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Abstract: This paper presents a proposed model of a multi-stack slotted stator axial-flux type perma-
nent magnet synchronous machine (AFPMSM) specifically for reducing torque ripple. The proposed
AFPMSM model uses pentagon-shaped permanent magnets (PMs). It has a low value of cogging
torque and torque ripples compared to the conventional model with a trapezoidal magnet shape.
Additionally, it has increased internal generated voltage (Ef) as compared to the conventional model.
To further enhance Ef phases and minimize cogging torque of the proposed model, the proposed
AFPMSM model was optimized by varying different sides of PMs using a genetic algorithm (GA). A
time-stepped three-dimensional (3D) finite element analysis (FEA) was performed for the compara-
tive analysis of conventional, proposed, and optimized AFPMSM models. From this comparative
performance analysis, it is observed that torque ripples and cogging torque of the optimized AF-
PMSM are significantly decreased, while output average torque is appreciably increased. Ef and
output power are also enhanced.

Keywords: axial-flux machine; pentagon magnet shape; torque ripple; internal generated voltage

MSC: 18B20

1. Introduction

Recently, power generation using the kinetic energy of wind has gained popularity
because it is renewable, widely available, eco-friendly, and cost-effective once installed.
The generators generally used in windmills include synchronous generators (SGs), induc-
tion or asynchronous generators (IGs), radial-flux type permanent magnet synchronous
generators (RFPMSGs), and axial-flux type permanent magnet synchronous generators
(AFPMSGs) [1–4]. The AFPMSM can be used for various applications such as wind power,
electric vehicle, lifts, ship propulsion, drills, blowers, and escalators. At low rotational
speed power generation, the AFPMSM has the advantage of high efficiency in comparison
to other generators. This is due to the disc-shaped structure of the AFPMSM [5–8]. The use
of the AFPMSM reduces the system complexities since without using the gearbox power
can be generated at the low speed.

As compared to other topologies of AFPMSMs, the slotted stator type has the benefit
of high-power density as well as high torque as the air gap between the rotor and the stator
is reduced. The slotted stator AFPMSM has one distinct advantage over other topologies of
AFPPMSM in that for the same power output it requires magnets of less volume. Therefore,
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the slotted AFPMSM reduces the cost of the magnets and also reduces the weight of the
machine [9,10]. The slotted stator AFPMSM has better mechanical stability due to its robust
structure, and it has a uniform force of attraction between the rotor and the stator [11–13].

The minimization of torque ripple is necessary for the smooth operation of the slotted
stator AFPMSM. However, the slotted stator AFPMSM produces torque ripples in a similar
way to all the other AFPMSMs. In the slotted stator AFPMSM, the categories of torque
ripple can be classified as follows: cogging torque, saturation in magnetic core, and non-
sinusoidal Ef [14,15]. Several different techniques, such as the ratio of pole width to pole
pitch, magnet shaping (trapezoidal, circular, rectangular, etc.), different winding types (such
as ring and drum) and coil shapes, sloth skewing, magnet skewing, dummy slots, magnet
overhang, and tooth shaping such as splitting the tooth, have been used for elimination of
torque ripples in AFPMSM machines [16–25].

Performance improvement of these machines requires minimization of flux called
flux leakage and maximization of air gap flux. The minimization of leakage flux and
maximization of air gap flux in RFPM type machines is achieved by arranging the PM
in a configuration with some overhang effect [26–28]. Several overhang configuration
techniques, including PM overhang in the tangential direction and optimizing the ro-
tor overhang variation, have been proposed for improving the performance and overall
efficiency of the AFPM machine [29–31].

In this paper, for the minimization of torque ripples, a topology of the slotted stator
AFPMSM with pentagon-shaped PM is proposed. The proposed AFPMSM’s cogging
torque is greatly reduced by the use of the pentagon-shaped PM in comparison to the
conventional model. In order to further reduce the cogging torque of the proposed model,
optimization of the proposed magnet was carried out by using varying magnet side lengths.
The results were obtained by Latin hypercube sampling (LHS) based on a design variable
selected for optimization of the magnet. The objective function and constraints were
approximated using the kriging method, and lastly, a heuristic search technique, the genetic
algorithm (GA), was utilized in obtaining the optimized results. A time-stepped 3D FEA
was utilized for performance analysis of the slotted stator AFPMSM. Three-dimensional
FEA was employed because it is highly accurate as compared to other analysis techniques
such as analytical modelling and 2D FEA. The remainder of the paper is structured as
follows: Section 2 contains an introduction to the conventional and proposed slotted stator
AFPMSM models and their performance comparison. This section is followed by Section 3,
which involves the process used for the optimization of the proposed magnet and includes
its results. In Section 4, the conclusion of the overall research is presented.

