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ABSTRACT:

The multi-phase permanent-magnet motors are suitable choices for certain purposes like aircrafts, marine, and electric
vehicles due to the fault tolerance and high-power density capabilities. The paper aims to design and prototype an
optimized five-phase fractional slot concentrated windings surface mounted permanent magnet motor. To optimize the
designed multi-phase motor, a multi-objective optimization technique based on the genetic algorithm method has been
applied. The machine design objectives are to minimize mass and loss, subsequently, to determine the best choice of
the designed machine parameters. Afterwards, 2-Dimensional Finite Element Method (2D-FEM) has been used to
verify the performance of the optimized machine. Finally, the optimized machine has been prototyped. The results of
the prototyped machine have validated the results of the theatrical analyses of the machine, and accurate consideration
of the parameters improved the performance of the machine.
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1. INTRODUCTION

A multi-phase motor has several advantages that
make this motor preferable to three-phase motors.
Multiphase motors can operate under fault condition by
using the healthy phases [1-5]. The ability to reduce
amplitude and boost the frequency of torque ripple, and
the minimization of the stator current per phase without
developing the voltage per phase, are the other merits
of multiphase motors [6-8]. By adding a number of
phases, it is also feasible to develop the torque per
RMS ampere for the same volume machine [9-11]. A
multiphase motor is a suitable choice for use where
high reliability is needed such as in aircraft, marine,
and electric vehicles [12-14].

Permanent magnet synchronous motors with
Fractional-Slot Concentrated Windings (FSCW) have
higher slot fill factor and lower end windings. In
addition, the phase’s mutual inductances are decreased
remarkably. These features enhance the power density
of the machine and efficiency. Further, cogging torque
will be diminished [3].

Sadeghi [15], have introduced an optimal design of
a five-phase Halbach permanent-magnet motor in order
to achieve high efficiency, high torque, and high
acceleration. The proposed optimal design was
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validated through finite-element analysis. It is shown
that the optimized multi-phase PM machine offers good
performance.

In [16,] a five-phase Fault-tolerant Permanent
Magnet Synchronous Machine (PMSM) for electric
vehicles is investigated and, for getting sinusoidal
back-Electromotive Force (EMF), two typical methods
Consisting of rotor Eccentricity and Halbach
permanent-magnet array are studied and compared.
Also, a PM method is proposed to decrease PM eddy
current loss, it is seen that after PM segmentation, the
eddy current loss is reduced significantly. The effects
of different design variables on torque ripple and torque
linearity that should be investigated at the design stage
is studied in [17], it is concluded that torque ripple and
torque linearity will be improved by reducing electrical
loading. Features of a Permanent-Magnet Synchronous
Motor (PMSM) are affected significantly by the back-
electromotive force waveforms in the motor, which are
directly depended on magnet shape. In [18], a FEM
model is used to optimize the radius of the magnet with
mention to the number of poles, rotor size, and magnet
thickness, it is seen that the optimized motor produce
very low total harmonic distortion. In another study
[19], the new design optimization technique of Interior
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Permanent Magnet (IPM) synchronous motors based on
finite the element method is presented. The presented
optimization technique is implemented to design two
IPM motors for an industrial city electric scooter. It
was observed that the simulation results are effective
and confirm the proposed technique.

In [20], a new surrogate-assisted multi-objective
optimization algorithm is introduced. The introduced
algorithm is employed to an optimal design process of
a three-phase IPM motor to decrease the noise,
vibration, and cost. It is seen that, the introduced
algorithm can reduce the design time and effort in IPM
motors design using FEM analysis.

In [21], an IPM motor with five-phase and
fractional-slot stator is investigated. It is seen that, the
presented five-phase motor with fractional slot
produces lower torque ripple. In [22], a design model
of a three-phase surface-mounted PM motor is
presented. The proposed model is suitable to be
employed for optimal machine design. There is extra
attention to the optimized design of PM motors using
genetic algorithm. In [23], a single objective
optimization to maximize the torque density for a three-
phase surface-mounted PM motor is applied. In this
work discontinuous variables such as determination of
steel type, Permanent-Magnet (PM) type, and
conductor type are also regarded. It is found that, the
optimized motor produces high torque density.

