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Abstract: Recent research reveals that multi-phase motors in electric propulsion systems are highly
recommended due to their improved reliability and efficiency over traditional three phase motors.
This research presented a comparison of optimal model design of a six phase squirrel cage induction
motor (IM) for electric propulsion by using Genetic Algorithm (GA) and Particle Swarm Optimization
(PSO). A six phase squirrel cage induction motor is designed and simulated by ANSYS Motor-CAD.
In order to find the best fit method, simulation results are compared and applied to the motors for
electric propulsion, considering the influence of design upon the motor performance. The six-phase
squirrel cage induction motor is more energy efficient, reliable and cost effective for the electric
propulsion compared to the conventional three phase motor. In this study; first the initial parameters
of the six phase squirrel cage induction motor have been determined and then these parameters have
been compared with optimized values by Genetic Algorithm (GA) and PSO optimization. The motor
designed is optimized using efficiency and power losses as the fitness function. The six phase squirrel
cage induction motor is designed using ANSYS Motor-CAD and the simulation results were also
presented along with two-dimensional and three-dimensional geometry. The result shows that the
weight and power loss are reduced to 161 kg and 0.9359 Kw respectively, while the efficiency and
power factor are increased to 0.95 and 0.87 respectively when PSO is used. This shows that the result
is promising.

Keywords: six-phase squirrel cage induction motor; stability; optimization; eigenvalues; ansys motor
CAD; genetic algorithm; particle swarm optimization

1. Introduction

Modern submarines are complex types of machines that exist today, revolutionizing
the marines and with the presence of multi phase motors witnessing burst in their daily
performance, intended for underwater research, maintenance, or military purposes. The
intentions of military submarines are attacking enemy surface ships or submarines and
also serving as portable missile launchers, and their subtle nature makes them suitable
for surveillance and the deployment of special forces in enemy territory, and so forth. All
these make submarines very popular for the military power of developed countries [1].
A six phase induction machine is a dual stator winding induction motor with two sets of
three phase currents and is visualized as a dual stator winding induction motor, as with
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paralleling two three phase induction motors. A single dual stator winding induction motor
can replace the two three phases and cost is decreased while reliability is enhanced [2].

Different types of AC motor are used for electric propulsion. In this research, a
six-phase squirrel cage induction motor has been proposed because of design simplicity,
robustness and is less expensive than a similarly rated Permanent Magnet Synchronous
Motor. The six-phase squirrel cage induction motor is approximately 15% less expensive
than the Six Phase Permanent Magnet Synchronous Motor. They are the most applicable
electric machines to industry, transportation system and other applications due to their
higher torque and low maintenance compared to other rotating electrical machines. These
advantages contribute to their reliability and make them attractive for electric propulsion
applications. Three phase induction motors have been used for transportation and indus-
trial application even though they have a setback with respect to performance especially
in the case of phase loss [3,4]. A major problem referring to the machine model is the
limitation to three-phase losses [5]. In the case of a three phase induction motor, phase
loss happens, the motor does not produce an adequate performance such as output power
and torque, as is required for electric propulsion applications and hazardous environments
such as mining, pumping and blowing operations [6,7]. To reduce the phase loss problem,
the six phase induction motor gained more attention due to its simplicity in converting the
three phase to six phase [8]. The six phase induction motor has a three phase induction
motor that has dual stator winding shifted by 30 electrical degrees. This is the solution to
the three phase induction motor phase loss problem [9]. The system reliability improves
when the six phase induction motor is used. As a result, the harmonic current in the rotor
is also minimized. The six phase induction motor is used for traction applications and is
employed in electric propulsion systems (ships and aircraft) [10]. Due to the high degree of
reliability, demands in electric aircrafts, electric submarines propulsion, electric vehicles,
and so forth are the application area of multiphase induction motors [11]. Due to the ease
of operation, high reliability, cost effectiveness, easy maintenance and low noise compared
to other motors, six phase induction motors are widely applied in industries in recent
years [12].

The Genetic Algorithm (GA) has been used to optimize the design of electrical ma-
chines. During optimization, GA undertakes design variable selection, crossover, and
mutation. The advantage of GA over traditional nonlinear programming techniques is
that it can find the global minimum than the local minimum [13]. Induction motor (IM)
design difficulties are also solved by GA. However, these strategies do not always yield the
globally optimal solution; in some cases, they may provide poor results. One of the modern
evolutionary algorithms is the PSO algorithm. PSO is a population based method that is
conceptually straightforward to implement, and highly efficient. PSO is an optimization
technique that can be utilized to solve many of the same problems as GA while avoiding
some of GA’s drawbacks. Particle Swarm Optimization has also been demonstrated to be
reliable in the case of non linearity and high dimensional challenges [14]. Nowadays, the
optimum design of six phase induction motors has gained greater attention [15]. This re-
search paper presented a novel method of multi objective design and the optimization of six
phase induction motors. The proposed method is more efficient than the traditional design
method because of high performance and reliability. The particle swarm optimization (PSO)
algorithm has been compared to manual design in this research paper with the main goal
of finding which is more suitable for the design of six phase induction motors. The research
presents an optimal design of six phase induction motors for obtaining optimal size and
efficiency. For this purpose, PSO is applied and it has not been used for the optimum
design of such motors yet. Optimization is performed with an objective function, which is a
combination of maximum efficiency and minimum size. This approach is used to design a
six-phase IM, and the results were compared to the GA and the traditional design method.
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2. Proposed System Design

