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Abstract: The stator coreless axial flux permanent magnet (AFPM) motor with a compact structure,
low torque ripple, and high efficiency is particularly suitable as a motor for electric propulsion
systems. However, it still requires great effort to design an AFPM motor with higher torque density
and lower torque ripple. In this paper, a stator coreless multidisc AFPM (SCM-AFPM) motor with a
three-rotor and two-stator topology is proposed. To reduce rotor mass and increase torque density, the
proposed SCM-AFPM motor adopts the hybrid permanent magnets (PMs) array with Halbach PMs
in the two-terminal rotor and the conventional PMs array in the middle rotor. In addition, a multi-
objective optimization model combining response surface method (RSM) and genetic algorithm (GA)
is proposed and applied to the proposed SCM-AFPM motor. With the help of the three-dimensional
finite-element analysis (3-D FEA), it is found that the torque ripple of the optimized SCM-AFPM
motor is 4.73%, while it is 6.21% for the initial motor. Its torque ripple is reduced by 23.8%. Therefore,
the proposed multi-objective optimization design method can quickly and reliably obtain the optimal
design of the SCM-AFPM motor.

Keywords: axial flux permanent magnet motor; multi-objective optimization; finite-element method;
response surface method; genetic algorithm

1. Introduction

Permanent magnet synchronous motors (PMSM), with the advantages of high effi-
ciency, torque/power density, and power factor, are widely applied in electric propulsion
systems [1-4]. In the design and control of the electric propulsion system motors, advanced
drive qualities such as high torque density, low torque ripple, and high reliability are
often required to meet their complex operating conditions. Therefore, how to meet such
critical design requirements has become a prominent issue in the research field of electric
propulsion systems.

In recent years, AFPM motors have become an attractive candidate for electric propul-
sion systems due to their compact structure and high power density. The use of ferromag-
netic cores in the stator can reduce the permanent magnets (PMs) consumption and lower
the motor fabrication cost. Therefore, AFPM motors with the stator and rotor ferromagnetic
core topologies are widely accepted in electric propulsion systems for electric vehicles,
electric aircraft, and electric ships [5-10]. However, the ferromagnetic cores in the stator can
result in the associated eddy current and hysteresis core losses that reduce the efficiency of
the motor. For AFPM motors with tooth slots in the stator, the electromagnetic vibration
caused by the tooth slots is the main source of motor vibration [11]. In addition, it can
also lead to large axial electromagnetic forces between the stator and rotor, which cause
difficulties in the structural design and assembly of the motor [12,13].

Due to the elimination of the ferromagnetic core of the stator, the efficiency and
overload capacity of the stator coreless AFPM (SC-AFPM) motors can be greatly improved,
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and the electromagnetic vibration is dramatically reduced [14,15]. The SC-AFPM motors are
increasingly serving as drive motors for electric propulsion systems. However, compared
to AFPM machines with the stator and rotor ferromagnetic core topologies, the SC-AFPM
motors cause the disadvantages of low magnetic flux density and low power or torque
density. In [16], the torque density of an ironless stator AFPM motor was improved by
increasing the rated current density and increasing the rated speed of the motor. It can
increase copper loss and reduce the endurance of the electric propulsion system. It also
requires a high-strength rotor structure, resulting in heavier rotor mass and increased
manufacturing costs. To solve these problems, a stator coreless multidisc AFPM (SCM-
AFPM) motor with a three-rotor and two-stator topology is proposed in this paper. It
improves the power or torque density in two ways: lightening the stator mass by adopting
a multi-disk structure and the hybrid PMs array with Halbach PMs for the end rotors and
conventional PMs for the middle rotor, and enhancing the air-gap magnetic density by
forming a series magnetic circuit with PMs on different rotors.

