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Abstract: A two-step optimal design with multi-objective functions by using two kinds of
optimization methods for a six-phase synchronous reluctance motor is applied in a centrifugal
compressor to achieve minimum cost, lower torque ripple, maximum efficiency and higher power
factor. In the first-step procedure, the optimal design with multi-objective functions by use of the
altered bee colony optimization (BCO) and the Taguchi method combined with finite element analysis
(FEA) is used for optimizing the barrier shape and size in the rotor to reduce torque ripple, raise
power factor, maximum efficiency and raise output torque. In the second-step procedure, the optimal
design with multi-objective functions by means of the altered BCO and the Taguchi method combined
with FEA is applied for optimizing the geometry of stator to reduce manufacturing cost, stator iron
weight and stator winding weight. Finally, some experimental results show the effectiveness of the
proposed techniques.

Keywords: bee colony optimization; centrifugal compressor; finite element analysis; synchronous
reluctance motor; Taguchi method

1. Introduction

Compared with others servomotors, the most suitable applications of the six-phase motors are
electric, hybrid electric vehicles [1] and ship propulsion [2]. The synchronous reluctance motor is one
of highest efficiency and lowest cost motors through the optimal design methods [3,4]. The six-phase
synchronous reluctance motor provides a lot of benefits over the traditional three-phase synchronous
reluctance motor, for instance increment of torque per ampere, reduction of the stator current per
phase, improvement of torque density and increment of the fault tolerance [5,6]. To obtain low
torque ripple and high output torque in the synchronous reluctance motor, Fathy et al. [7] proposed
a design method with sensitivity analysis for the variation of two parameters. Moreover, some
performances comparison between traditional synchronous reluctance machine and permanent magnet
(PM)-assisted synchronous reluctance machine is posed by Fathy et al. [8]. To obtain low speed
and high torque synchronous reluctance machine, an optimal pole number and winding design is
proposed by Artetxe et al. [9]. In addition, the multi-objective optimal-design methods [10–12] are
one of popular design methods in many industrial applications. Mittelstedt et al. [10] presented
a multi-objective optimization strategy for decision-makers optimizing stored energy, cost and
productivity in composite multi-rim flywheel rotors. Anwar et al. [11] presented a hybrid bio-inspired
metaheuristic-based algorithm to optimize multi-objective scheduling of scientific workflows in a
cloud computing environment. Shen et al. [12] presented the optimization of the forecasting model
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by use of the improved multi-objective artificial bee colony algorithm combined with multi-objective
evolutionary knowledge. However, the improved multi-objective artificial bee colony algorithm
proposed by Shen et al. [12] is not used the acceleration factor so that the artificial bee colony algorithm
appears slower convergent in this paper. Therefore, the optimal design adopted the altered bee colony
optimization with the acceleration factor in the six-phase synchronous reluctance motor equipped with
centrifugal compressor by use of multi-objective functions is not yet to be appeared and can enhance
various performances in this study.

