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ABSTRACT

In this paper, a new dual-stator axial field flux-switching permanent magnet (DSAFFSPM) motor has
been proposed to improve the torque density and cost of the machine. In this topology, the 12-pole dual-
stator has been located on both sides of one 10-pole inner-toothed rotor. The dual-stator has hosted
permanent magnet (PM) type of Bar-PM and the coils. The novelty of this study is development of a
technique that can be implemented on PM of the DSAFFSPM structure. In this regard, the proposed
analytical design with a sizing equation has been presented and multi-objective optimization is employed
to achieve the optimum size by Multi-Objective Genetic Algorithm (MOGA) method. The machine
characteristics are acquired and analyzed utilizing the 3D finite element method (3D-FEM). A
comparative study has been done to prove the superiority of the performance indices. This topology
demonstrates the high-power density and the low vibration and noise due to lower torque ripple and
cogging torque. Meanwhile, the Bar-PM topology has lower core loss and thermal stress due to high-
efficiency. Consequently, the proposed model provides high torque density and low cost, specifically
designed for electric vehicle (EVs) applications.
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1. INTRODUCTION

Different types of technology machines include axial and
radial flux machines. Studies showed that axial flux
machines (AFPM) have higher torque and power density
(1-3), as well as efficiency (4-6). Axial field flux-
switching machines (AFFSPM) have limited torque
density due to the location of PMs and coils, but still have
higher torque and efficiency than radial flux machines
and can reduce costs. New motor designs have been
proposed in recent publications (7-10). One used non-
rare-earth PM for high-torque density (11). While
another achieves even higher torque density with rotor-
excited PM (12). The AFFSPM design with E-core
reduces cost and PM volume, but also has lower average
torque compared to U-core and C-core designs (13). Kim
et al. (14), AFFSPM have presented with a rotor middle
and external dual-stator. Topologies try to maintain a
phase shift of +r electric radians, topology 1 (shifting
stator 2) has the highest output torque compared to
topology 2 (shifting rotor poles of stator 2) and topology
3 (shifting both stator 2 and rotor poles of stator 2).

Newly, three conventional DSAFFSPM structures
with internal dual-rotor, internal single teeth rotor
(ISTR), and external dual-rotor have been compared
together for EV application. The findings show that, the
internal single-rotor topology is a suitable candidate for
EV application because it has high efficiency, and high
torque density (15). Nevertheless, it has troubled higher
cogging torque and torque ripple.

Own to reduction the reserve of rare-earth PM
materials (such as Ndfe35) and market monopoly have
affected price fluctuation for further application of PM
motors in EVs. Some researchers suggested non-rare-
earth PM (such as ferrite) types (11). The results showed
that compared with rare-earth PM materials have low
performance. To further make it better torque density a
type of hybrid excitation (both DC and AC windings)
machine has been proposed (16-19). However, this leads
to low torque, power densities, provision of the field
excitation source, an increase in cost, and loss. Reducing
the consumption of rare-earth PMs compromises the
AFFSPM motor performance because the main flux
structure is supplied by PM. For this reason, has made the
issue of PM reduction less attention by researchers.
Recently, reducing the consumption of rare-earth PMs
and cost material has become a hot topic, particularly in
PM machines (20-22).

The main objective of present work is to design a
dual-stator  axial-field  flux-switching Bar-PM
(DSAFFSBPM) motor with high-torque density and low-
cost for EV application. Employing a technique that is
aimed at the reducing value of rare-earth PM in the
DSAFFSBPM, so that it can be implemented on the
conventional ISTR-DSAFFSPM structure. The main
contribution novelties of this paper are a novel technique

that has been implemented on PMs for the first time.

Then, the technique aims to achieve multi-objective

optimization, which involves reducing the increase in

torque density, lowering costs, and decreasing thermal

temperature using air channels. The challenges addressed

by this paper are:

1) To be provided the high-torque density and the low-
cost simultaneously.

2) Due to their doubly salient structure, the cogging
torque is an unfavourable effect.

3) Due to their high air-gap flux density caused by flux
focusing effects be suffered torque ripple.

