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Abstract: This paper presents an altered grey wolf optimization, the Taguchi method, and finite
element analysis (FEA) with two-phase multi-objective optimization for the design of a six-phase
copper squirrel cage rotor induction motor (SCSCRIM). The multi-objective optimization design with
high-performance property aims to achieve lower starting current, lower losses, lower input power,
higher efficiency, higher output torque, and higher power factor. The multi-objective optimization
design with high-performance property using the altered grey wolf optimization, the Taguchi method,
and FEA in the first-phase program is used for minimizing the starting current, stator iron loss,
stator copper loss, and input power. The multi-objective optimization design with high-performance
property using the altered grey wolf optimization, the Taguchi method, and FEA in the second-phase
program is used for maximizing the efficiency, output torque, and power factor. Finally, the proposed
skill with higher performances is evaluated and verified via a two-phase program design and some
performance tests.

Keywords: grey wolf optimization; finite element analysis; six-phase squirrel cage copper rotor
induction motor; Taguchi method

1. Introduction

Six-phase induction motors [1-3] have been used in many domains of electrical power plants,
consumer markets, and so on. The six-phase induction motor provides lower torque ripple,
better reliability, and higher efficiency for its size compared to the traditional three-phase induction
motor [4]. Therefore, there are many optimal design methods and applications for aluminum rotor
induction motors [5,6] and copper squirrel cage rotor induction motors [7-13]. Cunkas et al. [5] proposed
an optimal design method to optimize the three-phase aluminum squirrel cage rotor induction motor
for optimization of torque, efficiency, and cost by using a genetic algorithm. Sun et al. [6] proposed a
bearingless induction motor design with an outer rotor and applied this design in flywheel energy
storage systems. Parasiliti and Villani [7] proposed the use of a copper cage in three-phase low-voltage
induction motors and a design guideline to optimize efficiency according to the new European
classification scheme. Daut et al. [8] investigated the efficiency of a die-cast copper rotor cage induction
motor with a H10 non-grain oriented electrical steel sheet as lamination. Kane [9] proposed the use of a
copper cage rotor induction motor with higher torque for assisting in engine cranking and peak power
mode. Zhang et al. [10] proposed the design and evaluation of a die-cast copper squirrel cage rotor
induction motor applied in traction drive by using a 2D finite element model. Moreover, technologies
using multi-objective optimization design [11-13] are fashionable design skills in a lot of industrial
appliances. Mittelstedt et al. [11] proposed optimal designs of composite multi-rim flywheel rotors
by using the multi-objective optimization skill. Anwar et al. [12] proposed hybrid bio-inspired
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meta-heuristic multi-objective optimization in a cloud computing environment by using the optimized
multi-objective scheduling of scientific workflows. Shen et al. [13] proposed the optimization of a
forecasting model by using an improved multi-objective artificial bee colony algorithm combining
multi-objective evolutionary knowledge. However, these multi-objective optimization designs [11-13]
combined with the other optimized skills resulted in slower convergent speed because of taking more
search time to find optimum values.

The Pareto frontier [14-16], that is, one of the fashionable frontiers such as the Pareto front or
Pareto set, belongs to the set of total Pareto efficient assignments. A Pareto reform is an alteration to a
different allocation that makes at least one individual or preference criterion better off without making
any other individual or preference criterion worse off, given a certain initial allocation of goods among
a set of individuals. When no further Pareto reforms can be made, Pareto optimization is assumed to
be achieved. Additionally, one of the fashionable design skills among electromagnetic devices is the
use of the finite element method (FEM) [17,18] combined with optimization algorithms. Because the
Pareto optimization coupled with FEM takes more calculation time, it is not very efficacious.

Multi-objective grey wolf optimization was proposed by Emary et al. [19] and applied in attribute
reduction of systems. Mosavi et al. [20] proposed a sonar dataset category using a feedforward
neural network training method and the grey wolf algorithm. Even though the algorithm is very
competitive and has been used in various fields [21-23], it has poor exploration capability and suffers
from local optima stagnation. So, in order to improve the explorative abilities of grey wolf optimization,
an altered grey wolf optimization with an adjusted factor is proposed in this paper. Therefore, the
main objective of this study is the multi-objective optimization design of a high-performance six-phase
copper squirrel cage rotor induction motor (SCSCRIM) by using an altered grey wolf optimization
algorithm, the Taguchi method [2,3,24,25] and finite element analysis (FEA) [26,27] to reduce the
computing time and enhance the searching speed of optimization. The adopted technology is a very
efficient and valid skill in the sturdy design of a high-performance SCSCRIM.

2. Initial Specification and Configuration of SCSCRIM

The initial specifications of the SCSCRIM are six phases, two poles, 3476 r/min and 5 kW; this is
described to explain the two-phase high-performance program of the SCSCRIM in this paper. A general
structural view of the SCSCRIM is shown in Figure 1. The formatted parameters of the SCSCRIM
are given in Table 1. The initial design of the SCSCRIM is based on computerized design programs
as follows.