The tools that we used for these studies were Ansys Motor-CAD and MATLAB
Software. Ansys Motor-CAD was used to evaluate motor topologies and concepts across
the full operating range [16,17]. MATLAB software was used throughout the whole code
development process, such as writing, compiling, debugging, and programming for the
Genetic Algorithm and the PSO algorithm. The MATLAB program for the PSO application
is written and executed. In terms of the given design variables to be optimized, this
software minimizes stator copper loss, rotor copper loss, and stator iron loss. The efficiency,
weight and power factors have been optimized, and the optimized values have been
put into the main program for the best design possible. As a result, the parameters
of a six phase induction motor have been assessed, and the values have been verified.
The total losses in the stator and rotor are used as objective functions to be minimized
since the design optimization of a six-phase induction motor requires objective functions
affecting performance aspects. The PSO optimized six-phase induction motor design
process is depicted in Figure 1, which includes current density, flux density, magnetic and
electric loading; aspect ratio and other factors are chosen based on the motor’s detailed
specifications. The design is prepared with the assumption of efficiency and power factor.
The acquired result is examined to see if the assumptions are correct. If this is not the case,
the process is repeated.

One of the most essential parts of electrical machine design is optimizing optimization.
The problem of optimizing six phase induction motor design is represented mathematically
as a non-linear programming. The total power loss equation is minimized to obtain optimal
efficiency [18]. The Particle Swarm Optimization method is made up of a group of particles
that move throughout the search space based on their own best previous position as well
as the best past location of the entire swarm or a near neighbor [19]. Similar to the genetic
algorithm and the evolution algorithm, PSO is also a computation technique inspired by
a flock of birds or a school of fish. In this case, the particle (bird or fish) searches for its
neighbors, comparing itself to other populations and follows the superior neighbors [20].

The velocity of a particle is adjusted in each iteration by:

Vigs1) = Vi) + Co = rand() s (pf' = pyp)) + Co e rand()  (p§" — pyp)), 1)

where V1) is the ith particle velocity, C; and C, are personal best and global best

weighting coefficients, respectively, p; ;) is the ith particle’s position at time £, p?“t is the

best

ith particle’s best known position, and py

particle’s position is updated using:

is the best position known to the swarm. A

Pi(t+1) = Pi(r) + Vi(e)- 2

Figure 2 shows a particle swarm optimization algorithm flowchart.

A standard PSO suffers a convergence prematurely and is easily trapped at a local
optimum due to loss of population diversity. To avoid this problem, a balance between
global and local search abilities can be taken into consideration and inertial weight PSO
was proposed. The velocity of a inertial weight PSO is updated in each iteration by:

— Xir)) + 2 %2 % (g1 — x;(4)) (©)

Viitr1) = (i) Vi) + cq xrp % (pe!
t

T(iteration)’ @)

w; = w(init) — (w(init) — wend)) *

Still, when inertial weight is small, the algorithm comes back to the problem of
exploitation at the local optimum for gbest and pbest. To deal with premature convergence,
a Self Regulated PSO is proposed which provides a better exploitation and exploration
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to the standard PSO. In this self regulated PSO, the best particle will have the higher
acceleration process by making an increased initial weight. Velocity is updated as follows:

Vi) = @iy Vigy €1 % 11 % pse * (pF = xi0)) + c2 % 12 % pao % (87 — xi0)),  (5)
where w;) is the ith particle inertial weight, ps. is self cognition perception and ps, is social
cognition perception; ps. and ps, are zero for best particle and one for non best particle.
Generally, particle swarm optimization is used to optimize the loss of the induction motor
through writing Matlab code on Matlab software by using an objective function and derived
total power loss of the motor.
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Figure 1. Overall Flowchart of the System Design.
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Figure 2. A Flowchart of PSO Algorithm.

2.1. Optimization Function Problem Formulation

The key to optimizing the six-phase induction motor design is to select independent
variables; otherwise optimization is complicated if many variables are used. As a result,
variable selection is critical for optimizing motor designs. The following is a mathematical
representation of a general nonlinear programming problem.

Find X = g(x1;x2 :::1: x,) such that g;(x) is a minimum or maximum, b;(x) <0,i=1,
2, ..., n; gi’s are objective function to be minimized or maximized and b; are constants and
x;’s are the variables.