The Pareto frontier [13–15] is always the set of all Pareto assignations by means of graphical
display. It is always called as the Pareto set or Pareto front. A Pareto improvement can change a
different assignation. It 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 the Pareto improvements must not be processed further, Pareto optimality can
be considered consummation. However, the used Pareto frontier need more time to search for optimal
solution. Additionally, Huang et al. [16] provided the optimal powertrain and power management
strategy for cost-effective and environmental-friendly vehicles. These optimal methods neglected some
limited ranges, and the finite-element analysis (FEA) is not used in some conditions. Therefore, one of
the popular design methods in the electromagnetic devices is executed by using the FEA combining
optimization algorithms. However, the classical optimization algorithms, such as deterministic and
stochastic methods, seem to be not very efficient by using the FEA because of longer time calculation.
In addition, some designed factors with optimization for the six-phase synchronous reluctance motor
are minimizing material cost, minimizing torque ripple, maximizing efficiency, and maximizing power
factor. Therefore, the novel two-step optimal design of a six-phase synchronous reluctance motor with
multi-objective functions by use of the altered bee colony optimization (BCO) [17,18] and the Taguchi
method [19,20] combined with FEA [21,22] is first proposed and applied in a centrifugal compressor
system to raise lots of performances and reduce computing cost. The six-phase synchronous reluctance
motor is rated at power of 4 kW, and rotating at 1800 r/min in this paper. The initial design of
the six-phase synchronous reluctance motor consists of a stator having 24 slots that carry two-layer
windings as shown in Figure 1 and Table 1. The losses of the six-phase synchronous reluctance motor
include iron loss, copper loss, and rotational losses due to friction and wind resistance. The iron
loss and the copper loss were the dominant contributor in a centrifugal compressor with respect to
the stator iron weight and the stator winding weight. The two-step optimization design of the used
finite-element method (FEM) with the measurement, the altered BCO and the Taguchi method is a very
efficient and effective approach in the robust design of the high-performance and low-cost machine.
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Table 1. Initial design of motor specifications.

Parameter Value

Number of phases 6 (phase a, phase b, phase c, phase x, phase y, phase z)
Rotor outer diameter [mm] 82
Stator outer diameter [mm] 134

Air gap length [mm] 0.5
Stack length [mm] 84
Number of poles 4

Number of rotor flux-barrier layers 3
Number of stator slots 24
Rated speed [r/min] 1800

Rated power output [kW] 4
Steel material 50CS600

The rest of the paper is structured as follows: Section 2 describes the materials and methods where
we explain the initial design of six-phase synchronous reluctance motor, optimization models with
multi-objective functions and two step procedures of optimization design. Section 3 contains results
where we demonstrate the experimental tests and experimental results. Section 4 contains discussions.
Section 5 contains conclusions.

2. Materials and Methods

2.1. Initial Design of Six-Phase Synchronous Reluctance Motor

In order to demonstrate the two-step optimization processes of a motor, the six-phase synchronous
reluctance motor with specifications of six-phase, 4-pole, 24-slot, 1800 r/min and 4 kW is investigated
in this study. The abridged general view of the six-phase synchronous motor is shown in Figure 1.
Table 1 is listed out the initial design parameters for the six-phase synchronous reluctance motor.
The initial design of the motor consists of a stator with 24 stator slots which carry two-layer windings
as shown in Figure 1 and Table 1. The six labels of six phases in the six-phase synchronous reluctance
motor shown in Figure 1 are phase a, phase b, phase c, phase x, phase y and phase z with respect to six
sets of stator windings with two outlet line ends as a, a’, b, b’, c, c’, x, x’, y, y’, z, z’. The better design of
the six-phase synchronous reluctance motor is based on the good design procedures and calculations
as follows.

The layout of a winding in electric machine affects magneto-motive force (MMF) distribution,
which results in voltage as back electromotive force (back-EMF), machine performance and torque
ripple. In application, the machine windings are comprised by wire-wound coils of one or more turns
placed in slots arranged to constitute either single-layer or double-layer windings [19]. A double-layer
winding results in a better back-EMF waveform than a single-layer winding [19]. Therefore the
double-layer winding including the lap and concentric windings is used in this paper. The fundamental
winding factors proposed by Hwang et al. [23] were found to be 0.959 for lap winding and 0.945 for
concentric winding. The fundamental winding factor in this paper adopts 0.959 for lap winding to
raise back-EMF [23].