Figure 1. Structure of the six-phase copper squirrel cage rotor induction motor (SCSCRIM).
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Table 1. Formatted parameters of the SCSCRIM.

Parameter Value
Stator outer diameter [mm)] 128.5
Stator inner diameter [mm] 65.5
Rotor outer diameter [mm] 65.0
Rotor inner diameter [mm] 28.0
Air gap length [mm] 0.5
Stack length [mm] 76
Number of poles 2
Stator slot number 36
Rotor slot number 32
Rated output power [kW] 5
Rated speed [r/min] 3476
Rated current [A] 10.6
Iron material ASTM 532

The layout of the windings in the motor affects not only the magnetomotive force (MMF)
distribution and the motor performance, but also the torque ripple reduction using the proposed
skill. In practice, the motor’s windings are formed by wire-wound coils of one or more turns
placed in slots arranged to form either single-layer or double-layer windings [24]. The double-layer
windings [24] through six-phase currents can result in a better sinusoidal back electromotive force
(EMF) waveform than the single-layer windings [24]. The double-layer winding design with regard
to the fundamental winding factor that adopts lap windings and concentric windings is used in this
paper. The fundamental winding factor is 0.942 for lap windings and 0.932 for concentric windings in
the template test. The fundamental winding factor thus adopts 0.942 for lap windings to raise the back
electromotive force in this paper. The induced back EMF from double-layer windings with 0.942 for lap
windings results in a better sinusoidal waveform so that the vibrated noise will be obviously cut down.

3. High-Performance Design of SCSCRIM with Multi-Objective Optimization Method

To achieve the high-performance design of the SCSCRIM, the multi-objective optimization method
is described as follows. The ordinary minimum function by using multi-objective optimization can be

represented by

x]eXTiiEL-»-,k s1(wi(x1)) = s1(wq(x1), wa(x1), -+, wi(x1)) M

SubjECt to wi,lbound<x1) < wi(xl) < Wi ubound (xl)/ i=1---,k

where k is equal to four; wy (x1), wa(x1), w3(x1) and ws(x1) represent the function of minimizing the
stator iron loss, the function of minimizing the stator winding copper loss, the function of minimizing
the starting current, and the function of minimizing the input power, respectively; w; jpounq(X1) and
W; ypound (X1) represent the lower bound and the upper bound for the stator iron loss, the stator winding
copper loss, the starting current, and the input power, respectively.

The ordinary maximum function by using multi-objective optimization can be represented by

max  52(vj(x)) = s2(v1(x2),02(x2), -+, vy(x2))
XzEXz, ]=1,---,l

subject to v} jpound (1) < 0j(%1) < Vjupouna(x1), =1, ,1

@

where [ is equal to three; v1(x7),v2(x1) and v3(x1) denote the function of maximizing the efficiency,
the function of maximizing the power factor, and the function of maximizing the output torque, respectively;
0j jbound (X2) and 0; ,pound (¥2) represent the lower bound and the upper bound for the efficiency, the power
factor, and the output torque, respectively. Two sets X; and X, are the realistic sets of decision vectors.
The realistic sets are generally defined by certain constraint functions. Furthermore, the real-value
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vector objective functions are defined by w : X; — Y; € RK, w(x) = (w1 (x1), wz(x1), ,we(x1))" and
0: X - Ys € R, 0(x) = (01(x2),02(x2), -+ ,01(x2)) T . The images of X; and X, are denoted by Y; € R*
and Y, € R.. The elements x] € Xy and x;, € X; are two realistic solutions. The Pareto frontier [14-16] is
the set of selections that optimizes a system. With all of the latent optimization solutions in the initial
condition, the user can make concentrated tradeoffs within this constrained set of parameters, rather than
needing to premeditate the full areas of parameters. Additionally, the Pareto front is the solution space,
which is not a plane.

Moreover, altered grey wolf optimization is proposed to search for optimal values. The altered
grey wolf optimization is conducted by alpha, beta, and delta. The altered grey wolf optimization can
be represented by

Q(h+1)=1[Q1(h) +Qa(h) +Q3(h)]/3 3)

where Q(l; + 1) is a vector that makes up the optimal parameters, and Q;(l1), Qa(l1),Qs(l1) are
represented by

Qi(h) = |Qa(l) = Ex(h) - [Hi(h) - Qa(h) = Q)] @
Q2(l) = |Qp(l) = Ex(l1) - [Ha(l) - Qp(1r) - Q(h)]| ®)
Q3(l) = |Qs(h) — Es(l) - [Ha(l) - Qs (1) - Q(11)]] (6)

where Qu(l1), Qp(l1), Qs(I1) are the three vectors with the three best solutions; E1(I1), E2(I1), E3(l1)
and Hi(l1), Ha(l1), Hs(l1) are represented by