2. THE STRUCTURE AND OPERATION PRINCIPLE

2. 1. Proposed New Structure Figure 1 shows
the 3D exploded model. The configuration of the
conventional ISTR-DSAFFSPM motor is illustrated in
Figure 1. The DSAFFSBPM motor is also presented in
Figure 1.b. In this structure, unlike the former types of
AFPMs, no magnet exists in the rotor. Therefore, the
stator hosted Bar-PM and coils. The only difference is
that one slot comprises segments of rare-earth magnets as
Bar-PM, which are circumferentially magnetized, and
embedded precisely in the stator yoke and stator teeth of
these slots, and tightened. The stator is created of 12
poles on each side. 12 concentric-coils twist the poles in
two 3-phase complies alternately. The rotor of this
topology is of toothed type.

2. 2. The Operation Principle To demonstrate the
operational principles of this structure, a 2D model is
proposed as shown in Figure 2. It illustrates four rotor
positions for PM flux. These four special positions rotor
a, b, ¢, and d comply with the four points of maximum

PMs Tecth of Rotor  Armature Coils Stator

BPMs
W Stator

W Teeth of Rotor

m .
W Armaturc Coils
]

(a) Conventional ISTR-DSAFSPM motor

PMs Teeth of Rotor  Armature Coils Stator
L

| PMs
@ Stator

mTccth of Rotor

- ;i
M Armature Coils
=

mh =
(b) Proposed DSAFFSBPM motor
Figure 1. The 3D exploded view
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positive, zero, maximum negative, and zero flux of phase
A, respectively. Figure 2(a); the rotor tooth T2 is placed
almost in front of the stator tooth, which the winding Al
wraps. The magnetic direction of the PM is to the right,
as a result, the direction of the magnetic flux is upward in
winding Al. The magnetic flux passes the rotor tooth T1
and the air-gap, which enters the stator tooth S1. The
flux-linkage Al is positive maximum; this is dubbed the
positive position. When the rotor rotates 6,=9° Mec in
Figure 2(b), the rotor tooth T2 and the PM are aligned, so
the flux in the winding becomes zero. This position is
dubbed the zero position of the rotor. When the rotor
rotates another at 6,=9° Mec in Figure 2(c), the rotor
tooth T2 is almost in front of the stator tooth S2. The flux-
linkage Al is negative maximum; this is dubbed the
negative position. In Figure 2(d), As the rotor rotates at
0,=27° Mec, the rotor tooth T2 is located in front of the
slot; it means, it is placed in the second zero position; this
process repeats to generate the periodic flux-linkage, and
the back-EMF.

m:HIM:M
iﬂwﬂr

(a) 9r0° Mec
+H

(b): 6r=9° Mec

-t

—_,H—

(c): 6=18° Mec
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e g

(d): 6:=27° Mec

Figure 2. Four specific positions rotor of the 3-phase
DSAFFSBPM motor

T3

Inferred to Equation 1, when a sinusoidal current has
followed the equations, can result in the back-EMF
voltage is formed, hence electromagnetic torque was
generated.

I, = Lpgy sin(@)

(1-3)
Eg = Epax sin(@)
I, =1 sin(6 — 2m/3
b max ( / ) (1-b)
Ep = Epayx sin(0 — 21/3)
I = Lnayx sin(@ + 21 /3
0 +21/3) @)

E. = Epay sin(0 + 21/3)

3. DESIGN PROCEDURE AND MULTI-OBJECTIVE
OPTIMIZATION

3. 1. The Sizing Equations of DSAFFSBPM Motor
The output power equation of the motor for EVs, and the
dimensions of the motor is deduced according to Farrokh
et al. (15), the output power of the DSAFFSBPM motor
be expressed as follows:

Poue = 7 [ e(t). i(t) dt ¥

According to the current and the phase PM flux-linkage
are sinusoidal, the output power writes as follows:

Pout =3y Em SINCot) Iy sin(t) dit 3)

Pout = % Enln Q)]

In which E,,, is maximum voltage, and I,,, is the current
magnitude. The output power is derived by adding the
motor efficiency is n as stated below:

Pout = % EmImn )

According to Equation 1, the EMF in the coils (e), when
the armature is open-circuit and only the flux PM exists,
is given as follows:

APm _ _ d_(P ﬁ d(p
o = Nengg G ph g @ ©)
where ¥,,, term is the flux linkage of the phase. The term
N, is the number of the winding turns per phase, ¢,
term will be the flux-linkage of one turn, 8 and w, are
the rotor position and the angular speed of rotor,
respectively. According to Equation 1, the flux-linkage
is expressed as follows:

Om = Qg cos(P.0) Q)

where @ and Prare the flux magnitude and the number
of the rotor poles, respectively.

