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ABSTRACT The aim of this paper is to design, analyze and optimize the ‘‘Multi-Stack Slotless Axial Flux
Switching Permanent Magnet Machine’’. In the design process, mathematical models are implemented, and
the Finite Element Method (FEM) is performed to analyze the machine performances. The paper aims
to minimize the occurrence of cogging torque and torque ripple in the multi-stack slotless stator AFPM
machine. As a consequence, it reduces the vibrations in the machine and increases its life span. Multi-stack
slotless stator AFPMmachine with a right-angled trapezoid-shaped PM is proposed and comparison is done
with conventional shape AFPM machine. In order to examine the performance of multi-stack slotless stator
AFPMmachine Finite Element Analysis (FEA) is used. To further enhance the characteristics of the designed
machine with the proposed right-angled PM shape, optimization is done by considering inner and outer pole
pitch as the design variables. In optimization process, krigging method assigned with Latin Hyper-cube
Sampling and a genetic algorithm (GA) is performed due to suitability with non-linear data. Then, finite
element analysis by JMAG-Designer is performed to verify the results. It is determined that optimized model
has achieved 65% reduction in torque ripples as compared with the conventional design. Hence, this work
attempts to optimize the performance of the AFPM machine.

INDEX TERMS Axial flux machine, torque ripples, cogging torque, slotless stator, finite element analysis.

I. INTRODUCTION
Permanent magnet machines have a wide range of use in
the electric vehicle and aerospace industries all around the
world providing the exceptional performances such as high
reliability, high-power density, and high efficiency [1]–[4].
Axial flux permanent magnet (AFPM) machines are installed
for various applications because of their benefits [5]–[9].
Two main applications of AFPM machines are for renewable
energy-based production of electricity [10], [11] as well as
the application for electric and hybrid vehicles [6], [12].
Axial flux permanent magnet machine has a wide range of

The associate editor coordinating the review of this manuscript and

approving it for publication was Fabio Massaro .

benefits such as greater power-to-weight ratio and requires
less amount of core material due to its compact design.
As compared to the conventional machines, the level of
noise and vibration is lesser because of its high efficiency,
short length to radius ratio and high torque density [13].
Multi-stack slotless stator AFPM machine provides smooth
operation of the machine due to elimination of stator core
losses and less cogging torque. The slotless design solves a
big issue in the construction of machines that is the slotting
of the stator and it also reduces the cost of the machine.

In this research multi-stack, slotless stator AFPM machine
is investigated. It is convenient to discuss it as a concept rather
than amachine type. To fulfill the necessity of the application,
we can place rotors and stators alternatively, hence obtaining
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a multistage machine. Modularity is an interesting feature
that can be obtained using this arrangement. Windings in
different stages can be attached either in parallel or series.
Relying upon the momentary requirement of the applica-
tion, the stages can be connected or disconnected. This will
allow the machine to tolerate even in case of any fault by
disconnecting any malfunctioning stages [14].

Torque ripple must be reduced for the smooth operation
of the multi-stack slotless stator AFPM machine. However,
the multi-stack slotless stator AFPM machine also generates
torque ripple similar to the other types of PM machines.
Torque ripple is produced in multi-stack slotless stator AFPM
machine due to cogging torque, magnetic circuit saturation,
and non-sinusoidal back EMF. Geometric parameters can
be upgraded to decrease the torque ripple such as skew-
ing the rotor or stator, variation of slot opening, special
shapes of slots, a proper slot-pole number combination,
using fractional slot windings, the variation of the magnet
width, magnets mounted in trapezoid shape configurations,
pole-arc to pole-pitch ratio optimization, creating slotless
configurations [15].

The high speed AFPM machine has also a great potential
in various fields such as turbo-compressors, machine spindles
and fly wheel [16]–[18]. AFPM machines designed for ultra-
high-speed applications required the reduced torque ripples
and losses to ensure the high performance and smooth oper-
ation. In [19], AFPM generator aiming at the rated speed
of 1000000 rpm is developed and the toroidal winding is used
to reduce the torque ripples and a novel PM shape is proposed
to achieve the sinusoidal back EMF and an experimental
validation of the generator at 32000 rpm is carried out in [20].
In [21], the winding configurations analysis for high speed
AFPM machines are discussed and comparison for different
winding configurations are also made.