Multi-objective genetic algorithms consist of two
types, non-elitist and elitist. The elitist strategies are
completely applicable because they effectively identify
and retain the non-dominated individuals [24-25].

To promote the performance of multi-phase
machine design, optimization of the machine is
necessary. In this work, the elitist non-dominated
sorting GA (NSGA-II) strategy is employed to
optimize the multi-phase PM machine. Then, the
optimized machine is verified by a FEM model.
Finally, the optimized five-phase, surface-mounted PM
machine (SPMSM) is prototyped. Thus, the main
contributions of this paper are: 1) to design and
optimize multi-objectively a five-phase fractional slot
concentrated windings surface mounted permanent
magnet machine (SPMSM) based on the elitist non-
dominated sorting GA (NSGA-II) strategy and
determination of the best choice of the designed
machine parameters; 2) Two-Dimensional Finite
Element Method (2D-FEM) analysis to attest the acting
of the optimized motor; 3) prototyping a FSCW 20-
slot/ 22-pole five-phase, surface-mounted PM machine
(SPMSM).

2. DESIGN OF FIVE-PHASE PMSM MACHINE
The winding factors and MMF harmonic
components of FSCW motor are mainly indicated by
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Slot/pole combination. Also, other chrectrestics of the
motor like ripple torque, net radial force and rotor loss,
are affected. Hence, determining an optimized slot/pole
combination is fundamental in the motor design steps.

The main component of winding factors for
possible slot/pole combination of 5-phase machine is
Computed and shown in Table 1.

Table 1. Main winding factors of the multi-phase
motor.

sipl 2] 4 [ 6]8]12]14]16]18]20] 22 |24
5 0.580.951/0.950.580.580.95{0.950.58) - [0.58 |0.95
10| - [0.58(0.8000.950.950.80/0.580.30] - |0.30/0.58
150.20 0.400.580.730.950.980.980.95 - [0.73/0.58
20[ - | - 0.440.580.80/0.880.950.97 - [09#8I0.95
250.12]0.240.360.47/0.67(0.750.81/0.890.95/ 0.96 [0.98
30| - |0.20] - ]0.4000.580.650.730.80] - |0.90[0.95
35/0.08| 0.17[0.260.3400.500.580.640.71] - [0.820.86
40] - | - 029 - [0.440.510.580.69 - [0.74]0.80
45(0.06[0.13]0.2000.27/0.4000.410.520.58 - [0.680.73
50| - ]0.12]0.180.240.36{0.41/0.47/0.480.58] 0.62 [0.67

From the results of Table .1, it can be concluded
that 20-slot/ 22-pole combination has the highest
winding factors among other combinations.

According to all the conditions connected to
fraction slot winding, double layer FSCW 20-slot/ 22-
pole Configuration is considered for designing a five-
phase surface-mounted permanent-magnet machine.

The initial design of the machine according to the
correlation between the machine design specification
and the machine geometrical dimensions based on an
analytical method is presented in this part. The
geometry of a permanent-magnet motor is mainly
determined on the basis of torque capability
requirements. Other criteria affecting the motor
dimensioning are the motor speed rating, and the
minimum rotor critical speed. The desired output power
of the motor to be designed is 1.1kw at the base speed
of 1500rpm; thus, the nominal torque to be reached is
about 7N/m.

The first harmonic of the air gap magnetic flux
density By is, [2].
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Where, coefficient a; is named the pole-shoe arc-to-
pole-pitch ratio, By is magnetic flux density of the air

gap.
Rotor outer diameter Rro is calculated as:
BgNi
Rro = p 9 (2)
o
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Where, p is the number of magnet pole pairs, o is

shear stress. Ni is coils ampere-turns.
The air-gap thickness for p)1 (number of magnet

pole pairs) should be expressed as [2].

g = 0.18 + 0.006 Po % ®)

Where, Po is the output power in Watts.
The peak value of the stator (armature) line current
density (A/m) or specific electric loading is given by,

2.