Ei(ly) = Ex(l1) = E3(l1) = [2c1(l) —dy1(l)]e1 )

Hy(ly) = Hy(lh) = H3(l1) = 2¢2 8)

where @1 and @, are two random vectors. The updated numbers of the two factors ¢1 (/1) and dq (1)
control the tradeoff between exploration and exploitation. The two updated factors ¢ (l;) and dq ()
are linearly updated at each iteration according to the following presentation, by

ci(lh) =2-2/Ix )

di(lh) =2-2 /Iy (10)

where [; is the iteration number; I;; and I;; are the total numbers of iteration allowed for the optimization.
Finally, Q(I; + 1) is the best solution with regard to the search for the parameter. Hence, numbers can
be optimized by using altered grey wolf optimization.

Two main origins of losses in alter current (AC) motors are iron losses and copper losses. Iron losses
are the major losses in the parts that conduct variable flux-linkage with time. Two mechanisms of
iron loss are hysteresis and eddy current losses. Copper losses are caused by current flowing via the
resistance of any windings. Copper losses can be decreased as follows: (1) reducing resistance, (2)
increasing the cross-sectional area of conductors, (3) lowering the winding temperature, (4) using
materials that have lower resistivity. Copper conductor materials with increasing current densities can
be accomplished to reduce extra losses. Both of these increase with increasing flux density in the teeth
and back iron. Hysteresis losses are related to the electrical frequency. Eddy current losses are related
to the square of the electrical frequency. The performances of induction motors are deeply affected by
some losses in their stators and rotors. To apply the altered grey wolf optimization skill, an objective
function has to be defined to evaluate the SCSCRIM design with good performance. This objective
function may include all the geometric dimensions of the motor, and a large subset of constraints have
to be formulated to ensure the physical realization of the SCSCRIM. These objective functions are given
in the following. The first objective function aims to minimize the stator iron loss. The stator iron
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loss variable consists of the laminations, which are used as the objective function of the optimization.
The stator iron loss W;;; can be indicated by [28-30]

Wi = ki finB2 + ko f2B2, (11)

where Wy is the iron loss, kj is the scale coefficients of the hysteresis loss, k; is the scale coefficients
of the eddy current loss, f, is the frequency of the flux field, and B,, is the value of the maximum
flux density.

The stator copper loss Wy of the stator copper winding can be represented by [28-30]

Wy = I2psNgiMsoLs / As (12)

where I; denotes the root-mean-square current through the stator copper conductor, ps denotes the
resistivity of the stator copper conductor, Ng; denotes the number of stator slots, My, denotes the
number of stator conductors per stator slot, L; denotes the length per stator copper conductor per
stator slot, and A denotes the cross-section per stator copper conductor per stator slot.

The rotor copper loss W, of the rotor copper winding can be represented by [28-30]

Wi = IEPrerMﬂLr/Ar (13)

where I, denotes the root-mean-square (RMS) current through the rotor copper conductor, p, denotes
the resistivity of the rotor copper conductor, N,; denotes the number of rotor slots, M,, denotes the
number of rotor conductors per rotor slot, L, denotes the length per rotor copper conductor per rotor
slot, and A, denotes the cross-section per rotor copper conductor per rotor slot.

The input power Pj,, can be represented by

pim =6 VPhIph Ccos Gph (14)

where I, is the phase current, V), is the phase voltage, and cos 0, is the power factor per phase.
Then, the objective function aims to maximize the efficiency 1,,, the power factor PF,;, and the
output torque T,y;;. The efficiency 1, can be denoted by

M = (Pom/Pip) X 100% (15)

where P, denotes the output power of the motor, and P;,, denotes the input power of the motor,
respectively.
The power factor PF;, = cos 6, can be denoted by

PFm = COS Qph = (Pim /Sim)o/o (16)

where S;;, denotes the input apparent power of the motor.
The output torque Ty, can be denoted by

Tom = (Pom/ @wm)% (17)
where w;; denotes the rotor speed.

4. Programs of High-Performance Design

This paper presents the two-phase high-performance design of a SCSCRIM with multi-objective
optimization by use of two kinds of optimization skills, which depend on the stator and rotor areas.
This design procedure is applicable only to a SCSCRIM. A flow chart of the optimization procedure
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with two-phase multi-objective optimization for SCSCRIM design is shown in Figure 2. The description
of the optimization procedure is as follows.