The magnetic bridges that are equivalent to fan shaped
saturation regions and the simplified trapezoid magnet is
implemented to obtain the accurate prediction in [22], [23].
In [24], two novel hybrid PM machines are presented to
enhance the torque density. The peak-to-peak torque density
for short duration operation is specifically considered. Opti-
mization and electromagnetic performance comparison are
also carried out for the proposed and conventional machines
models.

For an AFPMmachine, the ratio of torque ripple to average
torque has been reduced in [25]. A design procedure based on
sets of levels was employed to obtain a design of optimal sta-
tor of Internal PermanentMagnet (IPM)machine tominimize
torque ripple in [26]. The maximization of torque to weight
ratio in permanent magnet synchronous machines has been
studied in [27] by using topology optimization. A decrease
in torque ripple and cogging torque, eddy current losses in
the teeth of the stator, and therefore enhanced performance
and efficiency of the AFPM machines is estimated with a
suitable magnet shape [28], [29]. A trapezoidal shape is better
than a rectangular or circular shape due to the more effective
utilization of rotor surface area [30].

Cogging torque can be eliminated by maintaining the
air-gap reluctance to be fixed corresponding to the posi-
tion of the rotor [31]. In this research, a right-angled
trapezoid-shaped permanent magnet having two angles
of 90 degrees is proposed for the quality enhancement of
the output torque and it also reduces the torque ripples due
to reduced air gap reluctance variations in the proposed
magnet shape. Performance of multi-stack slotless stator
AFPMmachine is carried out by using proposed right-angled
trapezoid-shaped magnet and comparison is done with con-
ventional magnet shape. Torque ripple, cogging torque, and
harmonics in back EMF are reduced by using the proposed
right-angled trapezoid-shaped magnet and are compared to
the conventional magnet shape by using 3D FEA. It is
revealed that cogging torque and torque ripple are decreased
in the proposed model as compared to the conventional
model. The proposed magnet shape is optimized to further
increase the designedmachine performance. The Latin Hyper
Cube Sampling (LHS) is employed to obtain the appropriate
number of samples of design variables. Then for the approx-
imation of the objective function Kriging method is utilized
and finally optimal results are obtained by using the Genetic
Algorithm (GA). Inner and outer pole arc to the pole pitch
ratios is taken as a design variable. For the entire optimization
process, the volume of the permanent magnets is remained
fixed for all the samples as of the conventional shape magnet.
The torque quality in consort with average output torque
is improved in the optimized model. Hence, this research
attempts to optimize the performance of the AFPM machine.
The research methodology is represented in Fig. 1.

This research paper is classified in toVI sections. Section II
describes the comparison of conventional and proposed
model. This section also discussed the conventional design
process, propose magnet shape and electromagnetic perfor-
mance comparison in detail. In Section III, the optimization
process is presented and briefly explained. In section IV,
convergence progress analysis is made to describe the influ-
ence of the parameter with respect to the objective functions.
In Section V, evaluation and comparisons of electromagnetic
performances are carried out for the optimizedmodel. Finally,
the conclusion is made in Section VI.

II. COMPARISON OF CONVENTIONAL AND PROPOSED
MODEL
The design process of the multi-stack slotless stator AFPM
machine, proposed magnet shape, and performance compar-
ison of conventional with proposed models are examined
in this section. Multi-stack slotless stator AFPM machine
with a trapezoidal magnet is known as conventional model
however right-angled trapezoid shape magnet is known as the
proposed model.