Substituting the Equation 7 into Equation 6, the back-
EMF, yields as follows:
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e = Npp w.P.@g sin(P.0) = Ep, sin(P.6) (8)

According to Figure 2(a), this position is the maximum
flux passing, therefor the air-gap area (4,) placed
between the stator tooth and the rotor pole is inferred as
stated as follows:

Dso—Dsi
Ag = ﬁr X (Z—S) (9)

where B, is the pole pitch which is shown in Figure 3. D,
and Dg; are the outer and inner diameters of the
DSAFFSB-PM motor, respectively. T, is stator pole
pitch. The average diameter of air-gap is given below:

T Dgo

Ts == (10)

Ps

Br = Bst + Bym + B = = 1

where P, is the number of the stator poles. By inserting
Equations 10, and 11 into Equation 9, it can be
determined as:

m (D%=DZ)

Ag = T (12)

From Equation 13, the flux magnitude is calculated as:
or = K Kg Bgmax Bi SLPS (DSZO - Dgi) (13)

In which K is a leakage flux factor and K, is the
factor of the air-gap flux density distribution. By, is
the peak value of the air-gap flux density in the no-load
mode. ; is the area ratio of the stator tooth and stator
tooth-slot unit. Substituting Equation 13 into Equation 8,
E,, will be stated as follows:

Ey = ph wrB-K; Kg Bgmax Bi SLPS (Dszo - Dszi) (14)

Due to the concentration of the maximum electrical load
in the smallest radius of axial-flux machines, the limit of
this parameter is considered in the inner radius of the
machine. Therefore, the electrical loading, denoted as
A, is highest at this point. Ay is given below:

Irms
Ag = 2m Ny, 722 (15)

L

Figure 3. Design Parameters of the DSAFFSBPM

The maximum of sinusoidal current is given as:

— _ V2 mAsDg;

Im - \/Elrms -2 m (16)
By converting the rotor speed to rpm infer to w, =
2mn,. /60 and by Substituting Equations 14 and 16 into
Equation 5 yields:

V2n® P,
280 P_s K; Kg A(1 -

/12) As Bgmax ﬂi Ds30n'r n
where A is the ratio of the inner and outer stator
diameters. Ag is the maximum current density and n, is

the speed of the rotor.
The output torque is calculated as follows:

Poye =

A7)

3n2V2 P,
7:8 P_s Kl Kg }\(1 - AZ) As Bgmax BiDgon (18)

Tout =

A fixed outer diameter of the stator is a design limiting
factor in an electrical vehicle, which impacts machine
performance. Therefore, adopting the value optimal A
lead to the best electrical and magnetic loading. The 4 as
the objective function from the torque equation
estimated as follows:

Tout(D) =A— 23 (19)

1

Amax = Nl 0.57 (20)
Equation 21 is applied in opting for the internal diameter
thus, maximize the average output torque. According to
Zhao et al. (17), the outer diameter of the stator can be
expressed as follows:

p. =3 480 Pyt Ps
s0 V273 P K Kg AM(1-22) As Bgmax Bi el

1)

The primary dimensions of the designed motors are listed
in Table 1 and illustrated in Figure 3.

TABLE 1. Primary parameters of investigated DSAFFSPM
motor

Proposed Optimized

Parameter Symbol Bar-PM Bar-PM
Nominal power (kW) Py 1

Rated speed (rpm) n 1500
Rated current (A/mm?) J 75

No, of phase m 3

Slots / rotor poles Ps /P, 12/10
Stator outer diameter (mm) Dso 140

Axial length (mm) L 64

Air gap length (mm) g 1

Stator pole pitch (deg) p 30

Rotor pole pitch (deg) Br 12.5 15.5
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PM pitch (deg) omP 6

Rotor yoke with (mm) Ly 5 45
Teeth magnet length (mm) Lpm 75 6
Yoke magnet length (mm) Lyom 7
Machine volume (L) - 0.98