The FEM is the best way to design these motors and find the best solutions. In [17],
Halbach PMs are directly optimized by the finite element method (FEM). Due to the
complex three-dimensional magnetic circuit structure of the AFPM motor, it requires a
very long time to complete an electromagnetic simulation. It is very difficult to directly
utilize the FEM for multi-objective optimization design. In order to reduce the calculation
time of the objective function, a non-linear regression model based on a support vector
machine (SVM) is proposed [18]. However, improving the efficiency and accuracy of
parameter optimization requires a huge effort to establish the relationship between the
input and output of the SVM model. The multi-objective optimal design method based on
the response surface method (RSM) only requires a limited amount of sample data to obtain
a more accurate model, which greatly improves the optimization efficiency [19,20]. In the
type of the proposed SCM-AFPM motor, a notable feature is that its PMs arrangement is no
longer limited to one single type, and there are two types of PMs arrangement employed
in the rotor. Due to the different arrangement of the magnets in the two PM types, the
magnetic circuit structure is more complex, and the coupling effect between the two PM
types is more serious, so the traditional design and optimization method of the AFPM
motor can no longer be used directly for the proposed SCM-AFPM motor. Therefore,
how to obtain the equations of structural parameters and electromagnetic performance of
AFPM motors comprehensively and effectively during the optimization design process has
been a popular and challenging issue. To solve this optimization design problem of the
SCM-AFPM motor, a multi-objective optimal design method based on the response surface
method (RSM) and the multi-objective genetic algorithm is proposed.

In this paper, we propose an SCM-AFPM motor. In Section 2, the structure of the
proposed SCM-AFPM motor is introduced, and the multi-objective optimization method
for SCM-AFPM motors is presented. In Section 3, the equation of electromagnetic torque
and electromagnetic power of the SCM-AFPM motor is derived. The relationship between
the main dimensional parameters of the SCM-AFPM motor and its electromagnetic perfor-
mances is given. Finally, an initial dimension of the SCM-AFPM motor is designed based
on the conventional design method. In Section 4, a multi-objective optimization model
of the SCM-AFPM motor considering torque density and thrust fluctuation is proposed.
By establishing the initial motor model, determining the optimization variables and their
ranges, formulating the fitness function and constraints, and performing multi-objective
optimization, an optimized SCM-AFPM motor model is determined. In Section 5, the basic
characteristics of the SCM-AFPM motor are analyzed. Finally, the concluding remarks are
presented in Section 6.

2. Structure and Multi-Objective Optimization Approach
2.1. Structure of the SCM-AFPM Motor

The mechanical construction of the proposed SCM-AFPM motor is shown in Figure 1.
It has a tri-rotor and dual-stator structure. The three rotors are installed on the same shaft,
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which rotates at the same speed in the same direction of rotation. Since the PMs on the
three rotors form a series magnetic circuit, its air gap magnetic density can be improved,
and the output power is larger under the same conditions. This structure can also reduce
the mass of the motor rotor, thereby improving the output power density of the motor.

Non-overlapping winding

Motor cover
Halbach PMs

N-S PMs

Stator winding supporter

Motor house

Rot k
Bearing aloryoke

Figure 1. The basic structure of the SCM-AFPM motor.

In addition, due to the increased non-magnetic air gap, this machine uses more PM
material than an equivalent machine with a ferromagnetic stator core. In order to avoid
saturation, the end rotor yoke is generally designed to be very thick, which is detrimental
to the high power density of the motor. The Halbach PMs can increase the magnetic field
on one side of the magnet and weaken the magnetic field on the other side of the magnet.
The influence of the rotor yoke on the air gap magnetic field can be ignored for the motors
with Halbach PMs. To lighten the rotor and save costs, the rotors at the terminal end are
Halbach-array PMs, while the PMs of the middle rotor still adopt the N-S arrangement.
The Halbach-array PM rotor is composed of four PMs per pole pair, and the magnetization
direction of these four PMs varies 90° in turn. The middle rotor disk adopts a double-sided
surface-mounted structure.

The two stators are composed of winding coils and winding supports. In the design
of ironless stator support structures, the high-strength, non-conductive, non-magnetic
materials are important to prevent stator windings from being damaged and to minimize
additional losses. Therefore, epoxy resin or carbon fiber materials are chosen for the stator
support structure. The main feature of the stator winding structure is the non-overlapping
structure of the axial double winding, which makes coil fabrication and stator assembly
easier. Due to the shorter end turn length of the non-overlapping winding, it has a shorter
average number of turns in the coil, which means lower losses and lighter weight in the
motor stator winding.

2.2. Multi-Objective Optimization Approach of the SCM-AFPM Motor

The detailed multi-objective optimization flowchart is described in Figure 2, which
contains the following three steps.

Stepl: Initial design of the SCM-AFPM motor.