A. DESIGN PROCESS
A 12 kW three-phase multi-stack slotless stator AFPM
machine is presented in this paper. Conventional multi-stack
slotless stator AFPM machine has a trapezoidal magnet
shape. Themachine has three-disc type rotors and two slotless
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FIGURE 1. Flow chart of the design process.

iron-cored stators. Rotors have disc yoke with PMs placed on
its surface, drum winding is on stator and stator consists of
twenty-four coils. The trapezoidal-shaped coil is chosen to
enhance the effective utilization of the stator core. No partic-
ular application is directed, and so no specific constraints are
employed on machine smartness. But necessities like large
force density and mechanical strength (that put on gener-
ally to a lot of business and traction applications) still must
be satisfied. Therefore, a 12 kW multi-stack slotless stator
AFPM machine is designed with the toroidal winding of
trapezoidal shape is used in stator due to its greater output
torque capability. Since the standard speed is set to 800 rpm,
the output torque of the machine is 170 Nm. The outer radius
of the stator is set to148 mm and the inner radius is set to
100 mm so that the active length of the winding is 48 mm.
SPP = 2/5 is chosen due to the increased standard winding
factor (0.966) of all possible values. Using 24 stator coils and

10 pole pairs, the frequency is set to 133.3 Hz and each coil
has 18 no. of turns.

The conventional AFPMmachine represented in Fig. 2 are
referred to as the basic model in this paper. Basic model has
simple structure that is compatible with its commercial use
in wind power generation and other low-cost applications.
On each rotor disk, 20 Nd-Fe-B surface-mounted permanent
magnets are used. The permanent magnet has an average
width of 29 mm that corresponds to around 74 % of the pole.
The 2mm air gap is selected in this AFPM machine. The
height of the permanent magnet is fixed to 5 mm. Multi-stack
slotless stator AFPM machine is affected by the dimension
and the stator material and rotor core. The rotor and stator
with steel material have comparatively greater axial force as
compared to a non-magnetic material [32]. The rotor core is
made of steel material. The entire axial length of the machine
comprising both air gaps is 86 mm. Table 1 sums up the
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FIGURE 2. Multi-stack slotless AFPM machine (a) conventional, and (b) proposed models.

various design parameters values of the multi-stack slotless
stator AFPMmachine. The design process of the basic model
is briefly discussed mathematically as in [33]. The input
power can be calculated as:

Pin = 2
m
T

∫ T

0
Em sin(ωt)Im sin(ωt)dt (1)

In (1), m represents the phase number, Em denotes the back
EMF amplitude and Im depicts the current respectively and
the output power is illustrated as:

Pout = γmEmIm (2)

where γ represents efficiency. The flux computations can be
made by using the (3).

ϕ = ϕm cos(Npαr ) (3)

where ϕ, αr and Np represents the flux magnitude, the rotor
position and rotor pole numbers, respectively. The back EMF
can be computed as in (4)

e(t) = NphωrNPϕm sin(Npαr ) (4)

where, Nph represents the phase coil turns and ωr denotes the
rotor angular speed, respectively. substituting (3) in (4), back
EMF can be represented as:

e(t) = NphωrNPkdkf Bgαi
1
Ns

π

4
(D2

out − D
2
in) (5)

where, Bg, kd , kf , αiandNs represents the air gap flux density,
lux leakage coefficient, airgap flux density coefficient, pole
arc coefficient and slot numbers, respectively. Din and Dout
depicts the inner and outer diameter of the stator and rotor,
respectively.

The armature current can also be determined as in (6).

Im =

√
2AeπDin
2mNph

(6)

where Ae represents the electrical loading. Substituting (5),
(6) and in (2) give rise to:

Pin =

√
2π3

240
Np
Ns
kdkf kio(1− k2io)AeBgαiD

3
outnrpmγ (7)
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TABLE 1. Design parameters of conventional multi-stack AFPM machine model.

where kio and nrpm shows the inner to outer diameter ratio and
rotor speed in rpm, respectively. Further the output torque can
be determined as in (7).

Tout =

√
2

240
π2NP

Ns
kdkf kio(1− k2io)AeBgαiD

3
outγ (8)

It can be clearly seen from (7) and (8), the power and torque
are directly related to Bg, Ae and Np

/
Ns.

