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Abstract: This paper uses the Taguchi method to optimize the manufacturing process and robust
design of a low-cost permanent magnet motor with soft magnetic composite (SMC) cores. For the
manufacturing process, SMC cores are produced by using the molding technology without any wire
cutting costs. To maximize the relative permeability and minimize the core loss, the Taguchi method
is employed to identify the best control factor values for the heat treatment of SMC cores based on a
series of experimental results. Due to the manufacturing tolerances, there are significant uncertainties
in the core densities and motor dimensions, which will result in big performance variations for the
SMC motors in the batch production. To obtain a robust design less sensitive to these tolerances,
the conventional Taguchi parameter design method and a sequential Taguchi optimization method
are presented to maximize the average torque and minimize the core loss of a low-cost PM motor.
Through comparison, it is found that the proposed optimization method is efficient. It can provide an
optimal design with better motor performance and manufacturing quality. The proposed method will
benefit the industrial production of cost-effective PM-SMC motors with robust and compact designs.

Keywords: permanent magnet motor; soft magnetic composite; Taguchi method; manufacturing
tolerances

1. Introduction

Soft magnetic composite (SMC), as a relatively new magnetic material, is a kind of iron powder
made of fine particles (around 0.1 mm in diameter) with thin electrical insulation. Due to the powder
nature, motor cores made of SMC have some advantages compared with cores made of silicon steel
sheets, such as lower eddy current loss and isotropic electromagnetic and thermal properties. These
advantages benefit the design of high-performance permanent magnet (PM) motors with 3D flux path,
such as transverse flux machine, axial flux motor, linear brushless motor and claw pole motor [1-6].

Another important advantage of SMC cores is their low cost, including the manufacturing cost.
The manufacturing process of SMC cores can be totally different from those cores made of steel sheets.
Taking advantage of the powder metallurgy technology, the SMC cores can be produced by molding
technology [1,7-9]. This kind of technology can be used to produce SMC cores with complex structures
that may be hard or even impossible to manufacture by the traditional lamination method [10]. There
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are two main steps in this technology, powder compaction and heat treatment. In the first step, several
stator/rotor core dies (made of tool steel) are employed to compact the SMC powder to form a 3D
raw core by using a press. In the second step, the raw core will be cooked to complete the heat
treatment process. The obtained SMC cores after the heat treatment can be used for the assembly
directly. This kind of manufacturing method benefits the batch production of SMC cores and motors
at low cost. This is very important for the low-cost applications of SMC motors, such as electric fans
and compressors in air conditioners.

Regarding the low-cost applications of SMC motors, a major challenge is how to maintain good
(at least satisfactory) performance and manufacturing quality of the motors with less material and
manufacturing cost. Thus, there are two issues to address, low cost and good performance.

For the first issue, the cost of SMC motors mainly consists of two parts, material cost and
manufacturing cost. High-performance NdFeB magnets have been used in many PM-SMC motors,
such as transverse flux machine and axial flux motor to achieve good performance [1-9,11]. However,
they are very expensive. To decrease the cost of SMC motors, ferrite magnets can be used to replace
these expensive NdFeB magnets with a proper design of the motor topology, for example, the flux
concentration design [12]. Meanwhile, transverse flux reluctance machine can be designed without
the use of any magnets [1,13]. As this work focuses on the PM-SMC motors, ferrite magnets will
be investigated in the following discussion. Regarding the manufacturing cost of PM-SMC motors,
other parts except the SMC cores can be manufactured by the standard machining processes. For the
manufacturing method of the SMC cores, there are two ways, wire cutting and molding technology.
Wire cutting has been used for the manufacturing of SMC cores from big molded SMC blocks in most
research work. Compared with the molding technology, wire cutting is expensive and small cracks
can happen during the cutting process. These small cracks will affect the magnetic flux of the motors.
Therefore, molding technology will be discussed in this work.

Regarding the molding technology for SMC cores, an important step is the heat treatment.
This step cooks the raw core samples in a high-temperature furnace with several temperature control
factors, such as the curing temperature and time. These control factors should be investigated and
optimized to obtain an SMC core with good magnetic properties, such as higher permeability and lower
core loss. To the best of the knowledge, this issue has not yet been investigated for the manufacturing
of SMC cores for PM motors. To address it, the Taguchi method will be used to determine the best
control factor values in this paper.