Finally, the total power equation is derived and then the derived equation was con-
verted into the MATLAB program. Then by using PSO and GA algorithms, the derived
equation was programmed and the program was executed on the MATLAB software. Then,
simulation of the model was performed by using ANSYS Motor-CAD and the simulation
result was verified.

2.2. Derivation of Objective Function

The six phase IM losses were used as an objective function. There are two main losses
considered in the six-phase induction motor. These are Copper Loss (Stator Copper Loss
and Rotor Copper Loss) and Stator Iron Loss. The major losses that are found in the parts
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of induction motor are iron losses. The two types of iron losses are hysteresis and eddy
current losses. The copper loss occurs due to the current flowing through the winding
resistance of the motor. So these losses can be minimized by reducing resistance of winding,
increasing the conductor’s cross sectional area, lowering the temperature of winding and
using lower resistivity materials Authorl [21].

Most of the time, extra losses can be reduced by using copper conductor materials
with increased current densities. The causes of hysteresis loss are related to electrical
frequency and that of eddy current loss is related to the square of the electrical frequency.
The performances of six phase induction motors are affected by stator and rotor losses. To
apply the PSO, the first objective function is defined to evaluate six phase squirrel cage IM
design to obtain an overall good performance. The first objective function aims to minimize
the total losses. Let us derive its mathematical equation with each loss for clarity.

2.2.1. Stator Copper Loss
Stator Copper Loss (Pst) is determined as follows

Py :6*152*RS. 6)
However , the resistance is given by:
R=(pxl)/a. @)
In addition, rewriting the resistance formula for stator copper winding, we have:

_ Peu * Lt * Nph

R 8
s ~ ®)
Current density is given as follows:
L
= —. 9
f=at ©)
Substituting Equation (9) into Equation (8), we have:
* Lyp % Ny, *
R, = Pcu * bmt ph ]s. (10)
L
Now, substituting Equation (10) into Equation (6), we have the following:
6 % 0cy * Lt * Noj,  Jo % 12
= Ocu * tmt - ph Js * I . (11)
S
By simplifying Equation (11) we have:
Pt = 6% pey * Ly * Nph * Js. (12)

2.2.2. Rotor Copper Loss

Rotor Copper Loss (P;;) is the sum of the rotor bar loss and the rotor end ring loss.
P, = Rotor bar loss (P,) + End ring loss (P.) Rotor bar loss (P, ) is found as follows

P, =I}+Ry*S,. (13)
However,
R, = Peu * Iy (14)
ap
We also have: !
b
ap = —. (15)
"
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Substituting Equation (15) into Equation (14), we have:

I

Now substituting Equation (16) into Equation (13), we have the following:

IZ % pey * 1y % Jp * Sy

P, = T a7
By simplifying Equation (17) we have:
Py = peu * Iy * Jp % Sp * L. (18)
End ring loss (P;) can be determined as follows:
P, =2%I?%R,. (19)
However,
R, = Pcu * le, (20)
e
where [, = mean length of current path in the end ring = circumference of end ring.
le = 7T % D,. (21)

Substituting Equations (20) and (21) into Equation (19) we have the following equation:

PeZZ*Iez*pcu*n*De*

R.. 22
“ : @2)

In addition, we have:
I
e = —. 23
¢=7 (23)

Substituting Equation (23) into Equation (22), we have:
Pe =2 % 7T % pey * Jo * Lo % De. (24)

Therefore, rotor copper loss becomes:

Prt:Pb+Pe (25)
Pt =P+ P, (26)
Prt = pey Iy * Jy % Spx Iy + 2% 70 % pey * Jo * Lo * De. (27)

Now, total copper loss is found by adding all copper losses.
Py = Pst + Py (28)

Py =6x% PculthphIs]s + pculp JpSrly + 270 pey JeIe De. (29)

Equation (29) shows six phase induction motor copper losses.

2.2.3. Stator Iron Loss
Stator iron loss (Pr,) can be determined as follows:

Pre = pre(ViKi fR2 B + VoK f2BY), (30)

where V; = Volume of teeth; V. = Volume of core.
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Vi = wsidsslss (31)
Uy
Ve = ( 4 )(Dg - [D +2dss]2)- (32)
However, we have the following relationship:
D, = D + 2dss + 2dsc. (33)
By rearranging Equation (33), we have the following:
Dy —2dsc = D + 2ds. (34)
Now substituting Equation (34) into Equation (32), we have:
Tl
Ve = ( 1 )(Dg — [D, — 2dsc)?). (35)

By squaring the terms inside the brackets and simplifying Equation (35), we obtain

7Tk
v = 1 }(D2 - [D2 — 4Dudic + 42)) (36)
7Tk ]
v, = | 1 ) (D2 — D2+ 4Dy — 442 (37)
Ve = 71 % 1(Dodse — d2.]) (38)
Ve = mmx L xdse(Dy — dsc). (39)

Substituting Equation (33) into Equation (39), we have:
Ve = mxl s dse(D + 2dss + dsc). (40)

