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Abstract: This paper presents a new algorithm for sizing equations of an Axial Flux Permanent Magnet (AFPM) machine
based on an analytical method. To obtain a better performance, the dimensions of the stator and rotor cores are
calculated. It is shown that the magnetic flux densities throughout these cores remain closed to the flux density of the B-
H curve knee point of the ferromagnetic material characteristics. A new algorithm is proposed to determine the
dimensions of the different parts of the machine, and it is used to calculate the height of the permanent magnet precisely.
To show the effectiveness of the suggested algorithm, a sample AFPM machine is designed based on sizing equations, and
Finite Element Analysis (FEA) is employed to validate these design formulas. A complete simulation study is
accomplished, and some of the results are presented to confirm the accuracy of the sizing equations.
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1. INTRODUCTION noise of the motor. Since PM skewing has no significant
impact on the reduction of torque fluctuations, the slotless
stator structure is used to significantly reduce torque
fluctuations.

Recently, the applications of Permanent Magnet (PM)
motors in industries have been increased due to their excellent
performance, sufficient torque, and low noise capability. On

the other hand, reducing the prices of PM materials and power Based on the above explanation, AFPM motors have a
electronic devices directly affects the final prices of the PM large variety in terms of the number of rotors and stators, but
motors and increases the use of these types of motors in double-sided structures are widely applicable [6-9]. Based on
various applications [1]. PM motors are divided into three the position of the rotor and stator, double-sided structures are
categories, including Axial Flux (AF), Radial Flux (RF), and classified into two categories, i.e., axial-flux interior-rotor
Transverse Flux (TF), depending on the direction of the air (AFIR) and TORUS structures [10-12]. The AFIR structure
gap flux motion. The AFPM motor structure is a disc-shaped has two stators and one rotor placed between the two stators’
motor in which the axial motion of the air gap flux causes discs. The TORUS structure has two rotors and one stator
outstanding features, such as high torque density and placed between the two rotor discs. Because of the simplicity

excellent efficiency [2]. Besides, AFPM machine structures of the manufacturing process and the efficient use of coils and
are varied in terms of the number of rotor and stator discs and stator core, AFPM motors with TORUS structures have
stator structures. There are different structures for the stators widely been used.

of this motor, e.g. slotted stator, slotless stator, and coreless
stator. These various structures of AFPM motors have quite
different performance characteristics. One of the most
important performance differences between these types of
motors is torque fluctuations. The most important
disadvantage of the slotted AFPM motors is their large
cogging torques. There are various methods, e.g., skewing
PM [3, 4] and manufacturing slotless [3, 5] or coreless
structures, that are used to reduce torque fluctuations and

In [13], several ways for skewing PM have been
presented to minimize axial flux PM motor cogging torque.
This paper has investigated the amount of cogging torque
reduction related to the amount of permanent magnet skewing
and its geometry. According to the results, the use of skewed
PM instead of conventional PM reduces the amount of torque
cogging dramatically.
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Axial flux PM motors with surface-mounted magnets
and without stator core have more efficiency and less axial
length than motors with a stator core. The motor presented in
[14] has an internal magnet, spoke rotor, and variable air gap
that cause sinusoidal waveform of the back EMF. The
simulation results reveal that by increasing air gap flux
density, the presented motor has higher power density and
torque density than conventional motors with surface-
mounted magnets.

In [15], an improved magnetic equivalent circuit of a
synchronous generator has been used to design a coreless
axial flux PM generator with two rotors and one stator and
with a direct connection for wind turbines. The rotor
saturation is also considered in the introduced equivalent
circuit. The multi-objective optimization algorithm PSO has
been used to optimize the generator. The design objectives
are minimizing the cost of materials used in the generator and
maximizing the efficiency of annual energy.

In [16], two methods of PM shift and asymmetric magnet
have been used to reduce the amount of motor cogging torque.
The results show that the simultaneous use of two methods of
magnet skewing and magnet shifting has a significant impact
on reducing the amount of cogging torque. These two
methods are applicable without adding any complexity to the
manufacturing process and changing the structure of the
motor. Also, the results show that it is possible to design an
axial flux PM motor with small cogging torque and almost
sinusoidal back EMF with integer coefficients g.