Format
parameters

v

Set constraints of stator iron loss,
stator copper loss, starting current,
input power, efficiency, power factor,
output torque

|«
-

Set five control elements in the stator and
their respective four levels

Execute Pareto frontier and ordinary
minimum function by using multi-target
optimization according to Eq. (1)

1.Execute orthogonal array L16 matrix by
Taguchi method and finite element analysis

2.Execute conversions array of S/N ratio,
altered grey wolf optimization modulus
and MPCI

3.Execute finite element analysis to obtain
the optimized parameters

Stator control elements
in optimization range?

Set five control elements in the rotor and
their respective four levels

v

Execute Pareto frontier and ordinary
maximum function by using multi-target
optimization according to Eq. (2)

1.Execute orthogonal array L16 matrix by
Taguchi method and finite element analysis

2.Execute conversions array of S/N ratio,
altered grey wolf optimization modulus
and MPCI

3.Execute finite element analysis to obtain
the optimized parameters

Rotor control elements
in optimization range?

Selection four kinds of Styles according to
two-phase optimization and the best Style
according to seven performances

Figure 2. Flow chart of the optimization procedure with two-phase multi-objective optimization for

SCSCRIM design.

4.1. The First-Phase Program

The high-performance design with multi-objective optimization in the first-phase program aims to
minimize the stator copper loss, stator iron loss, starting current, and input power using Equation (1).
In order to quickly search for the optimal value, the Taguchi method [2,3,24,25] is adopted to optimize
the machine parameter of performance characteristics in electrical discharge machining. The orthogonal
array in designs played an important role in the development of the Taguchi method. The performance
tests by use of the standard Taguchi method with an orthogonal array L16 matrix are shown in Table 2.
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Then, the performance tests by use of the standard Taguchi method with an orthogonal array L16
matrix from Table 2 are transformed into a signal-to-noise (S/N) ratio. The S5/N ratio is used to measure
the deviation of the shown characteristics from the desired values. There are three categories of
performance characteristics in the analysis of the S/N ratio: the lower the better, the higher the better,
and the nominal the better [24]. Furthermore, the performance tests by use of the standard Taguchi
method with an orthogonal array L16 matrix from Table 2 are transformed into the S/N ratios and the
altered grey wolf optimization modulus based on altered grey wolf optimization analysis [19-21] as
shown in Table 3. Therefore, the optimal level of the process parameters is the level with the lowest
S/N ratio. Meanwhile, the machine performance with the multiple performance characteristics index
(MPCI) [24,25] in the standard Taguchi method with an orthogonal array L16 matrix can be obtained by
use of FEA [26,27] with regard to complementary numerical results as shown in Table 3. To execute the
optimization process, five stator geometrical parameters that affect the machine performance are chosen
as shown in Figure 3. The elements and their respective levels are given in Table 2, where A is the stator
tooth width in mm (levels 5.5, 6.0, 6.5 and 7.0), B is the stator slot height in mm (levels 20.8, 21.8, 22.8
and 23.8), C is the stator boot width in mm (levels 3.8, 4.0, 4.2 and 4.4), D is the stator slot opening width
in mm (levels 2.5, 2.8, 3.1 and 3.4), and E is the winding length per stator slot in mm (levels 92, 94, 96
and 98). These elements are related to stator iron loss, stator copper loss, starting current, and input
power because of flux action in the stator. The S/N ratio is used to determine the deviation between
the tested value and the desired value. The performance of the optimized SCSCRIM was obtained
using FEA again. Figure 3 shows the MPCI values for each element at their corresponding levels. It is
noted in Figure 3 that the best combination of design parameters with minimization is determined to be
(A2B4C3D;E;) as the chosen optimization. The best and smallest combination of design parameters in
the stator part of the SCSCRIM design with the minimization combination as (A;B4C3D,E;), with regard
to No. 8 in Tables 2 and 3 from performance tests, is represented as follows: (1) the stator tooth width
is 6.0 mm; (2) the stator slot height is 23.8 mm; (3) the stator boot width is 4.2 mm; (4) the stator slot
opening width is 2.8 mm; and (5) the stator winding length per stator slot is 92 mm.

Table 2. Orthogonal array L16 matrix by the Taguchi method and performance tests.

No. Control Elements Sta;();slsron CopS}:Ztrolljoss 22::;?1% 11)25";
E D C B A W] [W] [A] [kW]
1 1 1 1 1 1 68.8 70.9 23.45 5.94
2 2 2 2 2 1 69.1 70.6 2494 5.86
3 3 3 3 3 1 67.8 68.2 21.67 5.56
4 4 4 4 4 1 68.6 69.1 23.52 5.79
5 4 3 2 1 2 70.2 71.1 22.86 5.72
6 3 4 1 2 2 69.5 67.1 23.56 5.75
7 2 1 4 3 2 69.6 69.8 22.93 5.87
8 1 2 3 4 2 65.2 66.8 19.82 5.37
9 2 4 3 1 3 69.9 70.1 23.01 5.86
10 1 3 4 2 3 66.7 67.5 20.83 5.43
11 4 1 1 3 3 68.9 70.2 23.82 5.92
12 3 2 2 4 3 70.1 69.9 23.13 5.87
13 3 2 4 1 4 70.4 67.4 23.13 5.76
14 4 1 3 2 4 69.1 69.7 23.36 5.86
15 1 4 2 3 4 68.2 69.4 22.68 5.61
16 2 3 1 4 4 69.4 69.9 26.51 5.86
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Table 3. Conversion array of signal-to-noise (S/N) ratio, altered grey wolf optimization modulus and
multiple performance characteristics index (MPCI).