Finally substituting Equations (31) and (40) into the expression of stator iron loss in
Equation (30), we have:

Pr, = pre(wsidsslssKi fR2BY + 70 % 1% doe (D + 2ds + dsc) Ky f2B2)). (41)

Therefore, total losses of the six-phase induction motor are determined as follows:
(P) = Total Copper Loss (ocu) + Total Iron Loss (of,)

P = 6% pcy * Lt *Nph * Js + Pcu * Iy * Jp* Sy x I + 27 % pcuJele Do+
0 re(Wstdsslss K fR2BL? + 705 1w doc (D + 245 + dsc) Ky fR2BL2). (42)

2.3. Weight Determination

To apply the particle swarm optimization technique, a weight objective function has
to be defined to evaluate how good each motor design is, especially related to weight. The
objective functions are related to weight minimization. The mathematical expression of the
weight of material, of the six phase squirrel cage induction motor is similar to that of a 3P
induction motor in their form except their weight may differ because the stator winding is
different. The weight of iron used for stator diameter is determined as follows:

7T
Wisa = pfeL (5 (D5 = (Do = 2dsc)?)). (43)
where

Wisq = weight of iron of stator diameter,
pfe = Iron Resistivity,
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L = Stator Length,

Do = Stator Diameter,

dsc = Stator Core Diameter.

The weight of iron used for stator bore diameter is determined as follows.

Wissa = preL (5 (D = (D = 2di0)?)), (44)

where

Wispg = weight of iron of stator bore diameter and
D = the bore diameter of stator,
The weight of iron used for stator teeth is determined as follows:

Wist = PfeL(ststdss)/ (45)

where

Wit = weight of iron of stator teeth,

Ss = number of stator slot,

W = width of stator teeth and

dss = diameter of rotor slot.

The weight of iron used for rotor teeth is determined as follows:

Wirt = PfeL(Srwrtdrs)r (46)

where
Wi+ = weight of iron of rotor teeth,
S, = number of rotor slot,
wy+ = width of rotor teeth and
dys = diameter of rotor slot.
Total iron weight Wit is determined by the following formula:

Wit = Wisg + Wispg + Wist + Wiy (47)

Wi = preL (5 (D3 = (Do = 2d5c)?) + oL (5 (D = (D = 2d50)%) + e L(Sswstdss) us)

+PfgL(Srwrtdrs)
- (D2 — (Dy — 2dse)?) + (D? — (D — 2dyc ) 49
Wi = p5eL((F (D3 — (Dy — 2d5c)?) + & (D — (D — 2d5c)?) + (Sswads) + (Sswondrs)).  (49)
The copper weight includes stator winding weight, weights of rotor bars and two
end-rings. The weight of copper used for stator winding is determined as follows:

Wswe = PcuNphlmtacu- (50)

where
Wiswe = weight of stator winding copper,
peu = the resistivity of copper,
Npj, = number of turns per slot per phase,
Lnt = mean turn length and
acy = the area of stator winding of stator.
The weight of copper used for rotor bars is determined as follows:

Wipe = Pcu(SrAbar(L + lbar))r (51)

where
W, = weight of rotor bar copper,
S, = number of rotor slot,
Apar = Rotor bar cross sectional area and
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Iyar = Rotor bar length.
The weight of copper used for two end rings are determined as follows:

Were = Pcu (ZAETC * De)/ (52)

where
Were = weight of end rotor copper,
A, = area of end ring of rotor and
D, = Rotor end-ring diameter.
The total weight of copper materials W, used is determined as follows:

Wct - Wswc + Wrbc + Werc (53)

Wer = PcuNphlmtacu + Pcu(SrApar (L + lpar)) + peu(2Ae7 * De). (54)

Therefore total iron and copper weight material W; is obtained as follows:

Wi = Wi + W (55)

lis lis
Wi = pfeL(Z(Dg — (Do — 2dsc)?) +PfeL(Z(D2 — (D —2ds.)?) + preL(Sswstdss)
+0 5 L(Srwytdrs) + peuNpnlmtacu + peu(Sr Apar (L + lpar)) + peu(2Ae70 % De). (56)

2.4. ANSYS Motor CAD

An overview of ANSYS Motor-CAD can be found at this link (https://www.motor-
design.com/wp-content/uploads/About- Ansys-Motor-CAD-Brochure.pdf (accessed on
9 November 2021)).

Then the software was launched and the information about the motor to be designed was
entered. Manual modeling was used to determine the value of those data. The software created
a model of the stator core, stator slot, stator winding, rotor core, rotor slot, and the model when
the rotor was inserted in the stator using the input parameters. In the following diagrams,
those models are described one by one. Figure 3 shows a representation of the stator core
and rotor core. The stator core is the outer stationary portion of an induction motor. M19 29
Gauge steel material was used to model this stator core, which has minimal core loss, excellent
permeability at low and moderate inductions, and outstanding stamping properties. The rotor
core is built of the same steel as the stator core [22]. It has thirty-eight slots that are ready for
rotor bar casting. When the rotor core was put into the stator core with a sufficient air gap
between them, as shown below. First, a machine model was created. This machine’s data were
known from previous calculations, and the model’s outputs could be compared to validate it.