From (7), the outer diameter is given as in (9).

Dout = 3

√
240PoutNs

√
2π3Nrkdkf kio(1− k2io)AeBgαinrpmγ

(9)

B. PROPOSED MAGNET SHAPE
The cogging torque is an undesirable phenomenon that hap-
pens as a result of a change in reluctance between the rotor
poles and the stator teeth. Alternatively stated, it is due to
the interaction between the magnetic flux and the stator
reluctance change due to stator slots.

Tcogg = −
1
2
φ2gap

dR
dθ

(10)

where φgap represents air gap magnetic flux and R represents
the air gap reluctance. The equation (10) shows that flux or
reluctance variations should be reduced to minimize cogging
torque. However, reducing the flux reduces machine power
and is not an effective way to minimize cogging torque.
Hence, less variation in reluctance is an appropriate way to
decrease the cogging torque. This variation can be reduced to
some extent by shaping magnets. The proposed right-angled

trapezoid shape magnet helps to minimize this variation and
therefore cogging torque reduces.

Conventional trapezoidal magnet shape has slopes along
both sides and uniform interpolar separation. However,
the right-angled trapezoid-shaped permanent magnet has two
angles of 90 degrees due to these right angles one side of the
proposed shape magnet is straight, and the other side has a
lesser slope which adds the skew effect. Furthermore, this
shape also produces an unequal interpolar separation between
magnets. Other parameters i.e., machine axial length, perma-
nent magnet height, permanent magnet volume, rotor outer
diameter, rotor inner diameter, etc. of the right-angled trape-
zoid shape magnet multi-stack slotless AFPM machine are
the same as in the conventional shape permanent magnet
multi-stack slotless AFPM machine. Both shapes are shown
in Fig. 2.

The conventional trapezoidal shape magnet has more over-
all interaction between stator and PMof the rotor as compared
to the proposed right-angled trapezoid shape PM due to con-
stant interpolar separation. Proposed shape PM has a lesser
slope and unequal interpolar separation due to which it has
less overall interaction between stator and PM of the rotor.
This less interaction between stator and PM of the rotor is
also a cause of reduced cogging torque in the proposed model
of multi-stack slotless AFPM machine.

The magnet’s volume is kept constant. The right-angled
trapezoid-shaped magnet volume is held constant as that of
the conventionally shaped magnet by adjusting the length
(l) of the right-angled trapezoid-shaped PM. The vari-
ables Wo, Win, l, and h in Fig. 2 denote the trapezoid
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outer width, trapezoid inner width, length, and height of
the trapezoid, respectively. The volume of the right-angled
trapezoid-shaped PM is given in eq. (11).

Vt =
Wo +Win

2
lh (11)

Airgap variations, unequal interpolar separation, skewing,
notching, rotor pole-pairing and optimization are the tech-
niques discussed in literature to reduce the cogging torque.
Apart from recent efforts made to reduce the torque rip-
ples, the average torque reduction is inevitable regardless the
choice of either pole shaping or skewing [34]. This paper
achieves a very low torque ripples with a minimum decrease
in average torque by using a right-angled trapezoidal magnet
shape. Conventional magnet shape is slightly modified to
combine the effects of cogging torque reduction approaches
specifically unequal interpolar separation, airgap variations
and skewing to achieve the better output performances. The
proposed design performance illustrates the effectiveness of
the proposed magnet shape and its capability to reduce the
torque ripples. After that optimization is carried out to achieve
the better average output torque and eliminate the loss of
average torque. Finally, optimizedmodel with proposedmag-
net shape achieved the 65% torque ripple reduction while
the increase in average output torque was 2.501Nm. Hence
this work makes a significant contribution in the existing
literature.