For the second issue, good performance and manufacturing quality of the SMC motors,
they are related to the manufacturing tolerances. Due to the uncertain pressure employed in the
powder compaction process, the densities of the SMC cores vary significantly, which will affect the
magnetization curves of these cores and result in big variations to the motor performances [7-9].
There are some manufacturing tolerances for other parts of the PM-SMC motors as well, such as
the dimension of the ferrite magnet and the length of the air gap. To obtain a robust motor design
less sensitive to these variations, the SMC cores and the motor should be designed and optimized
appropriately with the consideration of these manufacturing tolerances. In this work, the Taguchi
parameter design method is first introduced to maximize the average torque and minimize the core
loss of a low-cost PM-SMC motor. To further improve the motor performance, a sequential Taguchi
optimization method will be presented as well.

The remainder of this paper is organized as follows: Section 2 introduces the structure
and main dimensions of a PM-SMC motor that will be investigated in this work. Section 3
investigates the manufacturing process of the SMC cores with a focus on the heat treatment condition.
The manufacturing tolerances of the SMC cores will be discussed as well. Section 4 conducts the
optimization based on the Taguchi method and presents a new robust design method, sequential
Taguchi optimization method, for the investigated PM-SMC motor. Section 5 compares the motor
performances with different designs, followed by the conclusion.
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2. Description for a PM-SMC Motor

Figure 1 illustrates the one-phase structure of the investigated PM-SMC motor. This is a 3D-flux
flux-switching permanent magnet motor (FSPMM). The whole motor consists of three phases and
there is a shift of 120 electrical degrees for two phases [12]. As shown, SMC cores are designed
for both the stator and rotor of this motor. The stator consists of two parts, SMC cores and ferrite
magnets. The rotor is made of SMC only, without any magnets or windings. Thus, the rotor has a
robust mechanical structure, like the rotor of a normal FSPMM with NdFeB magnets [14]. For the flux
in this motor, it goes through the ferrite magnet in the circumferential direction, the stator teeth in
radial direction and the rotor in the axial direction. This motor is designed to provide an output torque
of 2 Nm at rated speed 3600 rev/min for compressor application in a kind of air conditioner. Table 1
lists some main dimensions of this machine.

Ferrite
magnet

(© (d)

Figure 1. Structure of an FSPMM with SMC cores, (a) one-phase structure, (b) winding and magnets,
(c) stator part, and (d) rotor part.

Table 1. Main dimensions of the FSPMM with SMC cores.

Parameter Symbol Value Unit
Shaft radius Rspapt 9.5 mm
Stator outer radius Rso 50 mm
Stator inner radius R 25 mm
Height of stator yoke Hsy 5 mm
Slot angle of stator teeth Ost 4.5 deg
Air gap length Leap 0.5 mm
Effective axial length Loxial 31 mm
Length of rotor teeth Lyt 6 mm
Angle of rotor pole Orp 15 deg
Width of magnet Wym 5 mm
Number of turns N¢ 70 turns

For the magnetic field analysis, the magnetostatic model of MAXWELL 3D with the default
boundary is adopted. Figure 2 shows the mesh and no-load flux density distribution of this FSPMM
obtained from Maxwell. The total number of mesh elements is 341,526. The flux density on the stator
teeth is about 1.2 T, this is high considering that ferrite magnets are employed for the PM field excitation.
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Figure 2. Mesh and no-load flux density distribution of the FSPMM. (a) Mesh for finite element analysis;
(b) No-load flux density distribution.

3. Manufacturing Process and Tolerances of the SMC Cores for the FSPMM

3.1. Manufacturing Process of the SMC Cores

Figure 3 shows the manufacturing process and several manufactured SMC cores. There are two
main steps in the manufacturing, powder compaction and heat treatment. In the first step, a hydraulic
press (Figure 3d) is used to compact the SMC powder (Figure 3a) with several stator/rotor die tools
(Figure 3b,c) to produce raw samples of the stator core (Figure 3g) and the rotor core (Figure 3i). In the
second step, a high-temperature furnace (Figure 3e) is employed to cook the raw cores to produce the
finished stator core (Figure 3h) and rotor core (Figure 3j). Figure 3k,1 show two other cooked rotor cores
with different heat treatment conditions. Both steps will affect the magnetic properties of the cores.
The first step can be done by a standard machining process. Due to the uncertain pressure applied to
the compacted cores, there are significant variations in the core densities in the batch production of the
SMC cores. The second step can be implemented by using an auto-control high-temperature furnace.
Figure 3f shows the temperature control panel of the used furnace in our laboratory.