Figure 3. A Cross Section of Stator core and Rotor core.

The model of one of the stator slots is illustrated in Figure 3, along with its dimensions
and shape. One of the most important elements affecting motor performance is the slot
design and dimension. As a result, the optimal value of motor performance is obtained by
carefully selecting the slot’s shape and dimensions.
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When the stator core mode, stator slot model, stator winding, rotor core, rotor slot,
and shaft are joined together, it contains the entire model. The design data sheet for 30 hp
is seen in Table 1 [23]. At the completion of the design process, this design sheet lists the
data needed for design and material conceptualization. It is separated into three categories:
general data, stator data, and rotor data. The general data for the design of the six-phase
induction motor are given in the Table 2. The stator and rotor models were obtained using
software from the stator and rotor parameters.

Table 1. Stator and Rotor Parameters.

Stator Parameters Value Rotor Parameters Value
Slot number 48 Slot number 38
Stator lamination Diameter 296 mm Pole numbers 4
Stator bore 195 mm Bar opening 1 mm
Tooth width 11 mm Bar opening depth 1 mm
Slot depth 22 mm Bar tip angle 45°
Tooth tip depth 1.5mm Rotor tooth width 18 mm
Slot opening 1 mm Air gap 11 mm
Tooth tip angle 30° Shaft diameter 27 mm

Table 2. General Design Data.

Output Power 30 hp Friction & windage losses 3% of output power
Input voltage 380V Stray losses 1% of output power
Number of poles 4 Operating temperature 75°C

Speed 1470 rpm Operation motor Motor

2.4.1. Equivalent Circuit from Motor CAD Design

Figure 4 shows the equivalent circuit model of the designed motor using Ansys Motor
CAD software.

4 ANSYS Motor-CAD v14,1.2 (No File)*

File Edit Model MotorType Options Defaults Editors View Results Tools Licence Print Help

@ Geomety | [ winding | (4 Input Data | fifh Calculation | & Ediagnstics  ZE| Outout Data |22 Graphs | 52 Senseivy | ©) Scrping |

A\ Drive | @ EMagnetics |‘gg) Equivalert Circut \:ﬁs.ng\a Load Point (FEA) | 33 Flux Densties | #k Core Losses | M Losses | [ Winding | 4. Convergence | 2% Lookup | Ak Micelaneous | 48 Materials
Values | Ciruit |

Component :
Stater i Rotor

@® Names

Values
8V N Phase Current (ms,

okages ‘;4‘—{

O Power Phase Resistance Stator Leakage Reactance
O Labels >~ :
Circuit w}—{ l——{ Referred Rotor Current (rms)
® TCireut Phase Resistance Stator Leakage Reactance
O LCircuit !

Core Loss Current (rms) (T circuit) Msgnetizing Current (rms)
!

Stator Terminal Phase Voltage (mms) Referred Rotor Resistance

Core Loss Resistance | Magnetizing Reactance

Referred Energy Conversion Resistance

Figure 4. Equivalent Circuit Obtained from ANSYS MotorCAD.
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2.4.2. Material Consumptions

Figure 5 shows material consumption for a software simulation of a developed six
phase induction motor.

B ANSYS Motor-CAD v14.1.2 (Motor CAD going onl.mat)™
File Edit Model Motor Type Options Defaults Editors View Results Tools  Licence Print Help