C. PERFORMANCE COMPERISON OF SLOTLESS
MULTI-STACK AFPM MACHINE CONVENTIONAL AND
PROPOSED MODELS COMPARISON
Results of conventional and proposed right-angled trapezoid
PM model from 3D finite element analysis (FEA) are dis-
cussed in detail in this section. The right-angled trapezoid-
shaped magnet is proposed that has a lower cogging torque
than the conventional magnet shape. In addition, the pro-
posed right-angled trapezoid-shapedmagnet has better output
torque quality and back EMF than the conventional magnet
shape due to less reluctance variation and skew effect.

Flux density comparison in the air gap for conventional and
proposed models is presented in Fig. 3. The figure displays
that air gap flux density is almost the same for both the
models because of no change in air gap length for both the
models. To minimize the cogging torque and torque ripple
reluctance variation approach is used and the air gap length
is kept constant. The peak-to-peak air gap flux density value
for both models is 0.92 T.

The plots of the flux density distribution of the conven-
tional model in the coil region and the overall AFPMmachine
are represented in Fig. 4(a) and Fig. 4(b), correspondingly.
The plots of flux density distribution of the proposedmodel in
the coil region and the overall AFPMmachine are represented
in Fig. 5(a) and Fig. 5(b), correspondingly. Highest flux
density (2.2 T) happens at the rotor core and is almost the
same for both models. Highest flux density is observed to
inspect the saturation of the rotor core. The coil region has

FIGURE 3. Comparison of air gap flux density of conventional and
proposed models.

a highest flux density value of 0.6 T which is the same for
both models.

The back EMF waveform of proposed and conventional
models is represented in Fig. 6. The reduction in the proposed
model back EMF is 3.26 V as compared to the conven-
tional model. A considerable reduction in cogging torque
is observed with the proposed model as compared to the
conventional design. The minimum loss in back EMF of the
proposed model is compromised due to the most significant
cogging torque reduction simultaneously.

The fundamental harmonic component magnitude of the
conventional and proposedmodel back EMF are 136 and 129,
respectively. The conventional model has THD of 0.4704 %
in back EMF and the proposed model has 0.4609 %.
A decrease in THD from 0.4704 to 0.4609 is attained through
the proposed model. The proposed model has enhanced fun-
damental harmonic component and reduced back EMF THD
as compared to the conventional model due to its more sinu-
soidal flux density distribution. Back EMF THD of proposed
and conventional models are presented in Fig. 7.

The cogging torque of the proposed and conventional
model is given in Fig. 8. Cogging torque is reduced in the
proposedmodel due to the change in PM shape. The proposed
right-angled shape magnet has less reluctance variations due
to which reduction in cogging torque is 47.32 %. Torque rip-
ple is also decreased in the proposed model and the reduction
in torque ripple is attained by reduction in cogging torque.

The output torque is obtained by connecting a load resistor
of 1.2 ohms across each phase. The resistive load has a con-
stant value i.e., 1.2 ohms for comparison of both the models
because the rated current of conventional provides 3 Arms
rated current at this value. The output torque of the proposed
and conventional model is displayed in Fig. 9. The output
torque of the conventional model is to somewhat increased,
but the torque ripple is 8 %. There is a bit of reduction in
the proposed model output torque and ripples in the proposed
model is 4.16 %. There is 48 % reduction in torque ripple
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FIGURE 4. Flux density distribution of conventional model: (a) overall model (b) coil region.

FIGURE 5. Flux density distribution of proposed model: (a) overall model (b) coil region.

in proposed model which is achieved by the reduction in
cogging torque.

Performance comparison of proposed and conventional
model is given in Table 2. The table shows the conventional
model gives less τcogging and reduced torque ripples. There
is a reduction in Vrms and output torque of the proposed
model. Therefore, optimization of the proposed model is
implemented to obtain the Vrms and output torque better than
that of the conventional model in the next section.

III. PROPOSED MODEL OPTIMIZATION
In this section, proposed model optimization is implemented
to enhance the output torque and torque quality as com-
pared to the proposed model. The selection of the design

variables and optimization process is explained briefly in this
section.