2.2. Optimization Models with Multi-Objective Functions

The general minimum problem with multi-objective optimization can be written as follows:

min F1(R(v1)) = F1(r1(v1), r2(v1), · · · , rk(v1)), st v1 ∈ V1 (1)

where r1(v1), r2(v1) and r3(v1) present the function of minimum stator iron cost, the function of
minimum torque ripple and the function of minimum stator winding cost, respectively.
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The general maximum problem with multi-objective optimization can be written as follows:

max F2(S(v2)) = F2(s1(v2), s2(v2), · · · , sk(v2)), st v2 ∈ V2 (2)

where s1(v1), s2(v1) and s3(v1) present the function of maximum efficiency, the function of
maximum power factor and the function of maximum output torque, respectively. The integer
k is the number of objective function. V1 and V2 are the two feasible sets of known
vectors. Two feasible sets are defined by some known constraint functions. In addition, two
vector-valued objective functions are defined as R : V1 → <k, R(v1) = (r1(v1), r2(v1), · · · , rk(v1))

T

and S : V2 → <k, S(v2) = (s1(v2), s2(v2), · · · , sk(v2))
T . Two images of V1 and V2 are indicated by

W1 ∈ <k and W2 ∈ <k. Two elements v∗1 ∈ V1 and v∗2 ∈ V2 are called the feasible solutions. The Pareto
frontier [13–15] is the set of choices which optimizes a system. The potentially optimal solutions can
be made on focused tradeoffs within these constrained sets of parameters in the initial condition rather
than needing to consider the full ranges of parameters. In order to speed-up search time and obtain
better parameters, the BCO [17,18] is adopted to search for optimal parameters. In order to speed-up
convergence, an altered BCO algorithm [17,18] depends in its implementation as follows:

δb
n,j = ρn,j · λb

n,j + ϕn,i · [λb
n,i − λn,j], n = 1, 2, j = 1, 2, · · · , J, m = 1, 2, · · · , M (3)

ρn,j = ρn,j−1 + φn,j(1− ρn,j−1), n = 1, 2, j = 1, 2, · · · , J (4)

where λn,j is a food source selected randomly. j is a randomly chosen dimension. ϕn,j is a random
number between −1 and 1. φn,j is a random number between 0 and 1. δb

n,j is the best solution among

the neighbors of λb
n,j and itself. When it arrives the region of λn,j, it examines all of the food sources in

Nn. It chooses the best one, λb
Nn,j to improve. ρn,j is an acceleration factor, which can quickly search

for the best solution. The fitness of a solution f it(λn,j) can be calculated from its objective function
value f j(λn,j) [17,18] by:

f it(λb
Nn,j) = max( f it(λ1

Nn,j), f it(χ2
Nn,j), · · · , f it(χns

Nn,j)), j = 1, 2, · · · , J (5)

By using the fitness values of the solutions in altered BCO algorithm, the probability value pj,
which is really a roulette wheel selection mechanism, can be obtained [17,18] by:

pj = f itj(λNn,j)/
ns

∑
i=1

f iti(λ
i
Nn,j), j = 1, 2, · · · , J (6)

Therefore, recruiting more onlookers to richer sources, positive feedback behavior appears. After
producing the new candidate food source δn,j, its profitability is calculated. Then, a greedy selection is
applied between δn,j and λn,j.

2.3. Two Step Procedures of Optimization Design

By using minimum and maximum problems with multi-objective optimizations as well as altered
BCO algorithm, two step procedures of optimization design in the six-phase synchronous reluctance
motor with respect to the stator and the rotor regions can be represented as follows.

2.3.1. The First-Step Procedure

In the first-step optimized procedure, the optimization design with multi-objectives functions is
maximized efficiency, maximized power factor, maximized output torque, and minimized torque ripple
by use of Equations (1) and (2). In order to fast search the optimized value, the Taguchi method [19,20]
is adopted to optimize the machine parameter of performances characteristics in electrical discharge
machining (EDM). The orthogonal array (OA) in the experimental designs proposed by Taguchi [19,20]
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played a central role in the development of Taguchi method. The numerical experiments by use of
the standard Taguchi method with OA L16 matrix is presented in Table 2. Then, the experimental
results by use of a standard Taguchi method with OA L16 matrix from Table 2 can be transformed
into a signal-to-noise (S/N) ratio. The S/N ratio is used to measure the declination of the display
characteristics from the desired values. The S/N ratio in the category of performance characteristics
can be separated into the lower-the-better, the higher-the-better, and the nominal-the-better [19,20].
Furthermore, a lot of parameters of the experimental results presented in Table 3 are transformed into
the S/N ratios and altered BCO coefficients based on altered BCO analysis [17,18].