In this section, there are two main steps. First, based on the electromagnetic equations
of the SCM-AFPM motor, the calculation equations of its electromagnetic performance
parameters such as electromagnetic torque and electromagnetic power are obtained to
provide a reference for carrying out the initial design. Second, according to the design
theory of the conventional AFPM motors and the proposed design requirements, the initial
sizes of the initial SCM-AFPM motor can be derived.
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Step 1:

Input Design requirements Initial Design

v

Derivation of Electromagnetic Parameters

) 2
Initial Dimensions of the SCM-AFPM motor
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Propose the optimization model Step 2:
L 7 Multi-objective optimization

Selection of optimization objectives and constraints
L 2
Selection of optimal parameters and its value range

v

Calculate optimized sets by optimal methods
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Obtain the parto-front and selection the final design
based on the evaluation function

¥ rceccecccceccecemcnae

Establishment of initial and final FEA models | Step 3:

v performances evaluation

Simulation and performances evaluation

end

Figure 2. Flowchart of the multi-objective optimal design.

Step2: Multi-objective optimization of the SCM-AFPM motor.

This part mainly includes the establishment of a multi-objective optimization model,
the setting of optimization tools, and the selection of optimization results. Based on the
special design requirements, the optimization objectives of the output torque density and
torque ripple firstly are selected, and the optimal design parameter variables and their range
are also selected. Meanwhile, the corresponding constraints are determined simultaneously.
After determining the objective function, optimization parameters, and constraints of the
optimization model, the improved non-dominated sorting genetic algorithm (NAGAII) is
adopted as the algorithm of the optimization tool to realize the multi-objective optimization.
Finally, optimized by algorithm, the parto-front of the SCM-AFPM motor can be obtained as
the candidate design for the final design. Based on the design requirements, the final design
individual is selected, and the final values of the design parameters can be determined.

Step3: Performances evaluation.

In this step, FEA simulation models are established based on the initial design sizes and
the final design parameters and the simulation is carried out to verify the electromagnetic
performances of the two motors.

3. Initial Design of the SCM-AFPM Motor
3.1. Electromagnetic Torque of the SCM-AFPM Motor
Figure 3 shows the layout and dimensions of a concentrated non-overlapping coreless

stator winding for the SCM-AFPM motor. The equations for the electromagnetic torque
and electromagnetic power of a three-phase SCM-AFPM machine with a centralized coil
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stator winding are derived. Note that in this analysis, only the fundamental components of
the air-gap flux density and current are considered for the convenience of the calculations.

Figure 3. Layout of concentrated non-overlapping coil stator windings for the SCM-AFPM motor.

Assuming a sinusoidal axial flux density in the air gap, the flux linkage for a turn-
element of radial length dr with a coil pitch 7, at radius r can be determined by

mtbo—Abe Bysin(6)r
A= —————d0dr (1)
fo P
where By, is the peak of the air gap magnetic density and p is the number of pole pairs.
Integrating the integral of (1) with 6y = wt, the elemental fluxes are as follows

A= ;Bprdr cos(AB;)cos(wt) )

According to Faraday’s law, the element voltage for the N-turns coil can be determined
by the following equation

ey = ;prrdrNkpsin(wt) 3)

with k, given by
Ky — 2sin(p(6:. — AB;)/2)sin(6./2) )
6c
From (3), the coil voltage can be determined in a simple way in which the active length
of the winding is divided into ns segments, with the length of each piece dr; = I./ns at its
average radius r;, as shown below:

2 Ns lrk .
Ceoil = %prNkpsin(wt) ) a2
i=1

©)

ns

However, it has been found that each segment of the coil is replaced by the coil at the
average radius 7, of its active length; Equation (6) can also be highly accurate. The peak
value of the sinusoidal phase voltage, E,, therefore, can be written from (6) as

B 2msqwBpr, Nkpklc
= P

p (6)
where a is the number of parallel circuits, g is the number of stator coils per phase in a
stator disk, m; is the number of stator modules, and k; is a distribution factor that takes
into account the effect on the induced phase voltage when the coils 1, in a phase group are
greater than one.