Compared with the compaction step, the heat treatment step has more significant influence on the
magnetic property variations of the SMC cores as there are more control factors in this step. Figure 3j-1
show three cooked rotor cores obtained from different control factors for the heat treatment. As shown,
they have different colours and the last one (Figure 31) usually is not good as it is black due to the break
of electrical insulation at high temperature. Thus, they should have different magnetic properties.
To determine the best heat treatment condition, the control factors involved in the heat treatment
process will be investigated and optimized by using the Taguchi method in the next subsection.
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() (k) I

Figure 3. Facilities and SMC cores for the proposed FSPMM, (a) SMC powder, (b) die tools for
compaction of the rotor core, (c) die tools for compaction of the stator cores, (d) a hydraulic press,
(e) a high-temperature furnace, (f) the temperature control panel, (g) a raw stator core, (h) a cooked
stator core after heat treatment, (i) a raw stator core, (j-1) three stator cores after heat treatment.

3.2. Analysis of the Best Heat Treatment Condition by Using Taguchi Method

Figure 4 shows a proposed heat treatment process for the SMC cores. As shown, there are four
main steps, warning up, burn-off and curing, relaxation and cooling. Five factors as listed in Table 2 are
used to control this process. They are warming up temperature (Tel), burn-off and curing temperature
(Te2) and time (Til), and relaxation temperature (Te3) and time (Ti2). Temperature Te2 aims to ensure
the mechanical strength of the compacted SMC core. Temperature Te3 targets to eliminate the stress
and improve the magnetic performance [9]. All these factors will affect the magnetic properties of the
SMC cores, such as permeability and core loss. To identify the optimal values for these control factors,
the Taguchi method will be investigated. Taguchi method has been widely employed in experimental
designs for problems with multiple factors. By using orthogonal arrays, it is able to search in the
parameter space with a small number of experiments [15-22].

Table 3 lists an orthogonal array to determine the best heat treatment condition for the SMC cores.
As shown, only 18 SMC cores are required for the analysis of magnetization curves and core losses
of them. These magnetic properties are very important for the SMC cores and have been discussed in
many research papers [1,22-24]. To conduct the experiment, 18 samples have been fabricated and three
of them (the first three samples listed in Table 3) are shown in Figure 3. To determine their magnetic
properties, all these samples are tested with an experimental platform as shown in Figure 5a. In the
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figure, the digital multimeter 1 (type: GDM-8045G, manufacturer: Good Will Instrument CO. LTD.) is
used to measure the input current, the digital multimeter 2 (type: Agilent 34401A) is used to measure
the input resistance for the calculation of copper loss, and the digital oscilloscope (type: Tektronix
DPO 2024) is used to record the data of the magnetization curves.

A
Temperature (°C)
Relaxation
Te3
Burn-off and
curing Cooling
Te2
Tel
Til Ti2 Time (min)

Figure 4. Heat treatment process for the SMC cores.

Table 2. Levels of control factors for the heat treatment of SMC cores.

L. Levels
Factor Description Unit
2 3
Tel Warming up temperature °C 25 100 200
Te2 Burn-off and curing temperature °C 420 450 480
Til Burn-off and curing time min 30 60 90
Te3 Relaxation temperature °C 500 550 600
Ti2 Relaxation time min 10 30 50

Table 3. An orthogonal array and experimental results for the heat treatment of SMC cores.

No. Tel Te2 Til Te3 Ti2 e Core Loss Objective (y)
1 1 1 1 1 1 210.72 10.87 1.45
2 1 2 2 2 2 239.76 14.73 1.43
3 1 3 3 3 3 192.10 66.21 3.24
4 2 1 1 2 2 243.34 67.48 3.02
5 2 2 2 3 3 197.12 70.42 3.33
6 2 3 3 1 1 261.68 7.56 1.13
7 3 1 2 1 3 249.63 5.71 1.12
8 3 2 3 2 1 265.92 14.57 1.33
9 3 3 1 3 2 206.15 67.48 3.19
10 1 1 3 3 2 222.22 48.72 2.54
11 1 2 1 1 3 273.33 7.42 1.09
12 1 3 2 2 1 274.41 15.13 1.32
13 2 1 2 3 1 202.56 83.40 3.69
14 2 2 3 1 2 226.28 5.94 1.22
15 2 3 1 2 3 250.75 14.90 1.39
16 3 1 3 2 3 271.49 13.59 1.28
17 3 2 1 3 1 183.11 74.40 3.54
18 3 3 2 1 2 267.10 4.48 1.02

Figure 5b—d show the measured magnetization curves (with hysteresis loops) for the first three
samples listed in Table 3. Meanwhile, a clamp meter (type: Fluke 345) is used to measure the input
power. Based on the experimental results, the values of relative permeability (y;) and core loss
(unit: W/kg) of these 18 samples can be estimated, as listed in Table 3.
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Figure 5. (a) An experimental platform for SMC cores, (b—d) measured magnetization curves for
cores 1-3.