Table 2. Orthogonal array (OA) L16 matrix by using Taguchi method and experimental results.

No.
Control Factor Efficiency η Power Factor φ

Torque
Ripple γ

Output
Torque τ

A B C D E [%] - - [Nm]

1 1 1 1 1 1 77.63 0.81 0.21 18.60
2 1 2 2 2 2 78.15 0.82 0.16 18.71
3 1 3 3 3 3 80.10 0.79 0.20 18.94
4 1 4 4 4 4 80.63 0.82 0.17 19.20
5 2 1 2 3 4 87.00 0.86 0.12 19.86
6 2 2 1 4 3 80.20 0.81 0.18 19.24
7 2 3 4 1 2 78.21 0.80 0.24 18.12
8 2 4 3 2 1 89.96 0.89 0.09 21.62
9 3 1 3 4 2 77.04 0.78 0.27 18.46
10 3 2 4 3 1 85.16 0.84 0.13 20.26
11 3 3 1 2 4 80.82 0.79 0.23 19.28
12 3 4 2 1 3 78.70 0.81 0.19 18.61
13 4 1 4 2 3 78.70 0.79 0.20 18.62
14 4 2 3 1 4 88.20 0.87 0.11 20.81
15 4 3 2 4 1 80.20 0.81 0.25 19.18
16 4 4 1 3 2 79.46 0.80 0.19 18.93

Table 3. Transformations matrix of S/N ratios, altered BCO coefficient and MPCI.

No.

S/N Ratio Altered BCO Coefficient

MPCIEfficiency
η

Power
Factor

φ

Torque
Ripple

γ

Output
Torque

τ

Efficiency
η

Power
Factor

φ

Torque
Ripple

γ

Output
Torque

τ

[%] - - [Nm] [%] - - [Nm]

1 21.8 15.6 −1.61 7.28 0.79 0.86 −0.58 0.73 0.64
2 21.4 18.1 −1.82 7.68 0.82 0.78 −0.64 0.77 0.68
3 22.6 19.1 −1.88 6.86 0.59 0.81 −0.59 0.88 0.62
4 21.7 19.6 −1.68 6.85 0.64 0.68 −0.58 0.95 0.56
5 22.7 15.2 −1.29 8.86 0.75 0.87 −0.69 0.76 0.65
6 21.8 15.8 −1.56 8.78 0.69 0.69 −0.52 0.84 0.62
7 21.4 15.2 −1.54 9.10 0.59 0.58 −0.67 0.66 0.64
8 21.5 18.2 −1.33 8.87 0.56 0.79 −0.55 0.78 0.68
9 22.7 16.7 −1.64 8.62 0.52 0.74 −0.48 0.88 0.60

10 22.8 19.8 −1.68 8.82 0.82 0.82 −0.95 0.69 0.67
11 21.8 16.9 −1.59 8.70 0.84 0.71 −0.64 0.78 0.69
12 22.5 15.9 −1.49 8.94 0.82 0.66 −0.59 0.66 0.61
13 22.4 16.8 −1.76 8.36 0.81 0.72 −0.48 0.67 0.67
14 21.8 17.5 −1.58 8.92 0.71 0.85 −0.57 0.73 0.66
15 22.4 15.3 −1.69 8.86 0.72 0.83 −0.67 0.83 0.60
16 21.3 18.8 −1.94 8.68 0.68 0.89 −0.63 0.76 0.58