No. S/N Ratio Altered Grey Wolf Optimization Modulus MPCI FEA
Stator Stator Copper Starting Input Stator Stator Copper Starting Input
Iron Loss Loss Current Power  Iron Loss Loss Current Power
1 14 1.6 14 2.8 0.97 0.36 0.68 0.81 0.68 441.04
2 1.1 1.9 1.1 29 0.81 0.26 0.69 0.82 0.65 418.15
3 0.8 14 0.9 24 0.56 0.26 0.65 0.68 0.60 364.57
4 1.6 1.5 1.6 2.7 0.63 0.38 0.67 0.90 0.64 404.76
5 1.3 1.8 1.7 2.6 0.73 0.26 0.69 0.74 0.63 393.94
6 1.1 1.6 1.1 2.7 0.68 0.31 0.73 0.86 0.61 383.12
7 0.9 1.6 0.9 2.7 0.69 0.28 0.66 0.76 0.62 397.45
8 0.6 11 0.7 22 0.48 0.24 0.58 0.61 0.56 328.61
9 0.8 14 1.8 29 0.57 0.28 0.69 0.81 0.64 409.64
10 0.7 1.2 0.7 2.3 0.50 0.25 0.61 0.62 0.58 344.24
11 1.1 15 11 2.5 0.60 0.34 0.85 0.71 0.68 439.57
12 1.0 1.7 1.0 2.6 0.81 0.29 0.79 0.68 0.62 397.51
13 0.9 1.8 0.9 2.8 0.51 0.28 0.68 0.74 0.61 383.82
14 1.1 1.6 11 2.7 0.70 0.27 0.74 0.86 0.66 422.38
15 0.7 14 0.8 2.5 0.55 0.26 0.64 0.68 0.61 374.06
16 1.1 1.8 1.1 29 0.69 0.33 0.85 0.76 0.65 418.24
0.66
0.64
— 0.62
0 2
% 0.60 —
0.58
0.56
0.54

E1 E2 E3 E4 D1 D2 D3 D4 C1 C2 C3 C4 B1 B2 B3 B4 A1 A2 A3 A4
Control Elements

Figure 3. The MPCI values for each element with corresponding levels in the first-phase design.

4.2. The Second-Phase Program

The high-performance design with multi-objective optimization in the second-phase program aims
to maximize the output torque, the output power, and the power factor by using Equation (2). So as to
quickly search for the optimal configuration, the machine parameter of performance characteristics
in the electrical discharge machine is first optimized by the Taguchi method. The performance tests
by use of the standard Taguchi method with an orthogonal array L16 matrix are shown in Table 4.
Then, the performance tests by use of the standard Taguchi method with an orthogonal array L16 matrix
from Table 4 are transformed into the S/N ratio. The S/N ratio is used to measure the deviation of the
shown characteristics from the desired values. There are three categories of performance characteristics
in the analysis of the S/N ratio: the lower the better, the higher the better, and the nominal the better.
Furthermore, the performance tests by use of the standard Taguchi method with an orthogonal array
L16 matrix from Table 4 are transformed into the S/N ratios and the altered grey wolf optimization
modulus based on altered grey wolf optimization analysis as shown in Table 5. Therefore, the optimal
level of the process parameters is the level with the highest S/N ratio. Meanwhile, the MPCI values
in the standard Taguchi method with an orthogonal array L16 matrix can be obtained by use of FEA
with regard to complementary numerical results as shown in Table 5. To execute the optimization
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process, five rotor geometrical parameters that affect the machine performance are chosen as shown in
Figure 4. The control elements and their respective levels are given in Table 4, where a is the rotor
tooth width in mm (levels 3.5, 4.0, 4.5 and 5.0), b is the rotor slot height in mm (levels 18.8, 19.0, 20.8
and 21.8), c is the rotor boot width in mm (levels 3.4, 3.6, 3.8 and 4.0), d is the rotor slot opening width
in mm (levels 1.5, 1.7, 1.9 and 2.1), and e is the copper bar length per rotor slot in mm (levels 70,
71, 72 and 73). The S/N ratio is used to determine the deviation between the tested value and the
desired value. The performance of the optimized SCSCRIM was obtained using FEA again. There are
negative values for the efficiency, power factor, and output torque in Table 5 according to the highest
S/N ratio with the calculation formula, in order to be close to maximum numbers. Figure 4 shows
the MPCI values for each element at their corresponding levels. It is noted in Figure 4 that the best
combination of design parameters with maximization is determined to be (agbycsdse;) as the chosen
optimization. The best combination of design parameters in the rotor part of the SCSCRIM design
with the maximization combination as (agb,c4dse), with regard to No. 10 in Tables 4 and 5 from
performance tests, is represented as follows: (1) the rotor tooth width is 4.5 mm; (2) the rotor slot height
is 19.0 mm; (3) the rotor boot width is 4.0 mm; (4) the rotor slot opening width is 1.9 mm and (5) the
rotor winding length per rotor slot is 70 mm.