_ sin(ny(pb. — m)/2)
ka = npsin((pbe — m)/2) @)
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It is assumed that the phase current is in phase with the induced phase voltage.
Therefore, the electromagnetic power of the SCM-AFPM motor can be expressed as

3E,I
Py = 5!’ (8)

where I, is the peak of the phase current.
Therefore, the electromagnetic torque of the SCM-AFPM motor can be presented as

©)

3.2. Initial Dimensions of the SCM-AFPM Motor

The magnetic flux density under one pole is represented by the average magnetic
density Bge, which is expressed as

Bave = ;B (10)
The armature line load of the motor can be expressed as

_ 6qNIp

- V2maD an

where D is the diameter.

The design of the motor is to determine the size of the motor according to the design
requirements, where the determination of its main dimensions is the basis of the motor de-
sign. If the armature line load at the average radius is considered, according to Equation (8),
the relationship between the main dimensional parameters of the SCM-AFPM motor and
the electromagnetic power can be obtained as

D2,1.n; _ 60 12)
Pm nzmskpdeBavg
The main dimension ratio of the motor is
lc )\ - 1
Dpw A+1 (13)
with A given by

Rmo
A= (14)

Rmi

where Ry, is the outer diameter of the motor and R,,; is the inner diameter of the motor.

For the design of the SCM-AFPM motor with design requirements, the corresponding
dimensional design parameters can be obtained according to the traditional AFPM motor
design method combined with the main motor relationship equations. The initial design
size parameters of the proposed SCM-AFPM motor are shown in Table 1.

Table 1. Initial design dimensional parameters of the SCM-AFPM motor.

Parameters Value
Rated speed ny (rpm) 600
Number of turns per coil N 12
Number of parallel circuits a 2
Number of winding layers 2
Number of stator modules 15 2

Number of motor pole pairs p 14
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Table 1. Cont.

Parameters Value
Number of coils per stator module Q 24
The inner radius of the PMs R,,;; (mm) 119
Armature radius ratio A 2
Length of PMs magnetization direction k;; (mm) 15
Polar arc coefficient of N-S PMs o 0.8
Polar arc coefficient of Halbach PMs «, 0.57
Air gap on one side g (mm) 2
The axial length of stator module /s (mm) 12
Axial thickness of a coil ki, (mm) 4
Phase number m 3

4. Multi-Objective Optimization Design of the SCM-AFPM Motor

Initial designs can be designed to meet the power requirements of the SCM-AFPM
motor, but these dimensional parameters cannot meet its specific design requirements. It is
still difficult and challenging to design the optimal motor size parameters and meet the
multiple requirements of high torque, low torque fluctuation, and high efficiency. Therefore,
a multi-objective optimization model of the SCM-AFPM motor is established, and its steps
are as follows.

4.1. Multi-Objective Optimization Model
4.1.1. Optimal Parameters

The SCM-AFPM motor dimensional parameters include both stator and rotor parts,
where the determination of rotor dimensions is the key step in its design. The parameters
of the rotor are defined as shown in Figure 4. Five variables exist: the edge dimensions of
the rotor R,,; and A, the PMs’ magnetization length k;,, the polar arc system coefficient x;
of the N-S array PMs, and the polar arc coefficient «; of the Halbach-array PMs, which are
defined as follows.

ay = o~ (15)

Mid rotor discs
N-S PMs

End rotor discs
Halbach PMs

Figure 4. Definition of the parameters in the rotor.
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After determining the optimization parameters, the range of optimization variables
can be determined by rotor space constraint, mechanical strength constraint, and initial
electromagnetic analysis. The range of optimization variables is shown in Equation (16).

10 mm < hy; < 15 mm
0.75 < ay < 0.9
04 <wa, <0.6 (16)
100 mm < R,; <120 mm
15<A<22

4.1.2. Optimization Objectives and Constraints

Provided that the SCM-AFPM motor provides sufficient output power for the electric
propulsion system, its size or mass should be minimized as much as possible. It not only
improves the space utilization of the electric propulsion system but also can save the
material consumables and reduce its manufacturing cost. Therefore, the torque density pr,
of the SCM-AFPM motor is selected as an optimization objective. The torque density pr, is

defined as follows
T

~ 7(R2, —R2) L h

where ) h is the total axial length of the SCM-AFPM motor.