Hence, the optimized level of the process parameters with maximized value is related to the level
with the highest S/N ratio, and the optimized level of the process parameters with minimized value
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is related to the level with the lowest S/N ratio. Then, the machine performance with the multiple
performance characteristics index (MPCI) values in the OA L16 matrix experiments presented in
Table 3 can be obtained by use of 2-D FEA. Figure 2 denoted the MPCI values for each factor with
respect to their related levels. To conduct the optimization process, five rotor geometrical parameters,
which can affect the machine performances, are selected as presented in Figure 2. The five control
factors with respect to their related levels are presented in Table 2, where A is the barrier width of the
rotor in the inner layer in mm (levels 4.0, 4.2, 4.4 and 4.6), B is the barrier width of the rotor in the
middle layer in mm (levels 3.0, 3.2, 3.4 and 3.6), C is the barrier width of the rotor in the outer layer in
mm (levels 2.0, 2.2, 2.4 and 2.6), D is the barrier arc angle of the rotor for every barrier layer in degree
(levels 18, 20, 22 and 24), and E is the barrier length of the rotor in mm (levels 20, 22, 24 and 26). It is
noted in Figure 3 that the best combination of design parameters with maximization is determined to
be (A1B3C1D2E4). The performance of the optimized motor was obtained by use of 2-D FEA again.
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2.3.2. The Second-Step Procedure

In the second-step optimization procedure, the optimization design with multi-objectives
functions is the minized manufacturing cost with respect to the stator iron weight, the stator
winding weight and the stator slot shape by use of Equation (1). In order to fast search the
optimized configuration, the Taguchi method [19,20] is adopted to optimize the machine parameter
of performances characteristics in EDM. The numerical experiments by use of the standard Taguchi
method with OA L16 matrix is presented in Table 4. Then, the experimental results by use of OA
L16 matrix from Table 4 can be transformed into the S/N ratio. The S/N ratio is used to measure the
declination of the display characteristics from the desired values. The S/N ratio in the category of
performance characteristics can be separated into the lower-the-better, the higher-the-better, and the
nominal-the-better [19,20]. Furthermore, the experimental results shown in Table 5 are transformed
into the S/N ratios and altered BCO coefficients based on altered BCO analysis [17,18]. Therefore, the
optimal level of the process parameters is the level with the lowest S/N ratio. Meantime, the machine
performance with the MPCI values in the OA L16 matrix experiments can be obtained by use of 2-D
FEA as shown in Table 5. Figure 3 shows the MPCI values for five control factors with respect to their
related levels. The five control factors and their related levels are presented in Table 4, where A is the
tooth width of the stator in mm (levels 8.0, 9.0, 10.0 and 11.0), B is the slot height of the stator in mm
(levels 15.0, 15.5, 16.0 and 16.5), C is the slot opening width of the stator in mm (levels 9.0, 9.5, 10.0
and 10.5), D is the winding inner diameter per slot in mm (levels 0.4, 0.6, 0.8 and 1.0), and E is the
winding length per slot in mm (levels 92, 94, 96 and 98). The best combination of design parameters
with minimization presented in Figure 3 is determined to be (A3B4C2D1E3). The performance of the
optimized motor was obtained by use of 2-D FEA again. These factors are related to efficiency, power
factor, output torque and torque ripple because of flux action in the stator and the rotor [1].
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Table 4. Orthogonal array (OA) L16 matrix by using Taguchi method and experimental results.

No.
Control Factor Stator Iron

Weight
Stator Winding

Weight
Manufacturing

Cost

A B C D E [kg] [kg] [$]

1 1 1 1 1 1 9.88 4.96 258.20
2 1 2 2 2 2 9.46 4.44 257.61
3 1 3 3 3 3 9.22 4.64 252.82
4 1 4 4 4 4 9.02 5.02 253.96
5 2 1 2 3 4 8.73 5.04 249.12
6 2 2 1 4 3 9.00 4.44 249.38
7 2 3 4 1 2 8.92 4.22 248.68
8 2 4 3 2 1 8.46 3.72 247.46
9 3 1 3 4 2 8.84 4.08 249.18

10 3 2 4 3 1 8.60 4.02 248.20
11 3 3 1 2 4 8.66 4.98 248.98
12 3 4 2 1 3 8.70 4.68 248.86
13 4 1 4 2 3 8.24 3.52 246.66
14 4 2 3 1 4 8.52 3.88 247.68
15 4 3 2 4 1 9.20 4.31 248.58
16 4 4 1 3 2 9.36 4.20 249.96

Table 5. Transformations matrix of S/N ratios, altered BCO coefficient and MPCI.