3. 2. Multi-Objective Optimization There are
many multi-objective algorithms, some struggle to
balance solution quality and diversity. However, the
MOGA adjusts this balance by combining domain
structure and evolutionary operation. MOGA considers
both the quality and diversity of optimal solutions during
optimization and has been applied successfully in various
fields, including transportation (23-25). The MOGA be
is utilized to optimize the electromagnetic performance
of the DSAFFBPM motor based on objective function
(OF). The GA adopts initial design parameters of the
rotor, stator as well as PMs such as 4, Ly, Lg, L,,
Lypm—teeths Lpm—yoke, and B, to comprehensive analysis;
when all design objectives are simultaneously and multi-
dimensionally. Optimized objectives such as average
torque (T,,), low-cost (cost), torque ripples (T,;), and
efficiency follow to find out a convergent response as
follows.

{ Objective function: 22)
max(T,,,n) and min(cost, Ty; )
Constraint:
{Ta,, > 5.87N.m,n = 92.96% (23)
cost < $60,T,; < 45.31%

Variable stagel = [/1, Bri Ly, L, Lr]
Boundry condition stagel:
0.55<1<0.57,628 < B, <10.46deg
45<L,<65mm,20<L;<21mm
20<L,<22mm (24)
Variable stage2 = By, Lypm, Lepm. key |
Boundry condition stage2:
10.46 < . < 15.5deg,7 < Lypm, Lipm < 8 mm
0.68 < kg <0.7

The GAO employs a multi-objective function to
optimize its design. Eight design parameters can affect
the performance of the genetic algorithm, as outlined by
Equation 24 and Figure 4. As shown in Figure 5, after
approximately 40 generations of genetic optimization,
the two stages converge to the optimal solution. The
GAO then optimizes eight key parameters to achieve
four optimized objectives, resulting in improved
performance. These parameters and associated
performance improvements are listed in Table 2.

The design procedure of the DSAFFSBPM motor is
illustrated in the form of a flowchart as shown in Figure

4. The parameters are purposefully optimized in two
stages, which can provide an accurate response in a
minimum time. In stage 1, multi-dimensional
optimization is done with the parameters denoted and
without reducing the PM value such as A, L, L, Ly,
Lym—teeth» Lym—-yoke, and B, are optimized. In stage 2,
two affecting parameters Br and slot fill factor (k) are
applied to optimize by reducing the PM value. The
derivative results of MOGA have been visible in the
optimized model as shown in Figure 5, which are marked
with green bubble points.

In Equation 23, the variables T,,, n, and T,; are
analyzed using the conventional ISTR model. The cost
of optimizing and reducing PMs is found to be lower
when using the conventional ISTR model than the
proposed Bar-PM model. In Equation 24, the parameters
are limited in stage 1 based on the conventional ISTR
model, and then in stage 2, they are restricted based on
the considered cost.

The effect of MOGA on electromagnetic
performance and both initial and optimized parameters
are discussed. For investigation and comparison, both
initial and optimized performances are recorded in Table
2. Based on electromagnetic performances, the analysis
represents that T,,, is improved by as much as 5.14%,
decreased T,; as much as 70.44% enhanced n by 6.37%,
and reduced cost by10.52%. As well as, based on
MOGA, initial and optimized design parameters
received are registered, in Table 1. The final optimized
model is investigated further in the following sections.

4. FEM ANALYSIS RESULTS AND
ELECTROMAGNETIC PERFORMANCE

After the design of the optimized structural model, the
electromagnetic performance of the motors is assessed
using 3D-FEM and numerical analysis.