In addition, the electromagnetic torque fluctuation of the SCM-AFPM motor is one of
the main noise sources in the electric propulsion system, which affects its safe and reliable
operation. Therefore, the electromagnetic torque ripple k;;y;e of the SCM-AFPM motor is
selected as the other optimization objective. The definition of torque ripple k;;y;e can be
given by

PTm (17)

T, — T,
k ZImAx MM 100% (18)

ripple Tm_uvg

The relationship between the optimization parameters and the response is given using
RSM. With the central composite design method, the response values pr;, and k;jpyre are
acquired by the FEM. The pry, and k;;pe are presented in Equation (19).

kripple =dag — 111)\ — aszi — aghm — aq01 — asiy + {16/\2 + Q7Rmi2 + ﬂghmz
+agRyihm + aroa100 + a11ARy; + a1pAhy + a13Aaq + aggdan
+a1500% — a16R i1 — A17Rmitts + a1ghmer + arohmas + axns?

OTm = by + b1 A + bR,y + bshy, + bay + bsay — b6/\2 — b7le'2 — bghmz
—boa1? — broao? + b1 AR,y + bioAhy, — bizAay — bygAay — bisRyihy
+b16Rpix1 + b17Ryi2 + bighmay + biohmas — bagaqan

(19)

where g; and b; are constants obtained by RSM.

Many design solutions can be generated within the optimization parameters, some of
which do not meet the design requirements or are unreasonable. Some constraints need
to be set to exclude these ill-suited solutions. The outer diameter of the motor should
be smaller than the installation size, so the outer diameter of the motor is selected as a
constraint, which is expressed as follows

Rmo < Rmo_max (20)

The optimization objectives, constraints, and design variables of the multi-objective
optimization model of the SCM-AFPM motor are respectively given as follows
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max (o)
min(kripple)
Constraint : AR,,; < 230 mm
w1 = [0.75,09]
ay = [0.4,0.6]
Variables Ry = [100 mm, 120 mm]

Objetives :

Optimization Model (21)

hy = [10 mm, 15 mm]
A =[15,22]

4.2. The Multi-Objective Optimization and Final Design

To improve the effectiveness of multi-objective optimization, the NSGA-II optimization
method is utilized. Considering a trade-off between torque density and torque ripple, the
evaluation function f,,,;, is defined as

fmin = A 1p?m +A 2k:ipple (22)

where A1 and A, are the weight coefficients, p7,, is the normalized value of torque density,
and k; pple 18 the normalized value of torque ripple.

According to the evaluation function in (22), the final design was chosen. Figure 5
shows the optimization results of the SCM-AFPM motor and its final optimal motor
topologies. The design parameters of the final design solution for the SCM-AFPM motor

are shown in Table 2.

g
‘& 10 Pareto front andidates Stator winding
> 1 ke N .
= con® . Stator winding
g 081 Initial desigh © supporter
o

dz"_ 0.6 :!b,.. Final design
2o04{¥.se o
§ 0.2 8. .— Rotor yoke
© *. Motor house
£ 00 : : : . .
S 700 02 04 06 08 1.0

Normalized torque ripple K,
() (b)

Figure 5. The results of multi-objective optimization for the SCM-AFPM motor. (a) the optimization
results of the SCM-AFPM motor and (b) the optimal motor topologies of the SCM-AFPM motor.

Table 2. The optimized design parameters of the SCM-AFPM motor.

Parameters Value
The inner radius of the PMs R,,;; (mm) 110
Armature radius ratio A 2.15
Length of PMs magnetization direction ki, (mm) 12.5
Polar arc coefficient of N-S PMs &4 0.825
Polar arc coefficient of Halbach PMs «, 0.6

5. Performance Analysis
5.1. Flux Density and No-Load Back-EMF

In order to validate the utility of the multi-objective optimization method and the
feasibility of the proposed optimization model, the electromagnetic performances of the
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optimized and initial SCM-AFPM motors are investigated in detail by FEM. For the simula-
tions, the FEM model of the optimized and initial SCM-AFPM motors and their magnetic
density cloud diagrams are shown in Figure 6, and the main simulation model parameters
of the initial and optimized design are shown in Tables 1 and 2.

l %gg 2.20
1160 1.93
1.40 1.65
1.20 1.38

© 100 1.10
0.80
0.60 0.83
0.40 0.55
0.20 0.28
0.00 0.00

(b)

Figure 6. Magnetic density cloud map of the SCM-AFPM motors. (a) the initial design of the
SCM-AFPM motor and (b) the optimized design of the SCM-AFPM motor.