No.

S/N Ratio Altered BCO Coefficient

MPCIStator Iron
Weight

Stator
Winding
Weight

Manufacturing
Cost

Stator Iron
Weight

Stator
Winding
Weight

Manufacturing
Cost

[kg] [kg] [$] [kg] [kg] [$]

1 16.40 19.64 39.82 0.58 0.76 0.860 0.66
2 16.18 18.86 39.91 0.48 0.68 0.899 0.68
3 17.94 18.96 39.94 0.72 0.56 0.956 0.69
4 17.66 17.88 38.92 0.68 0.50 0.976 0.67
5 17.24 16.88 39.20 0.58 0.62 0.804 0.64
6 16.12 17.82 38.82 0.62 0.66 0.692 0.60
7 17.78 17.43 38.96 0.58 0.56 0.724 0.61
8 16.88 18.86 38.88 0.54 0.66 0.787 0.63
9 16.86 16.61 38.96 0.50 0.62 0.868 0.68

10 16.29 18.28 39.08 0.82 0.52 0.972 0.69
11 16.04 18.96 37.88 0.60 0.56 0.646 0.59
12 16.02 16.66 38.68 0.52 0.62 0.624 0.58
13 15.76 15.88 38.48 0.48 0.74 0.656 0.61
14 17.12 16.86 38.96 0.70 0.52 0.738 0.64
15 16.18 19.86 38.86 0.60 0.54 0.798 0.63
16 16.96 15.62 38.44 0.58 0.60 0.849 0.66Energies 2018, x, x FOR PEER REVIEW  8 of 14 

 

 
Figure 3. The MPCI values for five control factors with respect to the corresponding levels. 

3. Results 

3.1. Experimental Tests 

Total experimental results transformed into the S/N ratios and altered BCO coefficients based 
on altered BCO analysis are shown in Tables 3 and 5. The S/N ratio is used to determine the deviation 
between the experimental value and the desired value. The summary performance results according 
to Tables 3 and 5, Figures 2 and 3 are presented in Table 6. The performance of the optimized motor 
was obtained by use of 2-D FEA again. To illustrate the process of the proposed optimuzation design, 
the flowchart diagram of two-step optimization design procedures with multi-objective functions is 
shown in Figure 4. The results of machine performance from two-step optimization design with 
respect to five control factors are presented in Table 6. Table 6 compares some of the machine 
performances from selected four kinds of genres according to two step optimization with multi-
objective functions. Here, the machine performances such as iron weight, winding weight, 
manufacturing cost, power factor, efficiency, output torque and torque ripple are summarized in 
Table 6.  

Table 6. Comparative results of machine performance for four kinds of motors. 

Configuration Genre 1 Genre 2 Genre 3 Genre 4 
Stator Iron Weight [kg] 8.24 8.46 8.52 8.60 

Stator Winding Weight [kg] 3.52 3.72 3.88 4.02 
Manufacturing Cost [$] 246.66 247.46 247.68 248.20 

Power Factor [−] 0.89 0.87 0.86 0.84 
Efficiency [%] 89.96 88.20 87.00 85.16 

Torque Ripple [−] 0.09 0.11 0.12 0.13 
Output Torque [Nm] 21.62 20.81 20.26 19.86 

Main key results for four configurations by observation can be explained as follows. 