To identify the best combination of the control factor values (or levels), an objective function is
defined as follows to maximize the relative permeability and minimize the core loss (Pcore):

Wr_ave Peore (Z)
~ T p 1
Vr(l) Pcore_ave ( )

y(i) =

wherei (1,2, ...,18)is the number of experiments, and the subscript ave means average. To identify
the best level of each control factor, averages of the relative permeability, core loss and objective are
calculated for all control factors, as listed in Table 4. As an example to show the calculation method,
the average objective for the level 1 of factor Te3 is computed as follows:

Yave(Te3, level1) — y(1) +y(6) +y(7) +y(11) +y(14) +y(18) _ . -

: 17, @

where 1, 6,7, 11, 14 and 18 are the numbers of experiments with 1 as the level of the factor Te3, as listed
in Table 3.

Table 4. Averages of motor performance and design objectives for all control factors.

Factor  Level Hr Core loss Objective (y)
1 235.42 27.18 1.84
Tel 2 230.29 41.62 2.30
3 240.57 30.04 1.91
1 233.33 38.30 2.18
Tr2 2 230.92 31.25 1.99
3 242.03 29.29 1.88
1 227.90 40.43 2.28
Til 2 238.43 32.31 1.98
3 239.95 26.10 1.79
1 248.12 7.00 117
Te3 2 257.61 23.40 1.63
3 200.54 68.44 3.26
1 233.07 34.32 2.08
Ti2 2 234.14 34.81 2.07
3 239.07 29.71 1.91
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According to the Taguchi method, the level that can provide the smallest objective should be
chosen as the best level for each factor [15-22]. To clearly show the selection process, Figure 6 shows
the average objectives for all levels of those five factors. As shown, the best combination of the control
factor levelsis 1,3, 3,1, 3.

4 T T T T T

3, B

o

2 .

_52' D/z\ﬂ By SRR

o)

(e}

1, -
Tel Te2 Ti1 Te3 Ti2

0 M M M M M
234 123 123 123 123

Levels of factors

Figure 6. Average objectives for all factors.

In addition, as shown in Figure 6, the fourth factor (Te3) has the highest influence on the magnetic
properties of these SMC cores as its average varies significantly in terms of different design levels.
The best level for this factor is 1, meaning that the relaxation temperature should be 500 °C. If the
temperature is over 500 °C, the electrical insulation of the iron powder may be destroyed, which will
result in bigger core loss.

3.3. Variations of the Core Densities and Magnetization Curves

It is found that there are significant variations in the core densities. Figure 7a shows the measured
core densities for those SMC cores. As shown, the standard deviation (STD) of the densities is
0.05 g/cm?3. These variations will affect the magnetization curves of SMC cores. Figure 7b illustrates
three magnetization curves for three different core densities in the range of [6.77 7.07]. The difference
between the mean core density (6.92 g/cm?) and the lower/upper boundary of the range is 0.15 g/cm?3
(three times of the STD). As shown, significant differences can be observed, which will result in big
variations for the magnetic field distribution in the motor, and consequently, the motor performance.

72¢

Py 2 [
m569 **** ****** *k 1

5 . * * * x 1.5+

> =

‘@ 6.6 =

g Mean = 6.92 g/cm3 o —>—7.07 g/cm3
g STD = 0.05 g/cm® ——6.92 g/cm®
Q g3t 0.5F 3
8 : —&—6.77 g/lcm

6 : : : : : 0 : : :
1 4 7 10 13 16 18 25 50 75 100
Number of SMC cores H (kA/m)
(a) (b)

Therefore, to improve the performance and manufacturing quality of the investigated FSPMM,

Figure 7. (a) SMC core density variation, (b) magnetization curves vs core densities.

robust design optimization is needed and will be discussed in the next section.
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4. Motor Performance Optimization by Using Taguchi Method

4.1. Taguchi Parameter Design Method

In general, to improve the performance of electrical machines, many optimization methods
can be employed, such as the intelligent optimization algorithms, multilevel, multiobjective and
multidisciplinary optimization methods [25-33]. For the optimization of the investigated FSPMM under
manufacturing variations, this is a kind of robust design optimization problem. To solve this problem,
Taguchi parameter design, worst case design and design for six-sigma (DFSS) are three normally used
methods [26,32-38]. Among them, Taguchi parameter design method requires the least simulation cost.