Table 4. Orthogonal array L16 matrix by the Taguchi method and performance tests.

No. Control Elements Output Torque  Efficiency = Power Factor
e d c b a [Nm] [%]
1 1 1 1 1 1 12.85 87.7 0.86
2 2 2 2 2 1 13.15 87.4 0.84
3 3 3 3 3 1 13.58 89.0 0.89
4 4 4 4 4 1 13.03 87.9 0.85
5 4 3 2 1 2 13.20 88.0 0.81
6 3 4 1 2 2 13.00 87.4 0.84
7 2 1 4 3 2 13.31 87.1 0.86
8 1 2 3 4 2 13.61 914 091
9 2 4 3 1 3 13.44 87.4 0.81
10 1 3 4 2 3 13.81 93.7 0.93
11 4 1 1 3 3 13.12 87.6 0.87
12 3 2 2 4 3 12.70 86.9 0.83
13 3 2 4 1 4 12.40 88.1 0.87
14 4 1 3 2 4 13.12 87.3 0.85
15 1 4 2 3 4 13.54 88.2 0.88
16 2 3 1 4 4 13.36 86.5 0.82
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Table 5. Conversion array of S/N ratio, altered grey wolf optimization modulus and MPCI.

S/N Ratio Altered Grey Wolf Optimization

No. Modulus MPCI FEA
Bifidency ;0 Torgee PN picl i

1 -2.40 -1.86 —-2.89 0.77 0.67 0.71 0.66 6.55
2 =217 -1.99 -2.93 0.81 0.66 0.73 0.67 6.64
3 -1.85 -1.48 -2.59 0.83 0.68 0.76 0.68 6.88
4 -1.92 -1.89 -2.98 0.73 0.60 0.66 0.64 6.37
5 -2.20 -1.84 -2.80 0.73 0.66 0.64 0.67 6.68
6 -2.10 -1.76 -2.72 0.68 0.62 0.70 0.62 6.14
7 -1.96 -1.85 -2.75 0.79 0.64 0.68 0.58 5.74
8 -1.84 -1.38 -2.51 0.86 0.74 0.78 0.69 7.14
9 -1.93 -1.59 -2.90 0.71 0.63 0.64 0.64 6.36
10 -1.82 -1.30 —2.48 0.88 0.76 0.79 0.70 7.42
11 -2.01 -1.50 -2.88 0.70 0.64 0.67 0.56 5.56
12 -2.00 -1.63 -2.92 0.76 0.61 0.66 0.60 5.89
13 -1.92 -1.59 -2.67 0.76 0.68 0.68 0.62 6.14
14 -2.16 -1.63 -2.77 0.70 0.67 0.73 0.61 6.04
15 -1.87 -1.42 -2.54 0.84 0.70 0.76 0.67 6.72
16 -1.89 -1.56 —-2.83 0.79 0.68 0.76 0.63 6.20
0.74

0.72

5 on | PN TA]
2 NN

0.64
0.62

el e2 e3 e4 d1 d2 d3 d4 c1 c2 ¢c3 c4 b1l b2 b3 b4 al a2 a3 a4
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Figure 4. The MPCI values for each element with corresponding levels in the second-phase design.
5. Performance Tests