T
k2 . L
Tnitial sizing of Optimized Objectives i
geomelric parameters é AverageTorque , Low-cost, |
(Table I) i Torque Ripples, Efficiency }
Py L -

Size the Lpm-teetns Lpm-yoke
and value the fir and keu

Value the , Ly, Ly, L,

7 il
| opfimizedBar-PM |
- _*_ o

FEM analysis

< End >

Figure 4. Flow chart of the desiEn procedure for
DSAFFSBPM motor
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TABLE 2. Electromagnetic performance analysis of and
optimized models

Initial design Bar- Optimized design

Model, Parameter

o0

[ FEEEE || L1
62 64 66 68 7
Average torque (Nm)

(b) The relationship of average

torque vs. torque ripple

n

Eooviteriil leu.
6 62 64 066 68 7
Average torque (Nm)

(@) The relationship of
average torque vs. cost

PM Bar-PM
T, [NM] 6.41 6.74
T, [%] 14.04 415
Cost [$] 62.51 55.98
n [%] 94.13 94.19
25
o6l @ B
@ L —_ -
9 Ei5F
= z 10+
57F 2 i ®
3

X
@ “oe0
X

(%)

IREREE]

94.2

Efficiency

94

N NN FEETE FEEEE N
93'86 62 64 66 68 7

Average torque (Nm)
(c) The relationship of average torque vs. efficiency
Figure 5. The optimization results of the four optimization
objectives

4. 1. Investigation on Open-Circuit Magnetic Field
Distribution When the stator windings are in
open-circuit status, the open-circuit field distribution is
only performed through the Bar-PMs. Rotor rotation
against 3-phase winding leads to the polarity of the flux
and flux focusing. Finally, the concept of “switching
flux” is employed in the motor. The 8,=9° Mec and
6,=27° Mec shown in Figures 6(a) and 6(c) address the
status when the rotor teeth are located in the front of the
stator teeth. In this status, the maximum flux linkage with
the coil takes place respectively in negative and positive
values with a magnetic field density of roughly 1.33T for
the proposed Bar-PM model. Figure 6(b) illustrate
6,=18° Mec rotor position in which the coils ‘linkage
flux achieves zero. The maximum flux density is for the
optimized Bar-PM model that did not exceed 1.1T in the
worst-case scenario. The concentration of flux is higher
in the stator yoke than in the stator teeth. As a result, the
length of the PM on the side of the stator yoke is slightly
longer than the PM on the side of the stator teeth. This
ensures proper distribution of flux in these areas. The

maximum flux concentration in the PMs in three different
rotor modes did not exceed 1.06 T.

4. 2. Analysis of the Flux Linkage and Induced
Voltage Characteristics According to Equation 7,
Figure 7, depicts the three-phase open-circuit flux-
linkage in the DSAFFSPM models. The maximum flux-
linkage amplitude is 0.047 Wh for the optimized Bar-PM
model; then, the proposed Bar-PM model is 0.048 Wh. A
2.08% decrease linkage-flux in the optimized Bar-PM
model compared to proposed Bar-PM model is due alter
in slots. Figure 7 specifies where the phase difference of
2n/3 of the electrical degree of 3-phase flux-linkage
sinusoidal waveform. Therefore, confirms the operation
of DSAFFSPM as an AC brushless machine.

In Figure 8, 3-phase induced back-EMF sinusoidally
in open-circuit voltage is compared for the DSAFFSPM
models at @1500 rotor speed. The back-EMF amplitudes
of the proposed and optimized Bar-PM models are 77.57,
and 73.89 V, respectively. According to Equations 7 and
8, it is expected that the amplitude of flux-linkage is less
than 2.08% in the optimized Bar-PM model.
Consequently, its amplitude of the induced voltage range
is reduced by 4.74%.

Proposed model Optimized model
(a) 6:=9° Mec

B [tesla)

1.6000
. 14937
1.3875

1.2812

1.1750
1.0687
0.9625
0.8562
-0 7500
0.6437
> 2z 0.5375
i 04312
Proposed model Optimized model o
(b) 6,=18° Mec I

0.1125
0.0062

Optimized model

(c) 6r=27° Mec
Figure 6. The 3D open-circuit magnetic field distribution in
three fundamental rotor positions of Bar-PM models

Proposed model
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0.05 Optimized Bar-PM

3-phase flux-linkage (Wb)

T l ! | I I Ll L L
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Figure 7. The flux-linkage sinusoidal waveform in the 3-
phase DSAFFSPM motor
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Figure 8. The back-EMF in the 3-phase DSAFFSM-B
motor