In [17], an axial flux PM motor with a trapezoidal stator
core has been introduced and optimally designed. The
optimization objective is maximizing efficiency and
minimizing motor volume. Also, the motor with a power of
250-1000 W has been designed and compared. The results
show that at the same power and efficiency levels, the motor
with a trapezoidal core and a winding angle larger than the
PM angle has a smaller volume.

In [18], the equivalent circuit of axial flux PM machine
has been introduced. In this equivalent circuit, the magnetic
saturation, the leakage flux, the armature reaction, and the
rotation of the rotor have been considered. The air gap flux
density, the back EMF waveform, and the rotor average
torque can be calculated by this equivalent circuit. The
magnetic equivalent circuit has a small computational size,
which facilitates the use of optimized algorithms.

In [19], an analytical method has been presented to
determine the sinusoidal magnet shape in an axial flux PM
machine with a speed of 1,000,000 RPM for use in the
flywheel. The back EMF waveforms have been investigated
for both distributed and centralized windings. The results
show that the use of a sinusoidal magnet causes sinusoidal
back EMF and thus a reduction of the output torque
fluctuations. Also, the concentrated winding back EMF has a
bigger main component and THD than distributed winding.

This paper uses a particle swarm optimization (PMO)-
based method to optimally design a TORUS axial flux motor.
In this design, process design variables of the electric motor
(the number of pole pairs, input voltage, air gap flux density,
air gap length, the ratio of internal to external diameter of the
motor, ratio of pole arc to pole pitch, and electrical loading)
are employed to reduce the consumed magnet volume and
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Total Harmonic Distortion (THD) of back Electro Magnetic
Field (EMF). The results of the presented sizing equations
and PSO algorithm are validated by using FEM simulation
results.

PM motors are always proposed as a substitute for
conventional induction motors, but their higher prices
compared to induction motors are the main reason that makes
this type of motor be used to a lesser extent. Since the price
difference between these two types of motors is often due to
the use of PM, this paper considers the minimization of the
PM amount a design optimization objective function.

This paper is organized as follows. Section 2 presents the
sizing equations of a slotless AFPM machine. Section 3
discusses the proposed design algorithm. Then, FEM
software is applied in Section 4 to investigate the operational
behavior of the suggested model, and the related simulation
results are analyzed. Finally, comparative cost analysis and
conclusion are given.

2.  SIZING EQUATIONS OF A SLOTLESS AFPM MACHINE

The flux path in non-slotted AFPM machines is shown
in Fig. 1. By studying the flux path, the sizing equations of
this machine can be derived.

By neglecting leakage inductance and winding
resistance, the output power of the machine is obtained as
follows [7, 8]:

]
m .
Pas =11 [eitydt =mK nE, 1, @

where 7, m, e(t), i(t), Kp, Epk, and Iy« are efficiency, number
of phases, the instantaneous value of the induction voltage,
the instantaneous value of the phase current, electrical power
waveform factor, the maximum value of the back EMF and
the maximum value of the phase current, respectively. K, can
be calculated from the following equation:
PN
: A e CR O
TYE I

pk * pk

0]

If a conductor is placed inside a time-varying magnetic
field, the voltage will be induced in the conductor. The
induced voltage in the conductor is calculated by

E, =V xIB K, ©)

where V is the speed of conductor motion or the rate of the
flux density variation, | is the length of the conductor, By, is
the maximum flux density, and Ky is the winding coefficient.
By using Eq. (3), the voltage induced in the TORUS axial flux
permanent magnet motor can be obtained. In this type of
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Fig. 1: Flux path in AFPM coreless
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machine, the values of | and V can be calculated as follows:

D+ A)r f

v (4)
4p
|—an D=4 5)
ph
By substituting Eq. (4) and (5) in (3), we have:
f
Ep:KeNpthpB(l—/lz)Df (6)

where K is the EMF coefficient, p is the number of pole pairs,
D, is the outer diameter of the stator, By, is the maximum flux
density in the air gap, and A is the ratio of inner diameter to
the outer diameter of the machine. The rms value of the phase
current of the stator winding is obtained by using the
following equation:

_ AﬂDave

ms (7)
2mN

where A and D,y are electrical loading and average diameter
of the stator, respectively. Dave can be calculated by

Dave = DO ﬂ
2

By substituting Eqg. (8) in Eq. (7), the peak value of the
current is obtained as follows:

AT g Ty
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where K; is the current waveform factor, which is calculated
by using the following equation:

K = e = 1

i | T .
rms 1 It) 9
=)t
yrii,

By substituting Eq. (6) and (9) in (1) and simplifying the
final equation, the outer diameter of the stator is obtained as
follows:

(10)

Pout )
Z KK, KpngA;(l—f)“z’lcos(go)

D, = [(

(1)

The saturation phenomenon increases the core losses of
the machine. Therefore, the axial length of the stator and rotor
cores should be calculated so that the fever local saturation
occurs in the cores. On the other hand, to reduce machine
weight and cost, the core should be as small as possible.
Therefore, the axial length of the core must be determined so
that the flux density of the core becomes close to the flux
density of the B-H curve knee point of the core ferromagnetic
material.
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By formulating the flux passing through the air gap and
flux inside the core and simplifying it, the axial length of the
stator core is obtained as follows:

| By, K, D, (1+2)

gp_"a

(12)
® 4pB

L

where L is the axial length of the stator core, B is the
maximum flux density in the stator core, and K, is the ratio of
the average flux density to the maximum flux density in the
air gap.

In addition, by formulating the flux passing through the
rotor core and the magnet flux, the axial length of the rotor
core is calculated as follows:

_ B+ 1)

. (13)
8 chr

where L is the axial length of the rotor core and B, is the
ratio of air gap flux density to the leakage factor. The
thickness of the stator winding increases the effective air gap
length and consequently increases the axial length of the
machine. In slotless AFPM machines, the inner diameter of
the machine limits the number of wires placed next to each
other and in some cases, the wires are wrapped on one another
due to space constraint. For this reason, the thickness of the
winding layer is dependent on the inner diameter of the
machine. The thickness of the winding layer in slotless AFPM
machines can be calculated by using the following equation:

12
Doﬂ“—\/(Do/‘t)_ﬂKNphp\cu (14)

WCLI — 2 cu

where A, is the cross-section of the wire, Npy is the number
of turns per phase, and Kg, is the coil fill factor.

To produce flux in the air gap, a PM is used because its
thickness is dependent on the desired flux density in the air
gap, the air gap length, and the thickness of stator winding.
Various methods are used to calculate the length of the
magnet, but in most research projects, Eq. (15) is used to
calculate the thickness of the magnet. In this equation, the
important influence of the magnet width on the thickness of
the magnet is neglected, which reduces design accuracy [2].

By
me _—BKc(g +Wcu) (15)
B - %
r Kd

where Wy, g, and Ly are the thickness of the stator winding,
the air gap length, and the thickness of the magnets,
respectively.

The following equation can be used recursively to
exactly calculate the magnet thickness [10,11]:
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where t,, By, and « are pole pitch, the residual flux density of
the magnet, and the ratio of the pole arc to the pole pitch,
respectively. Also, the power density of the machine, i.e., the
ratio of the output power to the machine volume can be
calculated using the following equation:
P
Pden — out (19)
%Dj L
where L is the axial length of the machine obtained by

(20)
L. =Ls +2L, +2W_ + 29 +2Lpm

tot

By using the extracted sizing equations and the PSO
algorithm, the desired electric motor can be designed.

3. PROPOSED DESIGN ALGORITHM

By using the above equations, a design algorithm is
proposed for slotless AFPM machines. The flowchart of the
proposed algorithm is shown in Fig. 2. According to this
flowchart, the overall machine design limitations, such as
axial length, outer diameter, and efficiency of the machine,
are first determined. In the machine design, some design
parameters are optionally determined and the values of the
other parameters (unknown problems) are calculated from
these optional parameters. In the second step, the values of
these optional parameters are determined independently of
the other parameters.

Then, the dimensions and computational parameters are
obtained based on the equations presented in Section 2. The
most important point in the proposed design flowchart is the
calculation of the air gap flux density by using Eq. (16).