For the investigated FSPMM, 3D finite element model (FEM) as shown in Figure 2a is required as
this is a 3D flux machine. The simulation time of one design with Maxwell is around 25 min on a PC
with 3.2 GHz CPU and 8 GB RAM. This is a huge computation cost if several thousand FEM samples
are required. Therefore, to decrease the computation cost, the Taguchi parameter design method will
be employed to optimize the investigated FSPMM in this work. In the implementation, two types
of factors, control and noise factors, are required to define for this motor. The control factors are the
design parameters that will be optimized, whereas the noise factors are parameters that characterize
the manufacturing tolerances. An orthogonal array consisting of an inner array and an outer array
will be generated to conduct the simulations. Based on that, the signal /noise (5/N) ratio, as an index
of motor quality, is used to determine the best combination of the control factor values that make the
motor robust to those manufacturing tolerances [34-38].

For this motor, five parameters (05, Leap, Lyt, Wpm, and 6,p) as shown in Figure 8 are crucial
to its performance, where Wy, is the width of the ferrite magnet in the direction of magnetization,
Lggp is the length of the air gap, and the others are three parameters for SMC cores. Table 5 lists the
initial design ranges of them. These parameters are considered as the control factors for the Taguchi
parameter design of this motor. Table 6 tabulates the levels for these five control factors. As shown,
each factor has four levels. Table 7 lists three noise factors and their levels. These factors are related
to the manufacturing tolerances of the ferrite magnets, SMC cores and the air gap. They account for
the main performance variations for this FSPMM, and they are hard to control in the manufacturing.
As listed in the table, each noise factor has two levels. For example, the two levels for the core density
(o) are —0.15 and 0.15 g/cm?, meaning that the practical core densities in the manufacturing are
6.77 and 7.07 g/cm?, respectively. They are calculated by 6.92 — 0.15 and 6.92 + 0.15, respectively,
where 6.92 is the core density of the initial design.

pm

Figure 8. Design parameters for the FSPMM.

Based on these control and noise factors, Table 8 lists an orthogonal array for the robust design
and analysis of this motor. As shown, there are 16 rows, meaning that 16 combinations of the control
factors are required to form the inner array. For the noise factors, four combinations are needed to
form the outer array, and they are listed as 111, 122, 212 and 221 in the table. 1 or 2 means the level
of the control factor. For example, 122 represents the combination of levels 1, 2, and 2 for these three
noise factors, respectively. Therefore, 64 (16 x 4) combinations (FEM samples) will be required for the
simulation in Maxwell. Table 8 lists the average torques and core losses of these 64 samples.
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Table 5. Design parameters and ranges for the FSPMM.

Control Factor Unit min max
Ost deg 4 7
Lgap mm 0.45 0.75
Lyt mm 5 8
me mm 4 7
9,;7 deg 10 17

Table 6. Control factors and levels for the FSPMM.

Levels
Control Factor Unit

2 3 4

0Ot deg 45 5 5.5 6
Leap mm 0.45 0.5 0.55 0.6

Lyt mm 5.5 6 6.5 7
Wom mm 5 5.5 6 6.5

Orp deg 12 13 14 15

Table 7. Noise factors and levels for the FSPMM.

Levels
Noise Factor Unit
1 2
Ap g/cm3 —-0.15  +0.15
ALgap mm —0.05 +0.05
ALWpm mm —0.05 +0.05

Table 8. An orthogonal array for the output torques and core losses of the FSPMM.