4. 3. The Induced Voltage Harmonic Spectrum
The A parameter and the magnet’s thickness must be
adopted at a low-cost with promising harmonics
spectrum. By considering 4=0.57, 3, increases amount
of 24% and L,,, decreases 25% in the magnetization
direction, the improvable voltage harmonics spectrum
has opted for a low-cost. Based on the normalized
domain values of the harmonic spectrum of the three
presented models are manifested in Figure 9. The
harmonic spectrum of the voltage is improved compared
to the conventional ISTR. The harmonic order 5 of the
conventional ISTR model equals 5%, while the harmonic
order value is 1.2% for the proposed model. The
optimized Bar-PM model is equal to 1.1%, which has
decreased by 8.33%. The harmonic order 7 of the
conventional ISTR model equals 2.7%. Meanwhile, the
proposed and optimized model’s harmonic order value is
under 1%. From the sight of the harmonics spectrum, the
proposed motor has an acceptable condition.

5%

[l Conventional ISTR

:"é M Proposed Bar-PM
3% —

5 ” [l Optimized Bar-PM

=1

5 2%

=

e

)

= 1%
valelalvsvsvat Dosem_

2 34 5 6 7 8 910 111213 14 15 16 17 18 19 20

No. of Harmonic
Figure 9. The harmonic spectrum of the back-EMF based
on the normalized domain of the harmonics

4. 4. The Cogging Torque and Output Torque
Analysis In Figure 10, the DSAFFSPM models
compare the cogging torque and output torque. The
conventional ISTR and proposed Bar-PM have peak-to-
peak cogging torque values of 2.52 N.m and 1.02 N.m,
respectively. These values represent 44.21% and 15.91%
of the average torque in the rated current, respectively.
The optimized Bar-PM model has a peak-to-peak
cogging torque value of 0.266 N.m, which is only 3.94%
of the average torque in the rated current.

Equation 25 expresses the output torque ripple:

%oTp = "8 X 100% (25)

avg

where Tg,, is the average torque, T, is minimum
torque, and T,,,, IS the maximum torque, respectively.
Using this technique, the reduction of cogging torque in
an optimized Bar-PM motor is almost negligible. At a
rated current density of 7.5 A/mm?, the conventional
ISTR, the proposed Bar-PM, and the optimized Bar-PM
models exhibit average torque values of about 5.87, 6.41,
and 6.74 N.m, respectively. In addition, these models
have torque ripple values of 45.31%, 14.04%, and
4.15%, respectively.

Figure 11 demonstrates the output torque of
DSAFFSPM models in the rated, the lower and the
higher armature current for the rotor position.
Comparing the average torques shows that the optimized
Bar-PM model has higher average torque. Meanwhile, it
has negligible torque ripple compared to the
conventional ISTR.

Figure 12 depicts a relative operational index in rated
ratio per each armature current density. It has defined as
the torque average and percentage of torque ripple. It
shows comparison of this index and illustrates that the
optimized Bar-PM model has been located under the
points. Thus, the optimized Bar-PM motor is designed for
the best operational condition.

5. MODEL COMPARISON

5.1. Comparison of the Mass and Costs  The price
of each material expressed in $ and the quantity of

E
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Figure 10. The cogging torque and output torque for the
rotor mechanical position in three models
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Figure 11. The output torque for the different armature
currents as a function of the rotor position at @1500 rpm
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materials utilized in kg are used to determine each
machine's cost. Upon reviewing Table 3, it is clear that
both the proposed and optimized Bar-PM models require
significantly less PM material compared to the
conventional ISTR models. Specifically, the proposed
model uses 26.56% less while the optimized model uses
35.93% less. As a result, both models have a lower total
cost, with the proposed model being up to 23.87% less
expensive and the optimized model being up to 31.83%
less expensive than the conventional ISTR models. To

TABLE 3. The mass and cost of the models
Model

ISTR Optimized Bar- Optimized

[11] ISTR[11] PM  Bar-PM
Mass and Cost

Magnet weight [kg] ~ 0.64 0.41 0.47 0.41
Steel weight [kg] 2.27 2.6 242 26
Copper weight [kg] 0.79 0.83 0.79 0.83
Total weight [kg] 3.7 384 3.68 3.84
Magnet price [$] 74.31 47.6 54.57 47.6
Steel price [$] 1.8 2.06 1.93 2.06
Copper price [$] 6.01 6.32 6.01 6.32

Total price [$] 82.12 55.98 6251 5598

ensure a fair comparison, the consumables amount and
cost of the optimized ISTR model were also optimized
based on the optimized Bar-PM model.