2. Proposed Model

This section describes the proposed magnet shape and design of the proposed magnet
shape of the slotted stator AFPMSM and gives a comparison of the conventional and
proposed models in detail. AFPMSM, which has the trapezoidal-shaped PM, is the con-
ventional model, and AFPMSM, which has the proposed tri right-angle pentagon-shaped
PM, is the proposed model. The PMs of both the conventional AFPMSM and the proposed
AFPMSM models have a flat surface.

2.1. Proposed Magnet

The proposed magnet is presented in Figure 1. The proposed magnet is called a tri
right-angle pentagon-shaped magnet. This is because the proposed magnet has three
corners that have an angle of 90 degrees and five sides. The proposed tri right-angle
pentagon-shaped magnet has the same volume and the same axial height (thickness) as
that of the conventional trapezoidal-shaped magnet. The volume of the proposed magnet
is kept the same as that of the conventional magnet by varying the different sides of the
proposed magnet, while the thickness is not altered. The sides varied in making the volume
of the proposed magnet the same as that of the conventional magnet include the outer pole
arc, the active length, and the inner pole arc.
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Figure 1. PM shapes: (a) trapezoidal, (b) tri right-angle pentagon.

The conventional trapezoidal magnets are usually skewed to reduce the cogging
torque, while the proposed magnet has built-in some skew effect as shown in Figure 2.
Furthermore, keeping the asymmetrical gap between magnets is another cogging torque
reduction technique. The gap between adjacent magnets in the conventional model is
constant, while in the proposed model the gap between magnets varies as shown in
Figure 3.
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The proposed magnet has variable distance between the magnets due to which there
are some points where the distance between the adjacent magnets is decreased as compared
to conventional magnets. This change in distance decreases overall distance between
magnets, and permeance of the permanent magnet increases as given by Equation (1)

↑ PPml =
µo(Do − Di)

π
ln

(
1 + π

g
↓ d f

)
(1)

This increase in permanent magnet permeance increases effective permanent magnet
permeance given by Equation (2)

↑ Ppme = Ppm + 4 ↑ Ppml (2)

This increase in permeance reduces air gap flux as shown by Equation (3)

↓ φg =
1

1+ ↑ PPme/Pg
φr (3)

This decrease in the air gap flux decreases the cogging torque of the machine as shown
in Equation (4)

↓ Tcog = −1
2
↓ Φ2

g
dR
dθ

(4)

where φg is the air gap flux and dR/dθ is the change of reluctance with rotor position.
In addition, the proposed magnets have a varying gap between the adjacent magnets

due to which their reluctance varies less as compared to the conventional magnets which
have a constant air gap. The change of reluctance is greater and abrupt in conventional
magnets as represented by Equation (5).

dR
dθ

(proposed) <
dR
dθ

(conventional) (5)

Therefore, it can be stated that the use of the tri right-angle pentagon-shaped PM in
the AFPM machines will reduce cogging torque as well as torque ripple compared to the
trapezoidal-shaped PM because the tri right-angle pentagon-shaped PM reduces the flux in
the airgap. This reduction in the air gap flux consequently causes a reduction in the overall
cogging torque of the machine.

In Section 2.3, the impact of the proposed shape PM on the performance of the
AFPMSM is discussed in detail.

2.2. Design of the Slotted Stator AFPMSM

The topology chosen for the design of the slotted stator AFPMSMs consists of dual
slotted stators with concentrated winding, a single inner rotor, and a dual outer rotor with
back iron. A 25 kW conventional model of the slotted stator AFPMSM was designed. The
design process of the slotted stator AFPMSM is shown in Figure 4 in the form of a flow
chart. Several different parameters of conventional and proposed slotted stator AFPMSMs
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are listed in Table 1. The variables H and Nph represent the height of the PM and the number
of turns, respectively. Figure 5 presents an illustration of the design parameters presented
in Table 1.
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Table 1. Conventional AFPMSM and proposed AFPMSM model parameters.