AmzzmﬁNl61 _mv2NI; _mv/2NJ,S, 4)
7Dgjn pt pt

Where, p is pole pairs and Dsin is the stator inner
diameter, Ja is the current density in the stator
(armature) conductors (A/my), N is the number of
armature turns per phase, I, is armature current, 7 is
pole pitch, s, is the cross section of armature
conductors including parallel wires.

The physical size of the motor is formulated as a
function of the flux density in the air gap By, in the
tooth By, and in the back iron By;.

The back-iron thickness hy; is calculated as [2].

" ©
bi P

The tooth height h: is expressed as a function of
external diameter Dsoye and internal diameter Dsin as [2].

hi = Dsoutz— Dsin —hp;i (6)
Then the tooth width by, is calculated as [2].

b ngSL _ BgnDSin L (7)
BL  BQL

Where Q is the number of slots, and L is stator
length.
The slot area Sqor is expressed as[2].

SslotZ%.(Dsout—Zhbi)z —Dzsin _Wtht (8)

The number of turns per coil for double-layer
winding is given by, [2].

1 \]chIot Ksf
Neoil = ST (9)

Ir

Vol. 14, No. 4, December 2020

Where, Ssot is the slot area, Ks is the slot fill
factor, and Ir is the rms phase current.

The volume of all permanent magnets used in a
motor is calculated by equation (10), [2].

VM=2phM(DM|M (10)

Where, hu, ww, and Iy are the height, width, and
length of the PM, respectively.

Considering all the flux generated by the permanent
magnet is linked with a stator winding, the fundamental
component of back EMF can be calculated by [2].

E =4.444fN.B. KwEE L (11)

T p
Where, B: is the first harmonic of the air gap
magnetic flux density, f is frequency, Nc is the

number of turns per phase and Kwl is the fundamental
winding factor, D is stator bore, P is number of poles,
and L is active length of the motor.

The electromagnetic torque is formulated as, [3].

_ SemCOsy  w

Tq = Z Kw DZsin LBgAmCOS\y 12)

27ns

Where, Kw is the winding factor and L is active
motor length.

Fig. 1 indicates a cross-section of a PM motor with
its geometrical dimensions.

Some of more significant considerations for the
design of an electric motor are the current density
restriction, and the motor temperature limitation,
maximum flux densities in the stator teeth and back
iron. With regard to the motor concerns and the design
considerations, the initial design of the motor,
according to the analytical relations, was investigated.

The flowchart in Fig. 2 shows the initial sizing

process of the machine.

D2 hy

Fig. 1. Cross section of a SMPM.
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The designed five- phase motor with 20-slot and

Select optimum slot/pole 22-pole is shown in Fig. 3.
Combination The motor parameters derived from the analysis are
7 shown in Table 2 and the analytical results are listed in
Table 3.

Calculate the outer diameter of the
rotor and active length

v

Calculate the air gap size

v

Calculate the magnet thickness

v

Calculate the pole-shoe arc to the
pole pitch ratio

v

Calculate the tooth width, stator back slot
depth and stator

Outer diameter .
Y Fig. 3. Five-phase PMSM motor with 20-slot/22-
Calculate the number of turns per pole.
coil
Table 2. Machine Key Parameters.
. Values of the
Quantity five-phase motor
Is ?Slfrir:?i%hine Outer Diameter of rotor 74.4(mm)
Requiremegts? Active Length 94.8(mm)
Air Gap 0.5(mm)
NO .
Thickness of Magnet 3.56(mm)
Increase the tooth flux density
B | Permanent Magnet Fraction 85%
Outer Diameter of stator 127.32(mm)
Slot Depth 15.43(mm)
Is flux density >
constraints Stator Back iron depth(mm) 12.5(mm)
Is current density
> constraints Type of Magnet NdFe35
Type of Steel M19 24G
Terminal Resistance 7.9838 (ohm)
NO Wire Diameter 0.5106(mm)
The design is done
Number of Conductors per Slot 192
Fig. 2. The flowchart of the initial sizing process of the Parallel Branches 1
machine. i
Stacking Factor of Iron Core 0.95
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Table 3. Full-Load Data.