Noise Factor Levels and Noise Factor Levels and Values for
Control Factor Levels
No. Values for Torque Core Loss
1 2 3 4 5 111 122 212 221 111 122 212 221

1 1 1 1 1 1 208 208 242 242 11731 11616 13021 128.92
2 1 2 2 2 2 1.88 1.87 210 2.09 11054 109.27 12348 121.81
3 1 3 3 3 3 1.72 1.70 193 191 10281 10145 11475 113.25
4 1 4 4 4 4 1.56 1.53 1.70 1.67 93.57 92.10 105.03  103.43
5 2 1 2 3 4 1.93 1.91 209 206 111.77 11023 12441 122.73
6 2 2 1 4 3 1.71 1.68 192 1.89 99.49 97.786 11041 108.56
7 2 3 4 1 2 1.82 1.82 205 206 109.12 108.16 122.84 121.77
8 2 4 3 2 1 1.80 1.79 213 212 10097 9991 112.55 111.35
9 3 1 3 4 2 1.82 1.79 201 1.97 96.68 95.19 108.43  106.77
10 3 2 4 3 1 1.88 1.86 222 220 97.31 96.12 109.33  108.00
11 3 3 1 2 4 1.90 1.89 205 204 11443 113.03 12651 12497
12 3 4 2 1 3 1.81 1.80 202 201 11342 11234 12583 124.61
13 4 1 4 2 3 1.98 197 220 219 11023 109.07 123.84 122.55
14 4 2 3 1 4 200 200 216 215 11881 11771 132.61 131.38
15 4 3 2 4 1 1.74 172 207 204 90.50 89.02 100.66  99.036
16 4 4 1 3 2 1.75 1.73 193 190 98.55 97.16 108.05  106.46

For the performance optimization of this motor, there are two objectives, maximizing the average
torque (Tge) and minimizing the core loss (Pgor.). Based on them, an objective function is defined as
follows to determine the best combination of control factor values:

Tave_initial Peore (i/ ])
— T ,
Tave (11 ]) Pcore_initial

y(i,j) = 3)
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wherei(1,2,...,16)and (1, 2, 3, 4) are the numbers of experiments for the inner and outer arrays,
respectively. Table 9 lists the S/N ratios for all 16 rows of the control factors. The calculation method
can be briefly summarized as follows:

First, use (3) to compute the objective of all 64 samples listed in Table 8.

Second, calculate the S/N ratio for each row in the table. According to the Taguchi parameter
design method (with a target as the smaller the better), the calculation equation is:

4
SN(i) = —10 x Ig [1 X yz(z‘,]’)}. 4)
i=1

]

Third, compute the average S/N ratio for each level of all control factors. For example, for the
third level of the second control factor Le,, it average S/N ratio can be calculated by:

R(factor = Lyup level  3) — SN(3) + SN(7) +4SN(11) + SN(15), 5)

the numbers 3, 7, 11 and 15 can be found from the orthogonal array.

To identify the best combination of the control factor values, Figure 9 illustrates the average S/N
ratios for all five factors. The best level of each factor can be obtained by selecting a level with the
highest S/N ratio. As shown, levels 4, 1, 4, 3, and 1 should be chosen for these five control factors,
respectively. Their corresponding values can be found from Table 6.

Table 9. S/N ratios of the objective for the 16 experiments of the control factors.

No. SN/dB  No. SN/dB No. SN/dB No. SN/dB

1 —5.33 5 —5.62 9 —5.32 13 —5.40
2 —5.62 6 —5.67 10 —5.03 14 —5.73
3 —5.77 7 —5.71 11 —5.77 15 —5.09
4 —6.03 8 —5.35 12 —5.90 16 —5.53
5F N
|
~-52r b
[an]
=
o 54 ] B
|2 .
Z 56 i
%) ]
X1 X2 X3 X4 X5
-5.8 E

1234 1234 1234 1234 1234
Levels of factors

Figure 9. S/N ratios for each level of all factors.

4.2. Sequential Taguchi Optimization Method

For the optimal design obtained from Taguchi parameter design, the motor average torque is
torque 2.01 Nm and core loss is 104.07 W. They are better than those of the initial design (2.00 Nm and
129.24 W). However, the improvements are not significant. The main reason is that only 64 samples
and 4 levels have been considered for the control factors in the optimization process. There are big step
sizes for different levels. To overcome this disadvantage and further improve the motor performance,
a sequential Taguchi optimization method (STOM) is proposed as follows. Figure 10 illustrates the
flowchart of the proposed STOM. There are five main steps:
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Step 1: Problem definition. This step defines the design objectives, control and noise factors of
the motor.

Step 2: Taguchi parameter design. This step conducts the analysis of the Taguchi parameter design
discussed in Section 4.1. First, define an orthogonal array for the control and noise factors. Second,
simulate the motor performance. Third, calculate the S/N ratios of each factor at different levels and
determine the best level combination.