.Geometry I DWlndlng Dﬂ Input Data “m Calculation I F Temperatures I 22| Output Data I Es Sensitivity I °Scr|pt|ng I
% Cooling | M Losses | jghg Materials | L Interfaces | () Radiation | il Natural Convection | %2 End Space | € Settings | 48 Material databs
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Housing [Front] Copper {(Annealed) ~ 40 385 8933 3.086 1 0 3.096
Housing [Rear] Copper {Annealed) ~ 401 385 8933 3.086 1 0 3.096
Housing [Total] 14.45 227
Endcap [Front] Brass (70% Cu, 30% Zn) [~ 111 385 8522 3.489 2 0 6.979
Endcap [Rear] Brass (70% Cu, 30% Zn} |+ 11 385 8522 3314 1 0 3314
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Stator Lamination [Total] 33.86 55.19
Amature Winding [Active] Copper (Annealed) e 401 385 8533 1.039 1 [1] 1.039
Amature EVWdg [Front] Copper (Annealed) L 401 385 8533 1.097 1 0 1.057
Amature EVWdg [Rear] Copper (Annealed) L 401 385 8533 1.097 1 0 1.057
Amature Winding [Total] 3234 3234
Wire Ins. [Active] Copper (Annealed) L 401 385 8533 0.25353 1 [1] 0.2953
Wire Ins. [Front End-Wdg] Copper (Annealed) v 401 385 8533 0.316 1 0 0.316
Wire Ins. [Rear End-Wdg] Copper (Annealed) ~ 40 385 8933 0.316 1 0 0.316
Wire Ins. [Total] 0.9313 0.9313
Impreg. [Active] 1 M19 29 Gauge Steel ~ 28 460 7800 0.8582 1 o 0.8582
Impreg. [Front End-Wdg.] M19 29 Gauge Steel ~ 28 460 7800 1.867 1 o 1.867
Impreg. [Rear End-Wdg.] M15 25 Gauge Steel ~ 28 460 7800 2.067 1 0 2.067
Impreg. [Total] [| 4793 4.793
Coil Divider ! Copper {Annealed) L 401 385 8933 0.2894 1 0 0.2894
Slot Wedge Copper (Annealed) v 401 385 8933 | 003966 1 0 0.03566
Slot Liner M19 29 Gauge Steel v i} 460 7800 | 04959 1 0 0.4359
Rotor Lam (Back Iron) Copper (Annealed)  |w 401 385 8533 1902 2 0 3805
Rotor Inter Lam (Back Iron) M13 29 Gauge Steel |+ 24 460 7800 | 05138 1 0 0.138
Rotor Lam (Toath) Copper (Annealed) v 401 385 8533 1925 1 0 1525
Rotor Inter Lam (Tocth) M19 29 Gauge Steel |+ i} 460 7800 | 0106 1 0 0.106
Rotor Lamination [Total] 2357 4259
Rotor Cage Top Bar | Copper (Annealed) v 401 385 8533 7047 1 0 747
Rator Cage Top Bar Opening Copper (Annealed)  |w 40 385 8933 | 0.04077 1 0 0.04077
Rotor Cage (Front End) Copper (Annealed)  |w 401 385 8533 3809 1 0 3809
Rotor Cage (Rear End) Copper (Amnealed) v 4 385 8933 | 3809 2 0 7618
Rotor Cage 147 1851
Shaft [Active] M19 29 Gauge Steel |+ i} 460 7800 | 05359 1 0 0.5359
Shaft [Front] M13 29 Gauge Steel v 2 460 7800 | 03458 1 0 0.3455
Shaft [Rear] M13 29 Gauge Steel  |v 24 460 7800 | 02573 1 0 0.2573
Shaft [Total] 113 1139
Bearing [Front] M13 29 Gauge Steel v i} 460 7800 | 0.119% 1 0 0.1195
Bearing [Rear] M19 29 Gauge Steel | 28 460 7800 | 0.11% 1 0 0.1195
Flange Mounted Plate M19 23 Gauge Steel  |v 24 460 7800 | 2068 1 0 2063
Mator Weight [Total] 1045 1605

Figure 5. Material Consumptions of Designed Motor.

2.4.3. Winding Pattern

Figures 6 and 7 show the radial pattern and linear pattern winding layouts of the
designed six phase induction motor. The radial representation of the cross sectional
geometry of the designed induction motor of four poles and 48 slots is plotted by using
Ansys Motor-CAD. The main parameters used for this plot are summarized in Table 1.
Each conductor in this motor is made up of two strands. The winding of the machine is
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separated into two parallel paths as can be seen in the figure below. The windings are
connected in a star pattern.

Figure 6. Radial Pattern of the Six Phase Induction Motor Winding.
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Figure 7. Linear Pattern of the Six Phase Induction Motor Winding.

2.4.4. Flux Density

Figure 8 shows a plot of flux density in the stator and rotor of the modeled six phase
IM at a rated speed. As shown in Figure 8 at the left of the figure, flux is symbolized by B,
which is measured by Tesla (T). We can read the value of this flux by checking the color of
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the flux density in the figure and searching for the corresponding number given within
that color.

£ ANSYS Motor-CAD v14.1.2 (Motor CAD going on.mot)™ - X
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Figure 8. Plot of Flux Density.
2.5. Stability Analysis

Stability analysis is best performed by determining the system eigenvalue using the
characteristic equation as:

det(A —¢I) =0.

Only if all of the real components of the eigenvalues are negative is a system considered
to be stable. For the six-phase induction motor, the above stated formula produces seven
state variables, which include both real and complex values. The six-phase induction
motor has three complex complex conjugate pairs and one real eigenvalue is obtained. A
4-pole, 415V, 50 Hz, a six phase induction motor is simulated [24]. Using MATLAB, the
following eigenvalues are obtained. So according to the stability criteria of eigenvalues, real
components of the eigenvalues are negative as shown below. —1:1176 + 0:0000i —0:1218 +
1:8114i —0:1218 — 1:8114i —0:4314 + 0:6471i —0:4314 — 0:6471i —0:0779 + 1:1749i —0:0779
— 1:1749i. This shows that the system is stable.

2.5.1. Parameters Used for PSO

In the PSO algorithm, the commonly used parameters are given in the Table 3.

Table 3. Parameters Used for PSO.

