vrms to 162.02 Vrms and is relatively more sinusoidal as compared to the conventional
winding sequence. This phase back EMF is ameliorated by 18.2%. Furthermore, phase back
EMF of proposed model II DSAFSPMM with the proposed winding sequence is shown
in Figure 21. It can be noticed in Figure 21 that back EMF is significantly increased from
124.09 Vrms to 162.86 Vrms and is relatively more sinusoidal as compared to the conventional
winding sequence. This phase back EMF is ameliorated by 23.8%.
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By using the proposed winding sequence, VTHD is decreased from 11.25% to 8.42%
which is an improvement of 25.2%. While proposed model I and proposed model II with the
proposed winding sequence, mitigate VTHD from 6.78% to 3.93% and from 4.76% to 3.66%
respectively, which improves VTHD by 42% and 23 % in proposed model I and proposed
model II, respectively. Figure 22 presents the voltage total harmonic distortion in the form
of percentage for the conventional and proposed models, where A’, B’, and C’ denote the
conventional model, proposed model I, and proposed model II, respectively.

A comparative analysis of average output torque for conventional model DSAFSPMM
with proposed winding sequence and conventional winding sequence is shown in Figure 23.
In this analysis, it is noticed that there is a significant difference in average output torque
using the proposed winding sequence. The average output torque for the conventional
DSAFSPMM with the conventional winding sequence is 53 NM while the average output
by using the proposed winding sequence for the conventional DSAFSPMM is 94 NM. This
average output torque is improved by 43.6% as compared to the conventional winding
sequence due to the improved distribution factor Kd. Output torque ripples of the conven-
tional model with a conventional winding sequence are 41.6% while output torque ripples
using the proposed winding sequence are 16.5%.



Energies 2022, 15, 7337 19 of 22Energies 2022, 15, 7337  19  of  23 
 

 

 

Figure 22. Total harmonic distortion percentage with conventional and proposed winding sequence. 

A  comparative  analysis  of  average  output  torque  for  conventional model DSAF‐

SPMM with proposed winding sequence and conventional winding sequence is shown in 

Figure 23. In this analysis, it is noticed that there is a significant difference in average out‐

put torque using the proposed winding sequence. The average output torque for the con‐

ventional DSAFSPMM with the conventional winding sequence is 53 NM while the aver‐

age output by using the proposed winding sequence for the conventional DSAFSPMM is 

94 NM. This average output torque is improved by 43.6% as compared to the conventional 

winding sequence due to the improved distribution factor 𝐾ௗ. Output torque ripples of 

the conventional model with a conventional winding sequence are 41.6% while output 

torque ripples using the proposed winding sequence are 16.5%. 

 

Figure 23. Comparative analysis of average output torque for conventional model DSAFSPMM us‐

ing conventional and proposed winding sequence. 

A comparative analysis of average output torque for proposed model I DSAFSPMM 

with the proposed winding sequence and the conventional winding sequence is shown in 

Figure 24. The average output torque for proposed model I DSAFSPMM with a conven‐

tional winding sequence is 61 NM while the average output torque for proposed model I 

DSAFSPMM with the proposed winding sequence is 82 NM. This average output torque 

is improved by 25.6%. Output torque ripples value using conventional winding sequence 

is 16.3% while output torque ripples value using proposed winding sequence is only 6%. 

The reduction in torque ripple using the proposed winding sequence is 63.1%. 

Figure 22. Total harmonic distortion percentage with conventional and proposed winding sequence.

Energies 2022, 15, 7337  19  of  23 
 

 

 

Figure 22. Total harmonic distortion percentage with conventional and proposed winding sequence. 

A  comparative  analysis  of  average  output  torque  for  conventional model DSAF‐

SPMM with proposed winding sequence and conventional winding sequence is shown in 

Figure 23. In this analysis, it is noticed that there is a significant difference in average out‐

put torque using the proposed winding sequence. The average output torque for the con‐

ventional DSAFSPMM with the conventional winding sequence is 53 NM while the aver‐

age output by using the proposed winding sequence for the conventional DSAFSPMM is 

94 NM. This average output torque is improved by 43.6% as compared to the conventional 

winding sequence due to the improved distribution factor 𝐾ௗ. Output torque ripples of 

the conventional model with a conventional winding sequence are 41.6% while output 

torque ripples using the proposed winding sequence are 16.5%. 

 

Figure 23. Comparative analysis of average output torque for conventional model DSAFSPMM us‐

ing conventional and proposed winding sequence. 