Quantity . Values of the
ive-phase motor
Maximum Line Induced 278.583 (V)
Armature Thermal Load 144.736(A"2/mm~3)
Specific Electric Loading 36.5201(A/mm)
Armature Current 4.72008(A/mm~2)
Density
Iron-Core Loss 41.4379(W)
Armature Copper Loss 160.4679(W)
Total Loss 209.9057(W)
Rated Torque 7.00416(N.m)
Total mass 6.75(kg)
Maximum Output Power 4345.23(W)

As we can see from Table 3, the values of the
electric loading and armature current density of the
machine are reasonable. It can be concluded that the
results of the initial design of the machine are in
acceptable range. However, the total mass of the
machine and the total loss mass are relatively high. In
the next part for developing the performance of the
machine, a multi-objective optimization will be done.

3. OPTIMIZATION

In this section, optimization for the designed five-
phase motor is done. The purpose of this paper is to
minimize the power loss and the mass of the machine,
subject to considering limitations.

Minimize: g1= Ps+ Pr+ Pc (13)
Minimize: J2 = Vsips+ Vibpr+ Vpmpm+ 5Vcdpc

Where, PC indicates core loss which consists
hysteresis loss ( Ph ) and eddy current loss ( Pedd).

Pr denotes Resistive loss in the machine, and P's
is Semiconductor loss, and  ps,pr, pmand pcdenote
mass density of the stator, mass density of the rotor,
mass density of the permanent magnet and mass
density of the conductor, respectively. Moreover, vsi is
the total volume of the stator, v denotes the total
volume of the rotor, vem is the total volume of the
permanent magnets, vcs denotes the total volume of
the conductors.

Vol. 14, No. 4, December 2020

Due to guarantee suitable performance of the
machine, a few of limitations on the design are
considered. The First limitation is concerned to the
machine geometry; it is interested to determine the
length of the teeth acceptable compared to their width.
The current density of the wire is the next constraint
that should not become more than a reasonable value.
The next constraints are about the material saturation
and the permanent magnet demagnetization. The design
variables are determined as the magnet depth, air gap
length, magnet fraction, active length, depth of tooth
base, and the depth of stator back-iron.

Multi-objective Evolutionary Algorithms (EAS) that
employ traditional genetic algorithms have been
abolished because of their: 1) High computational
complexity of non-dominated sorting (where is the
number of objectives and is the population size); 2)
non-elitism approach; and 3) the need for specifying a
sharing parameter. In this paper, a non-dominated
sorting-based multi-objective EA (MOEA), called non-
dominated sorting genetic algorithm 11 (NSGA-II) is
used, which moderates all the above three drawbacks.
Simulation results on optimization show that the
employed NSGA-II is able to find much better spread
of solutions and better convergence near the true
Pareto-optimal front.

The optimization was planned for a population size
of 100 over 100 generations. The first step for the
optimization is determining design variables and a
range for each of them. These ranges are specified
according to the design specifications and the motor
design constraints. Table 4 depicts the design variables
and ranges for this study.

In the multi-objective technique, all objective
functions are optimized at the same time by
determining the design parameters. The Genetic
Algorithm technique is effectively employed as a
powerful method for multi-objective optimization of
permanent-magnet machines. This algorithm is
consisted of three main steps, initialization, selection,
and reproductions. An initial population is produced
randomly or according to expert data in the first step.
Over an optimization objective function, the fitness of
each individual in this population is inspected. For
choosing the parents a selection method is employed to
the initial population. A new population is generated by
applying the genetic operators to parents. To avoid
ignoring elite individuals in each population elitist rules
are also used. This method is repeated until optimal
parameter quantities are reached.

In this paper, the objectives are to minimize the
power loss and the mass of the machine, subject to
considering limitations.
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Table 4. Design Variables Ranges.

Quantity Min Max
Air Gap (mm) 0.3 0.8
Magnet 1 5
depth(mm)
Magnet Fraction 0.05 0.95
Active 20 120
length(mm)
Stator Back iron 1 20
depth(mm)
Depth of tooth 1 25
base (mm)

3.1. Optimization Results

The multi-objective optimization is used to
optimize two objectives at the same time. This causes
to a set of so-called Pareto optimal results. Fig. 4
shows the result of the multi-objective optimization
between mass and loss for the five-phase motor.