Parameter Conventional Model Proposed Model

Rotation 800 rpm
Number of poles 20
Number of coils 24

Connection star
Air gap 2 mm

Rotor yoke height 6 mm
Br 1.2 T

Number of slots 24
Coil height 9 mm

Nph 144
Do/Di 296/200 mm

Volume of PM 6228 mm3

Per phase resistance 0.016 ohms
H 5 mm

Stator yoke height 11 mm
Inner tooth width 12.16 mm
Outer tooth width 24.71 mm

Slot width 14 mm
Slot height 14 mm
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The Nph, Do, Di, and Br variables given in the table represent the number of turns per
phase in the machine, the rotor’s core outer diameter, the rotor’s core inner diameter, and
the magnet residual flux density, respectively. Here, it is notable that the height of both the
conventional and proposed PM was kept at 5 mm throughout the research. The air gap
length of the conventional AFPMSM and proposed AFPMSM models is 2 mm, and the
axial length of both the models is the same.

2.3. Comparative Performance Analysis for Conventional AFPMSM and Proposed AFPMSM

In this study, to obtain a precise analysis of different characteristics, time-stepped 3D
FEA was utilized, particularly JMAG-Designer ver. 16 tool was used for time-stepped 3D
FEA. The comparative performance analysis between the conventional and the proposed
AFPMSM models was carried out by keeping the volume of both the conventional as well
as the proposed PM the same. In order to keep the volume of the conventional trapezoidal
and the proposed tri right-angle pentagon-shaped PMs the same, the height of both the
magnets was kept constant while the length of the sides of the proposed magnet was varied.
The enhanced view of the conventional and the proposed structure of the slotted stator
AFPMSM models is shown in Figure 6.

The air gap flux density of the proposed AFPMSM model is lower compared to the
conventional AFPMSM model because in the proposed AFPMSM model the effective
permeance of the PM is higher than that in the conventional model, and there is an
inverse relationship between air gap flux and effective permeance of the PM. The air
gap flux density of the conventional AFPMSM and the proposed AFPMSM model is given
in Figure 7.

The three-phase internal generated voltage (Ef) of three phases of both the conventional
AFPMSM and proposed AFPMSM are compared in Figure 8. The Ef of the proposed
AFPMSM is slightly higher as compared to the Ef of the conventional AFPMSM. An overall
increase of 6.4 Vrms is achieved in Ef with the proposed AFPMSM model in comparison
to the conventional AFPMSM model. This increase in Ef magnitude is obtained due to
an increase in the active length of the magnet. A comparison of the active length of the
magnet can be seen in Figure 3. The increased active length of the magnet increases the
flux linkages of coils which results in the increased internal generated voltage.

The flux density distribution plot of the conventional and proposed models is pre-
sented in Figures 9 and 10. The flux density distribution is higher in the central rotor back
iron of the conventional and proposed models, whereas the flux density distribution in
the outer rotor core and stator core is lower than the central rotor core. The maximum
flux density is 2.1 T in the central rotor core, 1.9 T in the outer rotor core, and 1.6 T in the
stator core of the conventional model. The maximum flux density distribution is 2.1 T



Mathematics 2022, 10, 1653 7 of 16

in the central rotor core, 1.9 T in the outer rotor core, and 1.6 T in the stator core of the
proposed model.
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A comparative cogging torque analysis of the conventional AFPMSM and the proposed
AFPMSM model is given in Figure 11. In this analysis, it is observed that with the proposed
shape of PM, the cogging torque of the proposed AFPMSM is significantly reduced in
comparison to the conventional AFPMSM cogging torque. The use of the proposed PM
causes a 34.12 Nm reduction in the peak-to-peak magnitude of cogging torque. The model