1. The weight of iron in Genre 1 is the lowest value as the 8.24 kg. 
2. The weight of winding in Genre 1 is the lowest value as the 3.52 kg. 
3. The manufacturing cost in Genre 1 is the lowest value as the $246.66. 
4. The power factor in Genre 1 is the highest value as the 0.89. 
5. The efficiency in Genre 1 is the highest value as the 89.96%. 
6. The output torque in Genre 1 is highest value as the 21.62 Nm. 
7. The torque ripple in Genre 1 is lowest value as the 0.09. 

0.56

0.58

0.60

0.62

0.64

0.66

0.68

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

M
PC

I

Setting of parameters

0.70

Figure 3. The MPCI values for five control factors with respect to the corresponding levels.



Energies 2018, 11, 2716 8 of 14

3. Results

3.1. Experimental Tests

Total experimental results transformed into the S/N ratios and altered BCO coefficients based on
altered BCO analysis are shown in Tables 3 and 5. The S/N ratio is used to determine the deviation
between the experimental value and the desired value. The summary performance results according to
Tables 3 and 5, Figures 2 and 3 are presented in Table 6. The performance of the optimized motor was
obtained by use of 2-D FEA again. To illustrate the process of the proposed optimuzation design, the
flowchart diagram of two-step optimization design procedures with multi-objective functions is shown
in Figure 4. The results of machine performance from two-step optimization design with respect to
five control factors are presented in Table 6. Table 6 compares some of the machine performances from
selected four kinds of genres according to two step optimization with multi-objective functions. Here,
the machine performances such as iron weight, winding weight, manufacturing cost, power factor,
efficiency, output torque and torque ripple are summarized in Table 6.

Table 6. Comparative results of machine performance for four kinds of motors.

Configuration Genre 1 Genre 2 Genre 3 Genre 4

Stator Iron Weight [kg] 8.24 8.46 8.52 8.60
Stator Winding Weight [kg] 3.52 3.72 3.88 4.02

Manufacturing Cost [$] 246.66 247.46 247.68 248.20
Power Factor [−] 0.89 0.87 0.86 0.84

Efficiency [%] 89.96 88.20 87.00 85.16
Torque Ripple [−] 0.09 0.11 0.12 0.13

Output Torque [Nm] 21.62 20.81 20.26 19.86

Main key results for four configurations by observation can be explained as follows.

1. The weight of iron in Genre 1 is the lowest value as the 8.24 kg.
2. The weight of winding in Genre 1 is the lowest value as the 3.52 kg.
3. The manufacturing cost in Genre 1 is the lowest value as the $246.66.
4. The power factor in Genre 1 is the highest value as the 0.89.
5. The efficiency in Genre 1 is the highest value as the 89.96%.
6. The output torque in Genre 1 is highest value as the 21.62 Nm.
7. The torque ripple in Genre 1 is lowest value as the 0.09.

Comparing to all performances for four kinds of configurations shown in Table 6, the genre 1 of
six-phase synchronous reluctance motor was selected optimization in the two-step optimal design with
multi-objective functions. In addition, the tested results of efficiency, power factor, output torque and
torque ripple for the four kinds of six-phase synchronous reluctance motors mounted to centrifugal
compressor with various speeds are shown in Figures 5–8, respectively. In summary, it is seen that
the two-step optimal design with multi-objective functions can raise efficiency, power factor, output
torque and reduce torque ripple from experimental results shown in Figures 5–8.
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Figure 4. Flowchart diagram of two-step optimal design procedures with multi-objective functions.
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Figure 5. Line chart of comparisons of efficiency for 4 kinds of six-phase synchronous reluctance
motors mounted to centrifugal compressor with various speeds.
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Figure 6. Line chart of comparisons of power factor for 4 kinds of six-phase synchronous reluctance
motors mounted to centrifugal compressor with various speeds.
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Figure 7. Line chart of comparisons of output torque for 4 kinds of six-phase synchronous reluctance
motors mounted to centrifugal compressor with various speeds.
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Figure 8. Line chart of comparisons of torque ripple for 4 kinds of six-phase synchronous reluctance
motors mounted to centrifugal compressor with various speeds.