Table 6 lists some comparisons of the machine performance with MPCI and multi-high performance
indices from Tables 2-5 and Figure 5 to choose four kinds of styles with better performances as
follows. Regarding the smallest summations in the minimization of stator iron loss, stator copper
loss, starting current, and input power at the first-phase optimization according to Tables 2 and 3,
and Figure 3, the smallest summations sorted from small to large for the four kinds of styles are No.
8,10, 3, and 15 in Tables 2 and 3. Then, regarding the MPCI values in Figure 3 from Tables 2 and 3,
the smallest combination of design parameters in the stator part of the SCSCRIM design with the
minimization combination as (A;B4C3D,E ), with regard to No. 8 in Tables 2 and 3, can be found
as Style D. Secondly, Style C is No. 10 in Tables 2 and 3 from Figure 3. Thirdly, Style B is No. 3 in
Tables 2 and 3 from Figure 3. Fourth, Style A is No. 15 in Tables 2 and 3 from Figure 3. Furthermore,
regarding the largest summations in the maximization of the output torque, the output power, and the
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power factor at the second-phase optimization according to Tables 4 and 5, and Figure 4, the largest
summations sorted from large to small for the four kinds of styles are No. 8, 10, 3 and 15 in Tables 2
and 3. Then, regarding the MPCI values in Figure 4 from Tables 4 and 5, the largest combination
of design parameters in the rotor part of the SCSCRIM design with the maximization combination
as (agbycydser), with regard to No. 10 in Tables 4 and 5, can be found as Style D. Secondly, Style C
is No. 8 in Tables 4 and 5 from Figure 4. Thirdly, Style B is No. 3 in Tables 4 and 5 from Figure 4.
Fourth, Style A is No. 15 in Tables 4 and 5 from Figure 4. Table 6 shows four kinds of SCSCRIM
configurations with better performances as Styles D, C, B, and A from best, better, good, to general
according to the above-mentioned skill. Comparing all performances for the four kinds of SCSCRIM
configurations shown in Table 6, Style D of SCSCRIM is chosen as the best performance in the two-phase
high-performance design with multi-objective optimization. Figure 5 shows the poly-line graph of
several kinds of performances for stator iron loss, stator copper loss, starting current, input power,
efficiency, power factor, and output torque in the four kinds of SCSCRIM configurations from Table 6.

Table 6. Comparative performances for four kinds of SCSCRIM configuration design.

Configurations Style A Style B Style C Style D
Stator iron loss [W] 68.2 67.8 66.7 65.2
Stator copper loss [W] 69.4 68.2 67.5 66.8
Starting current [A] 22.68 21.67 20.83 19.82
Input power [kW] 5.61 5.56 5.43 5.37
Efficiency [%] 88.2 89.1 914 93.7
Power factor [-] 0.88 0.89 0.91 0.93
Output torque [Nm] 13.54 13.58 13.62 13.81
Maximum -« —  Minimum
93.7/1 0.93 2268 #5361 604 __—9682StyldA
/ — lsss 1 _per.ssyidB

b,
13.81/914,1; 0.91 \ /ZHV‘\ 68-2/
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Figure 5. Comparison of several kinds of performances for four kinds of SCSCRIMs.

Furthermore, poly-line graphs from performance tests on stator copper loss, stator iron loss,
starting current, input power, efficiency, power factor, and output torque for the four kinds of SCSCRIMs
under several speeds via simulated results are shown in Figures 6-12, respectively. In summary, it is
seen that the two-phase high-performance design with multi-objective optimization can reduce stator
copper loss, stator iron loss, starting current, and input power from the performance tests shown in
Figures 6-9, and it can raise efficiency, power factor, and output torque from the performance tests
shown in Figures 10-12 via simulated results. It is very obvious that many characteristic performances
in Style D of SCSCRIM are superior to Styles A, B, and C through the high-performance design with
multi-objective optimization by use of altered grey wolf optimization, the Taguchi method and FEA.
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Figure 6. Poly-line graph of stator copper loss for four kinds of SCSCRIMs under several speeds.
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Figure 7. Poly-line line graph comparing stator iron loss for four kinds of SCSCRIMs under
several speeds.
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Figure 8. Poly-line graph of starting current for four kinds of SCSCRIMs under several speeds.
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Figure 9. Poly-line graph of input power for four kinds of SCSCRIMs under several speeds.
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Figure 10. Poly-line graph of efficiency for four kinds of SCSCRIMs under several speeds.
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Figure 11. Poly-line graph of power factor for four kinds of SCSCRIMs under several speeds.
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Figure 12. Poly-line graph of output torque for four kinds of SCSCRIMs under several speeds.
6. Results and Discussion

The comparative performances for four kinds of SCSCRIMs according to the two-phase
high-performance program with multi-objective optimization with regards to seven configurations are
listed in Table 6. Sticking-point observations for the seven kinds of performance configurations are
given below.

1.  The stator iron loss is cut down to 65.2 W in Style D.
The stator copper loss is cut down to 66.8 W in Style D.
The starting current is cut down to 19.82 A in Style D.
The input power is cut down to 5.37 kW in Style D.
The power factor is increased to 0.93 in Style D.

G N
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6.  The efficiency is increased to 93.7% in Style D.
7. The output torque is increased to 13.81 Nm in Style D.

Style D for the SCSCRIM shown in Table 6 was chosen as the best performance in the two-phase
high-performance design program with multi-objective optimization.