Mathematics 2022, 10, 1653 9 of 16

with the proposed magnet has an overall 70.3% drop in the cogging torque compared to
the cogging torque of the conventional model. This significant drop in the peak-to-peak
magnitude of cogging torque of the proposed AFPMSM model results in the decrease in air
gap flux which is caused by the usage of the tri right-angle pentagon-shaped PM.
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The average output torque comparison of both AFPMSM models is given in Figure 12.
In the proposed model, the increase in the average output torque is 25.6 Nm. This increase
in average output torque value of the proposed AFPMSM model results from the increase in
Ef. An overall 60% drop in torque ripples is achieved in the proposed model in comparison
to the conventional model. This drop in torque ripples of the proposed model resulted
from the drop in the magnitude of cogging torque.
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Table 2 presents a comparison based on performance, between the conventional
AFPMSM and the proposed model. Voltage total harmonic distortion of the proposed model
is 4.99%, and that of the conventional model is 4.27%. The efficiency of the conventional
model is 89.4%, and that of the proposed model is 91.05%.
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Table 2. Performance comparison of slotted stator conventional AFPMSM and proposed model.

Parameter Unit Conventional
Model Proposed Model

Internal generated voltage (Ef) Vrms 132.10 138.50
Voltage regulation % 19.97 17.55

VTHD % 4.27% 4.99%
Iron loss W 2180 1965

Efficiency % 89.4 91.05
Power (Pavg) W 20,029 22,105

Cogging torque (Tpk2pk) Nm 70.32 36.2
Torque (Tavg) Nm 249.4 275

Bg T 0.778 0.634

The overall cogging torque and ripples in output torque in the proposed AFPMSM
model are much reduced due to the tri right-angle pentagon PM shape and decreased air
gap flux. Moreover, the average output torque and Vrms of the proposed AFPMSM model
increased compared with the conventional AFPMSM model. This increase in average
output torque and Vrms is due to decreased air gap flux. In order to raise the average
output torque of the proposed AFPMSM in comparison to the conventional AFPMSM and
to further mitigate the proposed AFPMSM’s cogging torque, optimization of the proposed
AFPMSM was performed.

3. Optimization

In electrical machines, optimization is often carried out to improve the performance
of machines. In order to increase the value of output torque and to reduce the value of
the cogging torque compared to the conventional AFPMSM model, optimization of the
proposed AFPMSM model was carried out. It is notable that PM volume, as well as height,
remained constant during the optimization process.

3.1. Design Variable Selection

Varying magnet side lengths were used to perform optimization and to obtain an
optimized AFPMSM model. The inner, as well as the outer radius length of the PM, were
varied. The active length of the PM were also varied. PM side length was varied to enhance
the flux linking to the coils of the stators. The length of different sides of the PM was varied
from the rotor’s yoke outer radius to the stator’s coil outer radius and from the rotor’s yoke
inner radius to the stator’s coil inner radius.

The selected three design variables for varying the sides of the PM, X1, X2, and X3, the
outer pole arc, active length, and inner pole arc of the magnets, respectively, were taken as
design variables in order to alter the performance of the generator as shown in Figure 13.
LHS was employed to obtain various combinations of the design variables.
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For each combination obtained from LHS, the height and the volume were kept
constant, and this is achieved by adjusting the remaining sides of the PM.
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3.2. Process of Optimization

The process of optimization of the proposed AFPMSM is shown in Figure 14. In the
first step, the design variable and the objective function were selected. The design variables
were used to obtain the design experiments. The design experiments were obtained from
LHS. On the basis of the design variables, 23 design experiments were obtained. In order
to ensure the machine weight constant and for a fair comparison between the proposed
and optimized models, the height and the volume of the magnet were kept the same.
The performance analysis of all the design experiments was carried out using 3D FEA.
After recording the cogging torque and Ef against each design experiment in the form
of a table, the objective function was approximated using the kriging method. After the
objective function was approximated, a micro genetic algorithm (GA) was employed to
obtain optimized values of selected variables.
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When the optimized value of selected variables was obtained, 3D FEA based on the
optimal values of the variables was performed in order to validate optimal results of the
variables obtained from the GA.

3.3. Results of the Optimized Design

Figure 15 shows the air gap flux density of the optimized model. In this comparative
analysis of air gap flux of the proposed and optimized model, it is observed that the
optimized model has less air gap flux as compared to the proposed model.

The Ef comparison of the optimized AFPMSM with the proposed AFPMSM model is
shown in Figure 16. There is an overall 1.8 Vrms increase in Ef of the optimized AFPMSM
model as compared to the proposed AFPMSM model’s Ef. After optimization of the
proposed model, a 6% rise in Vrms is obtained.