5. 2. Comparison of the Performance Indices
The operational characteristics have been compared
between the conventional ISTR, optimized ISTR, and the
proposed and optimized Bar-PM models. The
comparison results at 1500 rpm are listed in Table 4. The
torque density of the optimized Bar-PM model is higher
by as much as 14.88% and 5.04% compared to the
conventional ISTR and proposed Bar-PM, respectively.
While the torque density of the optimized ISTR model is
lower by as much as 7.71% compared to the optimized
Bar-PM model.

The optimized Bar-PM model, which has a torque-
to-weight ratio of 1.75, has been enhanced by 9.71%,
and 0.57% compared to the conventional ISTR and
proposed model, respectively. Thus, the optimized
model highlights the torque-to-cost ratio of 0.12 has
been improved by as much as 69.01% and 17.64%
compared to the conventional ISTR; and proposed Bar-
PM, respectively. In the optimized Bar-PM model, the
PM has been reduced by 35.93%, and the power-to-
weight ratio of 0.089 has grown by 709.09% compared
to the conventional ISTR model. Despite having a better
torgque-to-cost ratio than the ISTR and proposed bar-PM
models, the optimized ISTR model still has issues with
higher cogging torque and torque ripple. This affects the
performance of the DSAFFSPM motor design, but the
Bar-PM model has been developed to address these
challenges.

Nonetheless, it has been revealed that the cogging
torque value is 0.266 Nm, which is much lower
compared to the conventional ISTR and proposed
models, which are 90.08% and 75.23%, respectively. In
addition, the torque ripple status for the optimized model
is as much as 4.15% compared to conventional ISTR,
and the proposed models decreased as much as 90.84%,
and 70.44%, respectively. It has been declined that the
cogging torque is as much as 90.32% compared to the
optimized ISTR. While the torque ripple, it is
suppression by as much as 89.79% compared to the
optimized ISTR model. Machine efficiency is as
follows:

%1 = _ Tag®r
TavgWr+Pcu+Pcore

x 100% (26)

The losses are one of the main reasons for the low
efficiency of the conventional ISTR model of much as
1.3% compared to the optimized model. in TABLE 4
represents the efficiency of the models as 92.96%,
93.48%, 94.13%, and 94.19%, respectively, regarding
the efficient structure.

Comparing this section, it can be demonstrated that
the proposed model with increased rotor pole pitch, and
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TABLE 4. Performance indices comparison of the
DSAFFSPM models

Model ISTR Optimized Bar- Optimized

Parameter [11] ISTR[11] PM  Bar-PM
Rated Speed [rpm] 1500

Current Density 75

[A/mm?] :

Cogging torque [Nm] 2.52 2.75 1.02 0.266
Average torque [Nm] 5.87 6.22 6.41 6.74
Torque ripple [%] 45.31 40.67 14.04 4.15

Cogging torque/ Mean

torque [%] 4293 4421 1591 3.94

Power [kW] 0.922 0.976 1.006 1.058
Power density

[KW/kg] 0.248 0.254 0.271 0.275
Power/Cost [kW/$] 0.011 0.0174  0.016 0.089
Torque density

[Nm/L] 5.98 6.34 6.54 6.87

Torque/Total weight 158 161 174 175

[Nm/kg]

Torque/ Total cost

[Nm/S$] 0.071 0.11 0.102 0.12
Torque/PM cost

[Nm/S$] 0.078 0.13 0.11 0.14

PM Weight [% of
Total weight]

Total losses [W] 69.82 68.45 62.63 65.21
Efficiency [%] 92.96 93.48 94.13 94.19

17.29 10.67 12.77 10.67

reduced PM length technique had a superior
performance in terms of high-torque density which was
improved by 9.36% compared to that of the
conventional. Although increasing the rotor pole pitch
reduces flux concentration, but locating the PMs
strategically generates higher torque with fewer PMs. To
compensate, the rotor pole pitch width is slightly
increased. While the conventional model has an overall
cost of approximately $82.12, its proposed and
optimized models reduce costs by 23.87% and 31.83%
respectively. Therefore, it should be noted that the
optimized model is with the lowest torque ripples and
cogging torque. Although the target of this paper is on
high-torque density and low-cost, suppression of the
torque ripples and cogging torque are important
objectives, as neglecting them can deteriorate the
performance of the motor. Therefore, implementing the
Bar-PM technique on the conventional ISTR of the
optimized model can save rare-PM consumption and
costs, in addition to improving performance. Finally, the
proposed model satisfies approximately all the required
objectives of EVs.