For the designed five phase motor, it is observed
that, as the mass changes from 3.7 to 9.5 kg, the power
loss decreases from 350 Watt to less than 75 W. Loss
components versus mass are shown in Fig. 5. Stator
resistance loss decreases remarkably with mass but,
semiconductor loss and Core loss are approximately
steady as mass changes. In fact, the conductor mass
goes up as the total mass increases.

The optimized variables and the design results of
one of the designs of the pareto-optimal front are listed
in Table 5 and Table 6, respectively. It is observed that
the specific electric loading and armature Current
density are in acceptable values. The core loss and
armature copper loss are decreased. Also, it is
observed that the total weight is reduced significantly.
Therefore, proper multi-objective optimization is
applied.

Pareto-Optimal Front

350
300
250
=
» 200
[%2]
S
150
100
|
50 -
2 4 6 8 10
Mass, Kg
Fig. 4. Pareto-optimal front result for the five-phase
motor.
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350
Resistive
300 ] Semiconductor
Core
250 Total
= 200 \
2 N
& 150
100
E
50
o [ ey
2 4 6 8 10

Mass, kg
Fig. 5. Power loss components versus mass for the
five-phase motor.

Table 5. The optimized design variables.

Quantity Value Symbol

Air Gap (mm) 0.495 g

Magnet depth(mm) 3.15 hm

Magnet Fraction 88 Va

Active length(mm) 89.76 L
Stator Back iron

depth(mm) 23.96 P

Depth of tooth base 13.45 he

(mm)

Table 6. Pareto-Optimal Front Results.
Values of the

Quantity five-phase motor
Maximum Line Induced 282.537 (V)
Armature Thermal Load 99.819(A"2/mm"3)
Specific Electric Loading 19.8125(A/mm)

Armature Current 5.0201 (A/mm~2)

Density

Iron-Core Loss 31.4379(W)
Armature Copper Loss 134.4679(W)
Total Loss 176.9057(W)
Rated Torque 7.40416(N.m)
Total mass 5.76(kg)
Maximum Output Power 4693.83 (W)

4. NUMERICAL MODELLING OF PMSM
MOTOR

The initial design was performed according to the
analytical equations of the electric machine. In this
section, a finite-element analysis was employed to
verify the model accuracy. A comparison was done to
verify the optimized variables of the machine
concluded from the analytical method and the FEM
model.
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4.1. Flux Density Distribution

The flux density distribution as a result of the PM
rotor poles of five-phase motor is shown in Fig. 6. It is
observed that flux density in tooth (1.355T) and back
iron (1.11T) is in reasonable range and the five-phase
motor will not be saturated.

Blteslal

1. 4424%2+000
1.3522¢+000
1.2621e+000
1.171%e+000
1.0818¢+000
9.9162¢-001
9.9148¢-001
8.1133e-001
7.2118¢-001
6.3103%¢-001
s
Y
3
2
1
Q.
6.

. 498%e-001
.Sa74e-001
- 605%¢-001
. 7954%e-001
. 5930e-001
9148e-002
4509 -008

90 (mm)
Fig. 6. The flux density distribution of the five-phase
motor.

Leakage flux means that there are flux lines that
come out from one magnet, enters the stator tooth, but
come back to another magnet without coupling with the
winding. In Fig. 7, no such flux lines are seen, which
indicates that the leakage flux is negligible. Therefore,
it is possible to neglect leakage permanent magnet flux
and to employ the relation (2) to express back EMF.

0 45 90 (mm)
Fig.7. The flux density distribution of the five-phase
motor.
4.2. Back Emf

Transient simulation with MAXWELL-2D is done
to calculate back-Emf of the optimized motor when the

Vol. 14, No. 4, December 2020

rotor has its rated speed (1500 rpm). As we can see in
Fig. 8, due to solt/ pole combination was selected
properly, the back-emf waveforms are completely
sinusoidal and their harmonics are eliminated
remarkably. The results show acceptable agreement
between the analytical calculations and FEM method.