Parameter Value
Population size 100
Inertial weight minimum 0.4
Inertial weight maximum 0.9
Acceleration factors C1 2

bf Acceleration factors C2 2

2.5.2. Variables to be Optimized

Table 4 shows variables selected to be optimized.
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Table 4. Variables to be optimized.

Variable Name Represented Variables
Stator Outer Diameter X1
Stator Core Diameter X2
Stator Slot Diameter X3
Stator Tooth Width X4
Stator Bore Diameter X5
Rotor Core Diameter X6
Rotor Slot Diameter X7
Rotor tooth width X8
Stator Core Length X9

2.5.3. Boundary Limits of Variables

The boundary limits imposed on the design are presented in Table 5.

Table 5. Boundary limits of variables.

Variables Lower Boundary (LB) Upper Boundary (UB)
X1 0.21 0.27

X2 0.028 0.032

X3 0.017 0.022

X4 0.0645 0.0665

X5 0.18 0.21

X6 0.076 0.0885

X7 0.088 0.092

X8 0.0035 0.005

X9 0.18 0.24

3. Simulation Results and Discussion
3.1. Motor-CAD Lab: Efficiency Maps

The motor efficiency map is created using the ANSYS Motor CAD. After acquiring the
majority of output and loss data in the operating area, the motor’s efficiency under various
working situations is determined. Figure 9 shows an efficiency map of a modeled induction
motor. The efficiency map is automatically displayed when the simulation is finished and
different values can be plotted by changing parameters to be plotted. The graphs below
are automatically generated when the calculation electromagnetic performance is finished.
We can read the value of efficiency from the left of the figure based on the color or from
the figure itself at different operating points. For the examination and testing of motor
efficiency, the efficiency map diagram is quite useful. It can help the designer identify the
most efficient and low consumption option, which will improve the overall performance.
The map diagram of motor efficiency depicts the distribution of motor efficiency at various
speeds and torques. It can be observed that the motor’s efficiency is low at low torque
and low speed and that, as the speed increases, so does the efficiency. Furthermore, the
efficiency is highest at the motor’s rated working point, with a maximum efficiency of
around 96 percent.
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3.2. Performance of Designed Motor

The designed motor performance is computed using Motor-CAD software with a
Maximum Torque per Ampere control scheme, while taking into account the electrical
constraints. Figures 9 and 10 show the Torque-Speed and Power-Speed efficiency maps.
Based on the weight and its dimensions, the peak power, torque and efficiency targets are
met. In Motor-CAD, peak performance is determined using the optimized set of variables.
The results precisely match the peak performance requirements and demonstrate a large
working zone at a maximum efficiency of 95 percent.

k¢ Graphng  ZE|Data K GraphSettings  [=* ExportSettings 52 Analysis
96
300 o4
200 =73
g 100 ] _
= 2
E ol
4 B g
= o
£ ]
g =100 (3
=200 B4
-300 82
400 . 0
2000 6000 8000 10000 12000 14000
Speed (rpm)
X Aus: Speed ~ ¥ Axis:  Shaft Torque | I Aws: Effidency -
Figure 9. Optimized Efficiency Map of Designed Motor.
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Figure 10. Shaft Power of Designed Motor.

Figure 11 indicates the loss per weight of the designed six phase induction motor
optimized by Particle Swarm Optimization. As can be seen from this figure, the total loss of
the designed motor is approximately around 950 W when the color of the figure is matched
with grading scale to the right side. This shows that the obtained optimized loss per weight
of PSO is small compared to that of others.
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Running the Manual Design, Genetic Algorithm (GA) and PSO MATLAB m-file codes
yields the results in Table 6. The particle swarm optimization results in a better collection
of variables (X1 to X9) as indicated in Table 7, resulting in loss and weight reduction. By
manual design, the losses and weights are greater compared to those of GA and PSO. It can
be seen that by using PSO, the six-phase squirrel cage induction motor’s performance is
improved and the losses (copper and iron) are reduced to 935.9 W, when compared with
manual design and GA of 2033.7 W and 1608 W respectively. The weight of the motor is
lowered to roughly 161 kg while the attaining performance increases, which is an important
achievement. It has been discovered that PSO based optimal design has a higher efficiency
than conventional and GA based approaches. As a result, PSO delivers greater optimization
in terms of performance. Particle swarm optimization has a total loss of 935.826 W and a
total weight of 161 kg which is lower than the manual design and GA, indicating that it is
energy efficient. The obtained values of the various parameters demonstrate that, when
compared to manual approaches, particle swarm optimization reduces the size of the motor
significantly. As a result, material cost is also decreased as weight is optimized. From
these design calculations and the optimization, it can be shown that the particle swarm
optimization optimized design produces an efficient and smaller motor with the same
rating as the manual and GA approaches.

Table 6. Comparison of Design Optimization Techniques.