5. 3. The CPSR and Efficiency Map of the Model
The key parameters of designing AFFSBPM motors,
high-torque density, high-efficiency, low-cost, torque
ripple, and thermal stress are investigated in detail for EV
applications. This section emphasizes the constant power
speed range (CPSR), the losses, and the efficiency map.
Considering the previous part, the three models are
compared in the same condition; indices’ results mean
that the optimized Bar-PM model is highlighted because
of the significant operational characteristics.

3D-FEM results of torque-versus-speed and power-
versus-speed are plotted in Figure 13. The EV
applications have required a reasonable CPSR of up to
3-4 times the base speed. Although the standard AFPM
machine has as well as shorter CPSR of about 2 times
the rated speed [23]. Using concentric-coils in the
AFFSBPM design is extend the CPSR, so that a proper
CPSR of about 3 times the rated speed is achieved. The
optimized motor falls within the CPSR standard range
due to its high output torque at speeds higher than the
rated speed. In the optimized model, the iron loss and
copper losses are raised by an increment of speed, and
the total loss map is shown in Figure 14(a). However, it
can be claimed that the efficiency has risen by an
increment in the speed of a wide CPSR due to its
approximately high-power density in Figure 14(b).

5.4.Thermal Analysis =~ The DSAFFSPM machines
split active sources between two stators, resulting in
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Figure 14. The efficiency map and torque-speed curves of
the optimized Bar-PM model

lower temperatures than other PM machines. New
design, with air channel between PMs, expected to
perform better than conventional ISTR. The thermal
analysis of the DSAFFSPM models under rated current
and @1500 rotor speed is predicted by FEM. Figure 15
can be seen the temperature distribution in the
DSAFFSPM models. In this condition, the calculated
temperature decreases at the optimized Bar-PM
compared with the conventional ISTR model. In the
winding, high temperature has been caused by the high
thermal conductivity of copper and the electric current
which flows through the winding. The temperature of the
winding in the optimized model is 56°C, which is 15.15%
lower than the conventional ISTR.

The maximum temperature of the stator for the
optimized Bar-PM model is 55.94°C, which decreased
by 11.20% compared to conventional ISTR. The
optimized Bar-PM model has the lowest inner/outer
rotor temperature at 51.25°C up to 47.14°C, followed by
the conventional ISTR at 60.93°C up to 52°C. Also, the
temperature of the PM for the optimized Bar-PM model
is 54.77°C compared to conventional ISTR model,
which decreased by as much as 13.69%, while the PM
temperature in the inner part of the conventional ISTR
model reached 66°C.

The proposed motor topology is different from the
conventional topology. In the flux-switching structure,
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Figure 15. The thermal analysis in the DSAFFSPM models

all the active sources are in the stator. However, the
proposed topology includes an air channel between the
Bar-PMs and between the teeth of the segment-stator.
This feature enables the temperature of the motor to be
controlled and reduced by using the air channel.

6. CONCLUSION

This paper presents a technique that can be implemented
on the PM of the motor with the aim of reducing the cost
and increasing the torque density. The operational
characteristics of the proposed motor have been
improved through analytical design, sizing equations and
multi-objective optimization. The main features of the
motor are its high torque density and low cost due to the
minimal use of PM in its structure. The cost coefficient
for torque/PM is significantly higher in the optimized
motor compared to the other one. The back EMF
harmonic orders value for the optimized Bar-PM model
is less than 2%. Therefore, the optimized model appears
almost superior in the torque ripple and cogging torque
indices. The proposed motor produces satisfactory power
and torque densities and has flux-weakening capabilities
for a CPSR up to 3 times the rated speed. The proposed
model can be cost-effectively designed and successfully
commercialized, making it suitable for use in EVs.
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