A comparative analysis of average output torque for proposed model I DSAFSPMM 

with the proposed winding sequence and the conventional winding sequence is shown in 

Figure 24. The average output torque for proposed model I DSAFSPMM with a conven‐

tional winding sequence is 61 NM while the average output torque for proposed model I 

DSAFSPMM with the proposed winding sequence is 82 NM. This average output torque 

is improved by 25.6%. Output torque ripples value using conventional winding sequence 

is 16.3% while output torque ripples value using proposed winding sequence is only 6%. 

The reduction in torque ripple using the proposed winding sequence is 63.1%. 

Figure 23. Comparative analysis of average output torque for conventional model DSAFSPMM using
conventional and proposed winding sequence.

A comparative analysis of average output torque for proposed model I DSAFSPMM
with the proposed winding sequence and the conventional winding sequence is shown in
Figure 24. The average output torque for proposed model I DSAFSPMM with a conven-
tional winding sequence is 61 NM while the average output torque for proposed model I
DSAFSPMM with the proposed winding sequence is 82 NM. This average output torque is
improved by 25.6%. Output torque ripples value using conventional winding sequence is
16.3% while output torque ripples value using proposed winding sequence is only 6%. The
reduction in torque ripple using the proposed winding sequence is 63.1%.

For proposed model II DSAFSPMM, a comparative analysis of average output torque
with the proposed winding sequence and conventional winding sequence is shown in
Figure 25. The average output torque of proposed model II DSAFSPMM with the conven-
tional winding sequence is 65 NM while the average output torque of proposed model II
DSAFSPMM with the proposed winding sequence is 84 NM. This average output torque
is improved by 22.6%. The output torque ripples value using a conventional winding
sequence is 16.9% while the output torque ripples value using the proposed winding
sequence is only 16.5%.
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Figure 24. Comparative analysis of average output torque for proposed model I DSAFSPMM with
conventional and proposed winding sequence.
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Figure 25. Comparative analysis of average output torque for proposed model II DSAFSPMM with
conventional and proposed winding sequence.

4. Conclusions

In this paper, two dual stator axial flux spoke-type permanent magnet machines are
proposed, one of them uses continuously skewed and the other one uses discrete step-
skewed rotor magnets. These machines utilize PGCC windings and cost-effective ferrite
PMs are inserted into the rotor in the form of spoke-type array to increase the flux-focusing
effect. Based on the 3D time-stepped finite element analysis, the comparative analysis
shows that continuous skew trapezoidal magnets and discrete step-skew trapezoidal
magnets have a significantly lower value of cogging torque and torque ripples as compared
to no skew trapezoidal magnets. The reason behind the reduction in cogging torque is that
the cogging effects from the magnets are out of phase with each other.

The cogging torque and torque ripples using continuous skew magnets are mitigated
by 85% and 60.8%, respectively, while cogging torque and torque ripples using discrete
step-skew magnets, are mitigated by 75% and 59.3%, respectively as compared to the
conventional model which uses no skew PMs. The back EMF of proposed models is more
sinusoidal as compared to the conventional model. Further improvement in back EMF and
output torque is achieved by switching the winding sequence. By the proposed winding
sequence, the output torque of the conventional model is improved by 43% as compared
to the conventional coils winding sequence while output torque with the continuous
trapezoidal skew magnet and discrete step-skew trapezoidal magnet is improved by 25.6%
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and 22.6%, respectively. The performance comparison of conventional model DSAFSPMM,
proposed model I DSAFSPMM and the proposed model II DSAFSPMM with proposed
winding sequence is shown in Table 3. Therefore, three-phase axial flux spoke-type PM
machines having continuous skewing and discrete step-skewing magnets with the proposed
winding sequence are proposed to ameliorate the machine performance.

Table 3. Performance comparison of conventional model DSAFSPMM, proposed model I DSAFSPMM
and proposed model II DSAFSPMM with proposed winding sequence.

Item Units Conventional Model
(DSAFSPM) Machine

Proposed Model I
(DSAFSPM) Machine

Proposed Model II
(DSAFSPM) Machine

Cogging torque (peak to peak) Nm 20 3.7 5

Output torque (AVG) Nm 94 82 84

Torque ripple factor % 16.5 6 16.5

Phase back EMF (RMS) V 182.60 162.02 162.86

VTHD % 8.4260 3.9371 3.6695

Copper loss W 125.5 125.5 125.5

Iron loss W 58 41 41

Efficiency % 96.2 96.1 96.2
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