No Parameters Manual Design GA PSO

1 Stator Bore Diameter 195 mm 189.97 mm 180.93 mm
2 Stator Outer Diameter 298 mm 278.98 mm 269.94 mm
3 Stator Core Length 230 mm 240 mm 240 mm

4 Airgap Length 0.6235 mm 0.603 mm 0.5931 mm
5 Rotor Outer Diameter 194 mm 188.76 mm 179.76 mm
6 Rotor Inner Diameter 100 mm 97.67 mm 87.688 mm
7 Total Power Loss 2.0337 Kw 1.608 Kw 0.9359 Kw
8 Rated Slip 0.02 0.0154 0.012

9 Input Power 24.434 Kw 24.008 Kw 23.336 Kw
10 Rated Efficiency 0.9168 0.933 0.953

11 Rated Power Factor 0.8345 0.8499 0.8767

12 Rated Torque 145.5 Nm 154.66 Nm 162 Nm

13 Peripheral Velocity 15.395m/s 14.92m/s 14.21m/s
14 Stator Slot Pitch 12.76 mm 12.43 mm 11.84 mm
15 Mean Turn Length 1050 mm 815 mm 808 mm

16 Stator Core Depth 29.5 mm 28 mm 28 mm

17 Net Core Length 207 mm 192.4 mm 192.4 mm
18 Stator Slot Diameter 22 mm 17 mm 17 mm

19 Rotor Slot Pitch 9 mm 8.075 mm 7.25 mm
20 Weight of motor 200 kg 188.6857 kg 160.5 kg
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Table 7. PSO Optimized Variables.

Variables Values

X1 269.94 mm
X2 28 mm

X3 17 mm

X4 6 mm

X5 180.93 mm
X6 28 mm

X7 19 mm

X8 4.3 mm

X9 240 mm

2 ANSYS Motor-CAD v14.1.2 (TRY For Effeciency.met)*
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Figure 11. Loss per Weight of Designed Motor.

3.3. PSO Optimized Results

Tools Licence Print Help
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Figure 12 depicts a snapshot of the problem’s optimum solution. The best value of the
objective function obtained after 10 separate runs is 161.724 kg weight, as seen in Table 6.
At X1 =269.94 mm, X2 =28 mm, X3 =17 mm, X4 = 6 mm, X5 = 180.93 mm, X6 = 28 mm,
X7 =19 mm, X8 = 4.3 mm and X9 = 28 mm, this value is obtained as it as seen in Table 7.
The eighth run, out of ten, yields the best results. The simulation took a total of 28.6892 s

to complete.
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Figure 12. PSO Convergence Time.

4. Conclusions

In this research, a six-phase squirrel cage induction motor is optimized by particle
swarm optimization resulting in improved efficiency with a minimum size of the motor.
This design considers efficiency as the objective function and shows how efficient this
motor is, and also considers weight as objective function, showing the optimized motor’s
weight. The total losses are reduced from 2.0337 KW to 1.608 KW in the case of the genetic
algorithm and 0.9359 KW in the case of PSO optimization using a MATLAB simulation.
This optimized value of total power loss, calculated using PSO, is determined to be 935.9 W,
obtained from the MATLAB simulation. As a result of the reduced total power loss, the
motor’s efficiency increased from 91 percent to 95 percent. It can be deduced from this
that the efficiency of an induction motor is inversely proportional to the losses. The
optimally designed motor’s weight is decreased from 200 kg to 160.5 kg, as compared to
the conventionally designed motor. The weight of the motor is also lowered while the
attaining performance increases, which is an important achievement. This demonstrates
that the losses and weights of a six phase induction motor can be greatly decreased by PSO
optimization. In the study, the particle swarm algorithm outperformed the manual design
and GA. This research makes a significant contribution to a fascinating issue in the field
of electric motor design and other technical applications. Finally, the system stability is
checked and satisfied for the tested stability condition.

Author Contributions: Conceptualization, T.T.; methodology and software validation L.W.; formal
analysis and review, T.A.; supervision, A.T.; writing, editing, S.L.; and visualization, S.U. All authors
have read and agreed to the published version of the manuscript.

Funding: Princess Nourah bint Abdulrahman University Researchers Supporting Project number
(PNURSP2022R?79), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from
authors upon reasonable request.

Acknowledgments: Princess Nourah bint Abdulrahman University Researchers Supporting Project
number (PNURSP2022R79), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia.

Conflicts of Interest: The authors declare no conflict of interest.


http://mostwiedzy.pl

A\ MOST

Energies 2022, 15, 2994 20 of 21

Abbreviations

PSO  Particle Swam Optimization

AC Alternating Current

Mw Megawatt

SPIM  Six Phase Induction Motor

FEA  Finite Element Analysis

GA Genetic Algorithm

Bav Air gap flux density or Specific Magnetic loading

ac Specific Electric loading
D stator core diameter

L core length of stator

Q input apparent power
KVA  Kilo Volt Ampere

Co Output coefficient

\% Peripheral Velocity

KVA  Kilo Volt Ampere
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