A. DESIGN VARIABLES SELECTION
So as to build up an optimized model, pole arc to pole pitch
ratio of the magnet towards external diameter αout and pole
arc to pole pitch ratio of the magnet toward internal diameter
αin were the parameters to optimized, with the objectives of
increased back EMF and refining the feature of the output
torque i.e., decreasing the torque ripple. The αout and αin
are selected as designed variables as shown in Fig. 10. Lim-
itations on the variable are mentioned below. By changing
these dimensions of the permanent magnet between these
limits the general structure of the PM shape will be the
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FIGURE 6. Comparison of back EMF of conventional and proposed
models.

FIGURE 7. Comparison of harmonics of conventional and proposed
models.

FIGURE 8. Cogging torque comparison of conventional and proposed
models.

same as compared to the proposed shape. The volume of the
right-angled trapezoid magnet shape is kept constant for each
of the combination. It is an acknowledged circumstance that

FIGURE 9. Torque comparison of conventional and proposed models.

the magnet pole arc has a great influence on the magnitude of
the cogging torque [31].

The design variables X1 and X2 are the widths of the mag-
net toward the outer diameter of the rotor core and towards
the inner diameter of the rotor core, respectively. By varying
these lengths in the permissible limits i.e., 23.24 < X1 > 42
and 15.707 < X2 > 28.5, design variables samples are
obtained by LHS.

B. OPTIMIZATION PROCESS
At first, the selection process of the objective function and
design variables is completed. After that, the Latin Hyper-
cube Sampling (LHS) technique is applied to plan the tests.
From that point forward, the Kriging technique is utilized to
estimate the objective function and afterward genetic algo-
rithm (GA) was performed to determine optimum results for
the chosen design parameters. At last, transient 3D FEA is
implemented to check the output results in the optimized
multi-stack slotless AFPM machine. The optimization pro-
cedure utilizing kriging and GA can be abridged as roughly
in five stages and optimization process is described in the
optimization cycle of the Fig. 1.
Stage 1: Define the objective function and determine the

design variables.
Stage 2: Generate 20 introductory testing points in the

entire design space by Latin hyper cube sampling (LHS) and
compute their related objective values by 3-D FEA.
Stage 3: Estimated the model by kriging investigation

based on LHS in PIAnO software by PIDOTEC Inc. [35].
Stage 4: Hunt the optimum value utilizing the genetic

algorithm. Fitness modeling function F(i) of GA is illustrated
as in [36]

F(i) = f (i)+ εP(i) (12)

where f (i) is the multi-objective function, i is the vector
design variables, P(i) represents the penalty function and ε
depicts the penalty coefficient.
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TABLE 2. Performance comparison of the conventional and proposed multi-stack AFPM machine models.

FIGURE 10. Design variables, objective functions and constraints.

Stage 5: If the model satisfies the optimization criteria
then ends the process. If it does not satisfy the optimization
criteria, then again adjust the design variables, and go to the
stage 2.

IV. CONVERGENCE PROGRESS ANALYSIS FOR DESIGN
VARIABLES AND OBJECTIVE FUNCTIONS
Optimal values of variables as per objective functions is
achieved. The convergence progress analysis for the variables
is represented in Fig. 11. The achieved optimal values for
the design variables (X1, X2) were 33.117mm and 17.728,

respectively. the enhancement in Back EMF and reduction
in cogging torque is chosen as the objective functions as
shown in Fig. 10. Cogging torque significantly affects the
occurrence of vibration and noise in the machine and results
in the torque ripples. Hence, it is required to minimize it
as much as possible at the design stage. Torque ripple is
related to the back EMF harmonics, must require to be
minimized as much as possible because it enhances the
vibration and noise in the machine [37]. The convergence
results for the objective functions are depicted in Fig. 12 and
Fig. 13, respectively. The determined cogging torque and
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FIGURE 11. Convergence process of design variables.

FIGURE 12. Convergence process of objective function (cogging torque
reduction).

Back EMF after the iterations are 5.23Nm and 95.3014V,
respectively.