The flux density, which is obtained from this equation, is
compared with the reference value. In the case of inequality
of these two values, the thickness of the PM is increased or
decreased until these two values become equal. In this case,
the exact thickness of the magnet is obtained to generate the
desired flux density in the air gap. The objective function of
the optimization algorithm is then calculated. This design
process is repeated until the objective function is met, and the
design algorithm converges. The results of the design
algorithm are presented in the following sections.
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4, SIMULATION RESULTS

To validate the equations presented in the previous section,
these equations are used to design a sample slotless AFPM
machine. The list of the materials used in different parts of
the machine is listed in Table 1. Due to the lack of slots in the
stator core, it is possible to distribute the arm of each coil in
the stator periphery. This has a direct effect on the THD
amount of the induced voltage in the windings. To illustrate
this issue, motors with different stator winding distribution
are designed. By using the equations presented in this paper,
the dimensions of these machines are determined. Table 2
presents the basic dimensions and the parameters of the
designed machines. According to the parameters in this table,
the designed motor with 60° electrical distributed coil has
better performance characteristics compared to the other three

motors.

Design restrictions
2
Preliminary design variables
v
Create an initial population in PSO
v
Create a new population

A\ 4

v
Calculating machine
dimensions

y
Air gap flux density |
calculation

A\ 4

Lpm=Lpn+0.001

Lpm=Lpm-0.001

Calculation of objective function

No

PSO convergence

Yes

Showing results of
machine design
parameters and

dimensions

Fig. 2: The flowchart of the machine design process

Table 1: The materials used in different parts of the

machine
Permanent magnet N45
Stator core type 50A470
Rotor core type 50JN400
Coil type Copper
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Table 2: The basic dimensions and parameters of the
designed machines with different stator winding
distributions

Coil PMge, D, v, THD A
distribution  (cm3)  (mm) W) Back
(Electrical EMF
degrees)
60 21.048 161.692 107.314 6.4031 25571
54 23.345 155.371 161.784 6.5018 28897
42 27.145 175.843 115271 85723 19963
30 35.846 179.091 146.289  9.8065 19047
Lym Les Ler B, a 2
(mm) (mm)  (mm) (7
2.872 10.078  5.8875 0.35 0.699 0.7
3.463 12,101  7.0662 0.35 0.697 0.7
3.137 10.957 6.3974 0.35 0.698 0.7
3.988 13.913 8.1064 0.349 0.699 0.7

Further analyses are done on this type of motor. The
optimization objective function of the electrical machine is
one of the most important parts of the design process. So, by
changing the optimization objective function, the dimensions
and performance characteristics of the machine can be
changed significantly. The optimization objective function is
determined based on the application type of the machine,
consumer demands, and mechanical and magnetic
constraints. Considering the AFPM motors with better
performance characteristics in comparison with the
conventional induction motors, it is possible to introduce this
type of PM machines as a substitute alternative for
conventional induction motors.

But, due to the use of PM in AFPM motors and the high
price of this type of material, AFPM motors are more
expensive compared to conventional induction motors.
Therefore, this paper considers minimizing the volume of
used permanent magnet as an optimization objective function.
In this case, the price difference between AFPM motor and
conventional induction motor can be reduced as much as
possible. Therefore, the usage of AFPM motors instead of
conventional induction motors is economically justified.

By using the PSO algorithm, the dimensions and basic
parameters of the slotless axial flux permanent magnet
machine with 60° electrical distributed winding are calculated
to achieve an almost sinusoidal back EMF. In addition, this
algorithm is used to minimize the needed magnet. This
optimum design process is done by using MATLAB
software. The characteristics of the motor for minimization of
magnet weight are given in Table 3.

Now, by using parameters values given in Table 3 and
finite element analysis, the designed motor is evaluated.

The machine is constructed by putting identical pole
pairs around the axis of the machine. Only one pole pair is
considered in the processes of design. Based on this structure,
the machine performance is evaluated to reduce the analysis
time of the machine. Flux density distributions in the stator
and rotor cores for open-circuit conditions are shown in Fig.
3 and Fig. 4, respectively.
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Table 3: The basic dimensions and parameters of the
designed machine

Parameter Value Unit
A 0.7 -
a 0.6992 -
By (T) 0.3501 Tesla
g(mm) 1 mm
P 5 -
V.(V) 60.44 Volt
Lym(mm) 2.8583 mm
A 25598 A/m
D, 161.53 mm
Les 10.068 mm
Ly 5.2959 mm
Pien 1.3551 W/Cm?