300.00

200.00

100.00

ge(volt) [V]

°

o

IS}
1

Induced volta

-100.00

-200.00 —

-300.00 T T T T T
0 1 5

o

3
Time [ms]

Fig.8. Back EMF calculations at rated speed.

4.3. Electromagnetic Torque

The electromagnetic torque of five-phase motor
during full-load condition for the analytical design and
the FEA method is shown in Fig. 9. The average torque
of the five-phase motor is 7.2 N.m. It should be
considered that the analytical design method only
implements the fundamental of the air-gap magnetic
field and thus the resulting torque is an average value
without pulsations. However, this average agrees with
the average value of the FEA method.

Finite element analysis results are employed to
validate the optimized motor. The results are depicted
in Table 7. From the results, it is understood that the
inaccuracy is below 5% and it is concluded that the
FEM method confirms the accuracy of the optimized
design.

7.46

7251

75 -

wtonMete

N

o

o
L

gl.Torgue) [Ne:

Movin
o
o
o

1

(

6.25 4

1.02 1.50 2.00 250 3.00
Time [ms]

Fig. 9. Electromagnetic torque of the five-phase
SPMSM Motor.
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Table 7. Comparison of results for five- phase motor.

Quantity | Optimized design FEM
Maximum

Line Induced| 282537 (V) 281.167 (V)
Armature

Thermal |99.819(A"2/mm3) [104.736(A"2/mm"3)
Load

Specific

Electric 19.8125(A/mm) 20.5201(A/mm)
Loading

Armature

Current 5.0201 (A/mm”2) | 5.42008(A/mm~2)
Density

Iron-Core | 54 4370(w) 32.765
Loss

CArmat”re 134.4679(W) 136.378
opper Loss

Total Loss 176.9057(W) 179.7098(W)
T%i;ege 7. 416(N.m) 7.061(N.m)
Total mass 5.76(kg) 5.91kg)
Maximum

Output 4693.83 (W) 4678.93 (W)
Power

4.5. Thermal Analysis of the Designed Machine

It is essential to have enough information about the
temperature distribution in the motor. FEA is a reliable
thermal analysis tool for electrical motors. The thermal
distribution of the optimized five-phase motor is shown
Fig. 10. For the designed SMPM operation, the main
heat sources are the stator copper loss and the stator
core loss. As we can see from Table 8, all parts of the
optimized motor are operating in acceptable
temperature.

Table 8. The Result of thermal analysis of the designed
five- phase motor.

Part Temp [C]
Rotor 98.3872
Winding slot 119.7644
Stator yoke 105.9711
Stator teeth 107.5407

4.6. Prototype and Experiment

The optimized FSCW five-phase, surface-mounted
PM machine with 20-slot/ 22-pole is prototyped and
tested for validation.

The 22 poles rotor, the stator core with the windings
and the prototyped machine is shown in Fig. 11, and
Fig. 12 shows the experimental setup.
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Fig. 10. The thermal distribution of the optimized five-
phase motor.

Fig. 11. Rotor core, Stator core with windings and
prototyped machine.

The experimental back-emf of the prototyped
machine at the rated speed of 1500r/min is shown in
Fig. 13. It could be concluded from Fig.13 that the
value and waveform of lab measured back-emf of the
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prototype five-phase machine are approximately the
same as theoretical measurements.

5 ms/Div Back-emf10V/div

Fig.13 The experimental back-emf of the prototyped
machine at the rated speed of 1500r/min

5. CONCLUSION

In this paper, a five-phase surface-mounted
permanent-magnet motor was designed, optimized and
prototyped. To optimize the designed motors, multi-
objective optimization based on a genetic algorithm
method was used. Two- Dimensional Finite Element
Method (2D-FEM) was used to verify the performance
of the optimized machine. Finally, the optimized
machine is prototyped. It was concluded that the
results of the prototyped machine validate the results of
theatrical analyses of the machine. Also, it was seen
that multi-phase motor can produce acceptable
electromagnetic torque and back-EMF and cogging
torque.
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