V. OPTIMIZED MODEL PERFORMANCE ANALYSIS
Comparison of flux density waveform across air gap for
proposed and optimized models is presented in Fig. 14.
Figure displays that air gap flux density is almost the same
for both the models because of the no change in air gap length
for both the models.

The flux density distribution plots in the coil region and
the overall AFPM machine optimized model is expressed
in Fig. 15(a) and Fig. 15(b), correspondingly. The maxi-
mum flux density of the optimized model is almost 2.08 T
that happens at the rotor core and its coil region has the
maximum flux density of 0.6 T. The maximum flux den-
sity of the optimized model is less than the conventional
and proposed model. However, the average flux density of
the optimized model is enhanced because of the optimized
magnet shape as shown in the coil region plots of flux

FIGURE 13. Convergence process of objective function (back EMF
enhancement).

FIGURE 14. Comparison of air gap flux density of proposed and
optimized models.

density distribution. Due to the increase flux density enhance-
ment, the optimized model has enhanced output torque and
back EMF.

The back EMF of the proposed and the optimized models
is presented in Fig. 16. The optimized model back EMF is
increased by 4.0714 Vrms when compared with the proposed
model. There is an enhancement of 4.5 % in the Vrms of
optimized model that is attained by the optimization. The
proposed model has back EMF THD of 0.4609 % and the
optimized model has 0.4601 %. A decrease in THD from
0.4609 to 0.4601 is attained through the optimized model.
Proposed model has reduced back EMF THD as compared to
the conventional model because its flux density distribution is
more sinusoidal. Back EMF THD of optimized and proposed
model is shown in Fig. 17.

The cogging torque waveform of the optimized and the
proposedmodels are displayed in Fig. 18. The cogging torque
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FIGURE 15. Flux density distribution of proposed model: (a) overall model (b) coil region.

FIGURE 16. Comparison of back EMF of proposed and optimized models.

FIGURE 17. Comparison of harmonics of proposed and optimized models.

is further decreased in the optimized model. The optimized
model has an 11.36 % peak to peak decrease in cogging
torque as compared to the proposed model.

FIGURE 18. Cogging torque comparison of the proposed and optimized
models.

FIGURE 19. Torque comparison of the proposed and optimized models.

The output torque comparison of the optimized and pro-
posed models is exhibited in Fig. 19. A significant increase
in output torque is accomplished due to optimization. A
significant torque ripple reduction is observed in the
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TABLE 3. Design parameters of conventional and optimized models.

TABLE 4. Comparison of performance parameters.

FIGURE 20. Output power comparison of the proposed and optimized
models.

optimized model. Average output torque is enhanced by
8.4032 % in the optimized model. A decrease in torque
ripple is 32.69 % in the optimized model as compared
to the proposed model. Moreover, the output power is
increased by 8.33 % in the optimized model as displayed in
Fig.20.

The design parameters of proposed and optimized models
are presented in Table 3. Magnet volume and axial height are
kept fixed for both the optimized model and proposed model.
The optimized model has the values of magnet’s internal and
external widths are 17.728 mm and 33.117 mm, compared
to 23 mm and 35 mm for the proposed model, respectively.
A quantitative analysis of the different performance parame-
ters is shown in Table 4.

VI. CONCLUSION
The objective was to generate a model of a multi-stack slot-
less AFPM machine with decreased torque ripples, cogging
torque, and better-quality output torque. The configuration
chosen for multi-stack AFPM machine is of two stator and
three rotors with surface mounted permanent magnets on
them. The characteristics analysis is performed by 3D FEA in
a multi-stack slot-less AFPMmachine. Conventionally in the
AFPM machines, the trapezoidal-shaped magnet is utilized.
To decrease the torque ripple of AFPMmachine right-angled
trapezoid permanent magnet is proposed and examined in this
paper. The proposed model decreases the torque ripple and
cogging torque at the cost of average torque reduction as a
comparison to the conventional model. The proposed model
optimization is implemented by considering varying inter-
polar separation to further increasing the average torque and
reducing the cogging torque. The optimized model showed
better output performance characteristics compared to the
proposed and conventional models.
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