The comparative cogging torque analysis of the proposed and the optimized model
is given in Figure 17. The optimization of the proposed model further resulted in the
reduction in cogging torque. The drop in the overall peak-to-peak value of cogging torque
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is 8.33 Nm after optimization of the proposed AFPMSM model. This reduction in cogging
torque is 20% as compared to the cogging torque of the proposed AFPMSM model.
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The flux density distribution plot of the optimized model is presented in Figure 18.
The flux density distribution is higher in the central rotor back iron as compared to the
flux density distribution in the outer rotor and stator core. The maximum flux density
is 2.1 T in the central rotor core, 1.9 T in the outer rotor core, and 1.6 T in the stator core
of the proposed model. The comparison of the average output torque of the proposed
and optimized AFPMSM model is given in Figure 19. After optimization, satisfactory
enhancement in the average output torque was obtained. The enhancement in average
output torque after optimization was 6 Nm, and the torque ripples in the optimized model
were also reduced. The optimization also enhanced the output power of the optimized
model. The power comparison of the proposed AFPMSM and optimized AFPMSM model
reveals that the optimized model has more output power than the proposed model, and
this power comparison is given in Figure 20.
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Figure 19. Comparative analysis of output torque of the proposed and optimized models.

In Table 3, several design parameters are presented. The PM in both the proposed and
optimized models has the same height and volume for fair performance comparison. The
total height of the conventional, proposed, and optimized models in the axial direction is
kept the same.
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Table 3. Proposed and optimized models’ various parameters.

Parameter Unit Proposed Optimized

X1 mm 132.10 48.002
X2 mm 70.32 28.011
X3 mm 249.4 15.724

Total height of machine mm 124 124
Volume of PM mm3 6228 6228

In Table 4, the performance comparison of different parameters of the proposed and
optimized AFPMSM model is presented. The reduction in peak-to-peak cogging torque is
from 70.32 to 36.2 Nm in the proposed AFPMSM model, and this peak-to-peak cogging
torque is further reduced from 36.2 to 27.87 Nm after optimization of the proposed magnet
is performed. The efficiency of the proposed model is 91.05%, and that of the optimized
model is 90.06. This reduction in the efficiency of the optimized model is due to the
increased iron loss. The efficiency is reduced at the expense of the increased output torque.
Ef is increased from 132.10 to 138.50 Vrms in the proposed model and is further increased
from 138.50 to 140.3 Vrms after the optimization of the proposed model. There is an overall
increase in the voltage total harmonic distortion from 4.99% to 6.29%. Therefore, it is
pertinent for the voltage total harmonic distortion that the reduction in torque ripple is due
to the cogging torque reduction.

Table 4. Comparative analysis of the proposed and optimized models.

Parameter Unit Proposed Optimized

Internal generated voltage (Ef) Vrms 138.50 140.3
Voltage regulation % 17.04 17.25

VTHD % 4.99% 6.29%
Iron loss W 1965 2147

Efficiency % 91.05 90.6
Power (Pavg) W 22,105 22,614

Cogging torque (Tpk2pk) Nm 36.2 27.87
Torque (Tavg) Nm 275 281

Bg T 0.634 0.588
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4. Conclusions

In this paper, a slotted stator AFPMSM model using a flat tri right-angle pentagon
PM is proposed. The performance improvement in the AFPMSM model was analyzed by
using the proposed flat surface tri right-angle pentagon PM. A comparative analysis of the
conventional and proposed models shows that the proposed model has a significantly lower
value of cogging torque and has a greatly reduced torque ripple as well as notably increased
average torque. The proposed AFPMSM model was then optimized for further reduction
in cogging torque. The optimal design of the AFPMSM, obtained after optimization, has
reduced torque ripple and a higher value of average output torque when compared to the
conventional AFPMSM and the proposed AFPMSM model. Moreover, the optimized model
has higher efficiency in comparison with the proposed AFPMSM model. The optimized
model of the AFPMSM is better than the conventional and proposed models in terms of
Ef, average output torque, torque ripples, and cogging torque. Further reduction in the
cogging torque can be achieved by using slotless or coreless configuration at the expense of
the decrease in the average power.
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