The line chart of seven kinds of performances in four kinds of configurations of six-phase
synchronous reluctance motors listed in Table 6 is shown Figure 9. It is very obvious that many
characteristic performances in the genre 1 of six-phase synchronous reluctance motor is superior to the
genres 2, 3 and 4 through the optimal design with multi-objective functions by use of the altered BCO
and the Taguchi method combined with FEA.
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Figure 9. Line chart of performances comparisons for 4 kinds of six-phase synchronous reluctance
motors mounted to centrifugal compressor.

3.2. Experimental Results

Full cross-section views in four kinds of configuration of six-phase synchronous reluctance motor
as genre 1, genre 2, genre 3 and genre 4 is shown in Figure 10 according to present in Table 6. The chosen
4 kinds of six-phase synchronous reluctance motor through optimization design with multi-objective
functions have some better performances. Magnetic flux with FEM analysis solutions after two-step
optimization design in genre 1 of six-phase synchronous reluctance motor is shown in Figure 11, where
Figure 11a is the full cross-section view of three-dimensional diagram at stator and windings, and
Figure 11b is the full cross section and quarter cross section of two-dimensional diagram at stator
and rotor. It is obvious that the genre 1 of six-phase synchronous reluctance motor has less magnetic
saturation effect via optimization design with multi-objective functions. Finally, the completed photo
picture of six-phase synchronous reluctance motor is shown Figure 12. The views of stator, rotor
and winding, combination and six-phase synchronous reluctance motor mounted to a centrifugal
compressor are shown in Figure 12a–c, respectively.Energies 2018, x, x FOR PEER REVIEW  12 of 14 
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4. Discussions

The whole design process with two step design procedures based on multi-objective functions
by use of the altered BCO and the Taguchi method combining with 2-D FEA is presented in Figure 4.
In general, the execution of two step procedures requires a great calculation time. By use of the altered
BCO and the Taguchi method, the execution of two step procedures reduces the calculation time
by a lot. Meantime, the results of machine performance from two-step optimization design with
respect to five control factors are presented in Table 6. Table 6 lists some selected successful machine
performance features (iron weight, winding weight, manufacturing cost, power factor, efficiency,
output torque and torque ripple) from four kinds of genres according to two step optimization designs
with multi-objective functions. Better machine performance, and the corresponding optimization
configurations can be easily found in Table 6. Therefore, the proposed two step design procedures
based on multi-objective functions by use of the altered BCO and the Taguchi method combining with
2-D FEA is a very efficient and better approach in the robust design of a high-performance motor.

5. Conclusions

This paper has presented an optimization design with multi-objective functions by use of altered
BCO method and Taguchi method combining with FEA on a six-phase synchronous reluctance motor
applied to centrifugal compressor.

The main contributions and differences between this study and other studies are that the proposed
methodologies for determining some operational regions with multi-objective functions have some
features as: (1) a two-step optimization procedure, which depends mainly on the stator and rotor
regions, focusing on cost and efficiency, has been successfully achieved; (2) the maximization of
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efficiency, power factor and output torque in the first-step design have been accomplished; (3) the
minimization of manufacturing cost with respect to stator iron weight and stator winding weight and
other installed cost in the second-step design has been finished; (4) the two step optimization of a
six-phase synchronous reluctance motor has been successfully applied to a centrifugal compressor
from the experimental results; and (5) an optimization design with multi-objective functions by use
of the altered BCO and Taguchi method combined with FEA has been successfully applied in a
six-phase synchronous reluctance motor. Finally, the experimental results of this paper confirm the
effectiveness of the proposed technique for obtaining lower manufacturing cost, lower torque ripple,
higher efficiency and higher power factor, less magnetic saturation effect and other better performance
characteristics. Moreover, in the future this technique could be applied to solve multi-objective
optimization problems for any electromagnetic device.
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