Step 3: Motor performance evaluation. This step evaluates the motor performance of the obtained
optimal design, including average torque and core loss, and calculates the objective.

Step 4: Determination of the convergence. Compare the objectives obtained from this step and the
last step. If the relative error is less than ¢ (a positive value like 1%), terminate the optimization process
and output the optimal design. Otherwise, go to next step.

Step 5: Updating the design space. For most engineering optimization problems, the optimal
point should be located in a small subspace compared with the initial big design space. Therefore,
if that subspace can be found, the optimum should be better than the initial one. Following this idea,
the design space will be reduced in this step by using a sequential optimization strategy [39,40]. In the
implementation, the step size of each control factor will be halved in this step. For example, for the
fourth control factor (W), the best level is 3 given by the Taguchi design, meaning that its value is
6 mm. As the initial step size is 0.5 mm, the next one is 0.25 mm. Thus, the next four levels of this
control factor will be 5.625, 5.875, 6.125 and 6.375, respectively. As shown, 6 is the mean of the second
and third levels (mean of 5.875 and 6.125). If the best level is the lower or upper limit of the design
space, the next design levels will start from or end with that level. For example, for the second control
factor (Lgqp), the best level is 1 given by the Taguchi design. Its value is 0.45 mm, which is the lower
limit of its design space. Therefore, the next four levels will start from it and the step size for any two
levels is 0.025 mm, and they are 0.45, 0.475, 0.5 and 0.525, respectively. Based on these updated design
levels, the Taguchi parameter design should be conducted again until the convergence criterion is met.

Figure 11 shows the objectives obtained from the proposed STOM with € = 1%. As shown,
four Taguchi parameter design processes (k = 1, 2, 3, 4) are required for the proposed optimization
method. The objectives for these design processes are 1.800, 1.657, 1.631, and 1.627 respectively.
Meanwhile, a total of 256 samples are required for the performance simulation as 64 FEM samples
are needed for each design process. Therefore, this method is efficient. The detailed optimal control
factors and motor performance will be given in the next section.

‘ Start:
Define problem

<

v
k th design space
Taguchi parameter design: find the best levels

for all control factors (method used in 4.1) Design space

| updating
v k=k+1

Performance evaluation: calculate the motor A
performance including torque and core loss,
and the objective (f) for the optimal design

) 4

AfIf <e

v
Output

Figure 10. Flowchart of the sequential Taguchi optimization method.



Energies 2018, 11, 2025 13 0f 17

Objective

B ‘ . . ‘ ‘
Initial k=1(STOM) k=2 (STOM) k=3 (STOM) k=4 (STOM)

Optimization process

Figure 11. Optimization process of the sequential Taguchi optimization method.

5. Comparison of Motor Performance with Different Designs

Table 10 lists the optimal parameter values and the corresponding motor performance given by
four different designs. Figures 12 and 13 compare the curves of the motor torque and core loss for
these designs. The first one is the initial design. The second one is the optimal design provided by the
Taguchi parameter design as discussed in Section 4.1. The third one is the optimal design given by the
proposed STOM as discussed in Section 4.2. The last one is obtained from the DFSS method based on
the following robust optimization model:

min :  pe(x) ©)
st gilpr(x),0¢(x)] <0,i=1,2

where f(x) = T‘;i:’z—:’z;:’)”l + chzrii:l)al is an objective function for the deterministic optimization model,
g1(x) and g»(x) are two constfaints, and given by g1(x) =2 — Taee(x) < 0, g2(X) = Peore(x) — 130 <0,
x is a vector of the five parameters listed in Table 5,  and o are the mean and standard deviation of
the corresponding terms which are estimated by using the Monte Carlo analysis method. DFSS is a
popular robust design method and has been successfully employed for the robust design optimization
of PM-SMC motors [25,26,32,33]. The following conclusions can be drawn from the table and figures.

Firstly, the average torque and core loss given by the Taguchi parameter design are 2.01 Nm
and 104.07 W, respectively, which are better than those of the initial design (2.00 Nm and 129.24 W).
However, they are obviously worse than those of the STOM (2.25 Nm and 95.28 W) and DFSS (2.20 Nm
and 91.02 W). Compared with the initial and Taguchi designs, the motor’s average torque given by the
optimal STOM design has been increased by 12.5% and 12.0%, respectively, while the core loss has
been decreased by 26.28% and 8.44%, respectively. Regarding the objective, the value of STOM is 1.63,
which is lower than those of the initial design (2.00) and Taguchi design (1.80), but is slightly higher
than that of the DFSS (1.61). The difference between STOM and DFSS is small as the relative error is
only 1.23%.