Ma%ncric Flux Density
ontour Plot: T
600
]
|

S SO L . SO pd
SO IS i — IS

Fig. 3: The flux density distribution of the rotor core

netic Flux Density

Ma,
- i éomourPlot:T

Fig. 4: The flux density distribution of the stator core
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The maximum flux densities in the stator and rotor cores are
equal to 1.5021 Tesla and 1.4910 Tesla, respectively, which
are equal to the values considered at the beginning of the
design process. As shown in these figures, no local saturation
occurs in the stator and rotor cores.

The air gap flux density of the motor in no-load
conditions is shown in Fig. 5. According to the equations
presented in the previous section, the magnet thickness and
coefficient o have significant impacts on the amplitude and
shape of the air gap flux density. In this paper, the magnet
thickness is designed to achieve the maximum air gap flux
density of 0.5 Tesla and the average air gap flux density of
0.35 Tesla. Furthermore, the FEA results show the maximum
air gap flux density of 0.494 Tesla and the average air gap
flux density of 0.3409 Tesla, so the equation presented for
calculating magnet thickness has high accuracy and the
results show that the presented method is effective.
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Fig. 5: Air gap flux density

Waveform and the value of the back EMF have a
significant  influence on almost all  performance
characteristics of the machine, including power capability,
power factor, and torque ripples. The back EMF waveform of
the designed machine is shown in Fig. 6. Also, the values of
the harmonic component of the back EMF waveforms are
presented in Fig. 7. It is clear that the back EMF waveform is
almost a pure sinusoidal waveform that results in the
reduction of the motor torque fluctuations. Fig. 8 shows the
rated torque of the motor. As shown in this figure, the motor
torque is almost constant.

The THD reduction of the back EMF waveform reduces
the THD of the input current and motor torque fluctuations.
For this reason, another optimization objective function is
used to reduce the back EMF waveform THD. This is possible
by making the air gap flux density sinusoidal and avoiding
the saturation of the rotor and stator cores. As shown in Fig.
7, the THD of the back EMF waveform is about 6.4031
percent, reflecting that it is almost sinusoidal and one of the
design objectives is accomplished.

According to the results presented in this section, the
values obtained from the introduced equations are largely
close to FEA results, showing high accuracy of these
equations. To better investigate these equations, a comparison
has been made in Table 4 between these equation results and
FEA results, which confirms the accuracy of the presented
scheme.

5. CONCLUSION

This paper presented a new optimization algorithm for
the calculation of the basic dimensions of a slotless AFPM
machine. The presented equations can be applied to design a
machine in such a way that the magnetic flux density
throughout the stator and rotor cores remains just below the
saturated values. This value is specified by the ferromagnetic
material characteristics, which results in using active
materials most effectively. To verify the design procedure of
the present paper, a sample machine is designed. FEA is
carried out for performance evaluations of the machine. The
simulation results present the uniform distribution of the flux
density inside the cores, which leads to the design of a
machine with a lower total iron loss. It is shown that the
amplitude of the back EMF is in accordance with the value
considered at the beginning of the design algorithm. Also, it
is obvious that the back EMF is almost sinusoidal. Some other
results have been presented, according to all of which the
validity of the proposed design algorithm is confirmed.
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Fig. 8: The rated torque of the motor

Table 4: A comparison of the results obtained from sizing
equations and finite element method.

Parameter FEM Sizing Equations Unit
B, 0.3409 0.35 Tesla
By, 0.494 0.50 Tesla
B 0.9585 0.9549 Tesla
Bcsp 1.5021 15 Tesla
B, 0.9515 0.9549 Tesla
Berp 1.4910 15 Tesla
B, 0.6044 0.5857 Tesla
Ly 6.016 5.965 A
Epn 119.78 123.18 Volt
K; 1.3360 1.3485
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