The finite element simulation models of the initial and optimized SCM-AFPM motors
with a rotating speed of 600 r/min were simulated, and the comparison results of the
air-gap magnetic flux density are shown in Figure 7. It can be seen that the air-gap magnetic
flux density of the optimized SCM-AFPM motor is slightly decreased, which is mainly due
to the drop in magnetic potential caused by the thinner PMs.

0.8 — Optimized = = = Initial Optimized
23, - - Initial 23 0.75
0.6 ,\
G .
o 0.4 o 0.60
> 0.2 2
& @ 0.45
é 0.0 é
g 02 X 0.30
= 0.4 =
g 5
% 06( v, - % 0.5
0.8
0.00
20 30 40 50 60 70 50 120 150 180 210 240

Mechanical angle (deg) Radius (mm)

(a) (b)

Figure 7. The air-gap flux density of the SCM-AFPM motors. (a) The z-directional component of the
air-gap magnetic density with circumferential variation curve at the mean radius and (b) the peak
value of the z-directional component of the air-gap magnetic density as a function of radius.

The no-load back EMF of the initial and optimized SCM-AFPM motors is shown in
Figure 8. It can be seen that the amplitude of the no-load back EMF of the optimized
SCM-AFPM motor decreases, which is the same as the change in air-gap magnetic density,
and it is also due to the fact that the optimized SCM-AFPM motor adopts thinner PMs.
The no-load back EMF of the optimized SCM-AFPM motor is more sinusoidal, which
contributes to reducing the SCM-AFPM motor torque variation.
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Optimized == Phase A == Phase B = Phase C 350+ - Optimized
400 Initial - = Phase A - - PhaseB - - Phase C b3 - Initial
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Figure 8. The no-load back EMF of the SCM-AFPM motors. (a) The no-load back EMF waveform
and (b) the harmonic spectrum of the no-load back EMF.

5.2. Electromagnetic Torque

Considering that the multi-objective optimization model proposed in this paper fo-
cuses on the output torque variation effect, the output performances of the initial and
optimized SCM-AFPM motors were evaluated and compared under the same operating
conditions. The output torque waveforms of the initial and optimized SCM-AFPM motors
supplied by a three-phase sinusoidal current at 600 rpm are shown in Figure 9. As shown
in the figure, the average output torque of the optimized motor is 460.03 Nm, while that
of the initial motor is 467.14 Nm. In addition, the output torque ripple of the optimized
SCM-AFPM motor is 4.73%, which is 23.8% lower than that of the initial motor of 6.21%.
This means that, when taking torque characteristics into account during the multi-objective
optimization process, the output torque ripple of the SCM-AFPM motor can be effectively
reduced despite the negative impact of reduced torque density drop.

—— Optimized
245 p [ Average torque
- - - - Initial 5001 - -] Torque ripple ] L6
240 —_ ]
z E 400 — <
Z 235 =3 (4 S
- Q
3 2 300 2
g 230 E200 n%
S 2 2
225 100
220 0
o 1 2 3 4 5 6 7 Optimized Initial
Time (ms)
(a) (b)

Figure 9. The output torque of SCM-AFPM motors. (a) The output torque curve and (b) the
comparison of the average torque and torque ripple.

6. Conclusions

Designing AFPM motors with high power/torque density and low torque fluctuation
can effectively improve the durability and economy of electric propulsion systems. In this
papet, a three-rotor and dual-stator SCM-AFPM motor is proposed, which improves the
torque density by adopting the hybrid PMs array to reduce the rotor mass and forming
a series magnetic circuit to improve the air-gap flux density. Moreover, a multi-objective
optimization design method is applied to optimize the proposed SCM-AFPM motor. With
the FEM simulation, the comparison results of no-load back EMF, output torque, and torque
ripple between the initial and the optimized design for the SCM-AFPM motor are presented
and discussed. The research results indicate that the optimized SCM-AFPM motor torque
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ripple is reduced by 23.8%. Therefore, the research in this paper lays a good foundation
for the multi-objective optimization design of the SCM-AFPM motor, which can serve as
the drive motor for the electric propulsion system. However, the accuracy of the design
depends on the accuracy of the response function. The response function accuracy can be
further improved by increasing the complexity of the fitting function.
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