Secondly, considering the computation cost, the required FEM samples will be compared as the

FEM simulation accounts for the most computation time of this motor. The Taguchi and STOM designs
require 64 and 256 FEM samples, respectively. However, DFSS requires about 9375 (3 x 5° = 9375)
FEM samples if a surrogate model is employed with 5 levels for each of the five control parameters
and 3 levels for the noise factor of core density. The computation cost of the STOM is only about 2.73%
of that required by the DFSS. Therefore, the proposed STOM is efficient.

Thirdly, regarding the material cost of the ferrite PMs and SMC, the cost required by the STOM
design is AUD 9.66, which is higher than those needed by the initial design (AUD 8.70) and the
Taguchi design (AUD 9.57), and slightly lower than that required by the DFSS (AUD 9.83). However,
the differences between them are small, and all are less than AUD 10.00. This confirms the low cost of
this kind of motor.
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Table 10. Performance comparison for FSPMM with four designs.

Parameter Unit Initial Taguchi STOM DEFSS
Ot deg 4.5 6 6.66 7.0
Leap mm 0.5 0.45 0.45 0.45
Lyt mm 6 5.5 7.53 7.50
Wpym mm 5 55 6.16 6.34
Orp deg 15 12 10.69 10.50
Torque Nm 2.00 2.01 2.25 2.20
Core loss W 129.24 104.07 95.28 91.02
Objective - 2.00 1.80 1.63 1.61
Ferrite PM cost AUD 6.09 7.31 7.50 7.72
SMC cost AUD 2.61 2.26 2.16 2.11
Cost (PM + SMC) AUD 8.70 9.57 9.66 9.83
FEM samples - - 64 256 9375
- i
=
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Figure 12. Torque curves for the FSPMM with four designs.
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Figure 13. Core losses for the FSPMM with four designs.

Finally, considering the manufacturing quality of this motor in batch production, performance
variations in terms of manufacturing tolerances (noise factors) are conducted for these four designs.
Figures 14 and 15 illustrate the distributions of average torque and core loss given by the Monte
Carlo analysis, respectively. As shown, the STOM and DEFSS designs can ensure that all samples
satisfy the two requirements, i.e., average torque higher than 2 Nm and core loss lower than 130 W.
For the Taguchi parameter design, the minimal torque is less than 2 Nm, meaning that some (a small
percentage) motors cannot meet this requirement in the batch production. Therefore, the motor
performance and manufacturing quality of the FSPMM have been improved significantly by using the
proposed STOM.
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Figure 15. Distributions of core loss considering the manufacturing tolerances.

6. Conclusions

This work investigated the optimization of the manufacturing process and robust design of
a low-cost FSPMM with SMC cores based on the Taguchi method. For the heat treatment in the
manufacturing process, the Taguchi method was employed to identify the best combination of control
factor levels. The relaxation temperature was found to be the most significant control factor to the
magnetic properties of the SMC cores, and its best value is 500 °C. This manufacturing method will
benefit the low-cost batch production of SMC cores by using the molding technology. For the robust
design of the FSPMM, manufacturing tolerances related to the ferrite PMs, SMC cores and the air
gap were considered in the analysis. To obtain a robust design, Taguchi method was first employed,
then a STOM was presented to further improve the motor performance and manufacturing quality.
The STOM design was compared to the initial design, Taguchi design and DFSS design in terms of the
motor performance, FEM computation cost, material cost and performance distributions considering
manufacturing tolerances. It was found that the motor performance and manufacturing quality given
by the optimal STOM design are close to those of the optimal DFSS design and are much better than
those of the initial and Taguchi designs. Moreover, the required FEM computation cost of the STOM is
less than 3% of that needed by the DFSS. Therefore, the proposed STOM is efficient.

The proposed method can be applied to other PM-SMC motors for low-cost applications. It can
also be used as an effective method to improve the performance and manufacturing quality of other
kinds of electrical machines. In the future work, several prototypes will be fabricated for this FSPMM
with consideration of the manufacturing tolerances. Furthermore, more factors and their variations
including material diversities will be investigated in the robust design of SMC and other kinds
of motors.
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