Furthermore, a comparative investigation of the optimization results with particle swarm
optimization, bee colony optimization, ant colony optimization, and altered grey wolf optimization is
shown in Table 7. The proposed altered grey wolf optimization with regards to seven configurations has
faster computing time, faster searching speed of optimization, and better performances in comparison
with particle swarm optimization, bee colony optimization, and ant colony optimization.

Table 7. Comparative investigation of the optimization results by four kinds of competitive algorithms
for Style D of SCSCRIM design.

Particle Swarm Bee Colony Ant Colony Proposed Altered
Configurations Optimization Optimization Optimization Grey Wolf
[3] [25] [31] Optimization

Stator iron loss [W] 65.6 65.8 65.7 65.2
Stator copper loss [W] 67.1 67.5 67.8 66.8
Starting current [A] 19.95 20.17 20.23 19.82
Input power [kW] 5.43 5.47 5.49 5.37
Efficiency [%] 93.2 93.0 92.8 93.7
Power factor [-] 0.92 0.91 0.91 0.93
Output torque [Nm] 13.74 13.65 13.56 13.81
Computing time [s] 16.52 17.35 17.86 15.58
Time spent searching for 18.68 19.46 19.81 17.36

optimized value [s]

In summary, it is obvious that the two-phase high-performance design with multi-objective
optimization by using altered grey wolf optimization, the Taguchi method and FEA can cut down
the stator iron loss, the stator copper loss, the starting current, and the input power, and further
enhances efficiency, power factor, and output torque. The proposed skill has more accurately calculated
numbers, a more flexible combination of parameters, and faster optimized group selection than the
Pareto optimization coupled with FEM in terms of calculated-time operation, optimized-term selection
and better performance selection.

Finally, according to the proposed skill, Style D of SCSCRIM has completed the manufacturing
body. Photo pictures of Style D of SCSCRIM are shown in Figure 13. The view of (a) the copper rotor;
(b) the combination of stator, rotor and winding; and (c) the full cross of stator and six windings in
Style D of SCSCRIM is shown in Figure 13a—c. A mesh plot of a SCSCRIM using the FEA method with
quarter cross in Style D is shown in Figure 14. The flux density distribution of a SCSCRIM with full
cross in Style D using the FEA method is shown in Figure 15.

(a) (b) (©)

Figure 13. Photo pictures of a SCSCRIM in Style D: (a) copper squirrel cage rotor; (b) combination of
stator, rotor and six windings; (c) full cross of stator and six windings.
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Figure 14. Mesh plot of a SCSCRIM using the finite element analysis (FEA) method with quarter cross
in Style D.
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Figure 15. Flux density distribution of a SCSCRIM with full cross in Style D using the FEA method.

7. Conclusions

In this paper, a multi-objective optimization design with high-performance property by using
altered grey wolf optimization, the Taguchi method and the FEA method for tackling multi-objective
optimization issues in a SCSCRIM is proposed to achieve faster optimized value selection and
convergent speed. The multi-objective optimization design with high-performance property aims
to achieve lower starting current, lower losses, lower input power, higher efficiency, higher output
torque, and higher power factor. The proposed skill in the first-phase program is used for minimizing
the starting current, stator iron loss, stator copper loss, and input power. The proposed skill in the
second-phase program is used for maximizing the efficiency, output torque, and power factor. The best
combination of design parameters in the stator part of the SCSCRIM design with the minimization
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combination as (A;B4C3D;Ey), i.e., Style D from performance tests, is represented as follows: (1) the
stator tooth width is 6.0 mm; (2) the stator slot height is 23.8 mm; (3) the stator boot width is 4.2
mm; (4) the stator slot opening width is 2.8 mm; and (5) the stator winding length per stator slot is
92 mm. The best combination of design parameters in the rotor part of the SCSCRIM design with
the maximization combination as (azbpcsdzeq), i.e., Style D from performance tests, is represented as
follows: (1) the rotor tooth width is 4.5 mm; (2) the rotor slot height is 19.0 mm; (3) the rotor boot width
is 4.0 mm; (4) the rotor slot opening width is 1.9 mm; and (5) the rotor winding length per rotor slot is
70 mm. The adopted high-performance SCSCRIM demonstrates 65.2 W in stator iron loss, 66.8 W in
stator copper loss, 19.82 A in starting current, 5.37 kW in input power, 0.93 in power factor, 93.7% in
efficiency, and 13.81 Nm in output torque.

The proposed skill has more accurately calculated numbers, a more flexible combination of
parameters, and faster optimized group selection than the Pareto optimization coupled with FEM
in terms of calculated-time operation, optimized-term selection and better performance selection.
The proposed skill with higher performances has been evaluated and verified via a two-phase program
design and some performance tests. The performance results of this study confirm the effectiveness of
the proposed skill for obtaining high performance and optimal characteristics. The proposed skill has
been successfully applied in solving high-performance issues of some electromagnetic facilities with
multi-objective optimization.
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