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Abstract—In this paper, a new system-level sequential Taguchi
method (SLSTM) is proposed to achieve the optimal solution with
high robustness for switched reluctance motor (SRM) drive
systems. An SRM drive system consisting of a segmented-rotor
SRM and the angle position controller is investigated as a case
study. In the implementation, the optimization function contains
torque, loss, and torque ripple. The control factors of the system
are selected according to the sensitivity analysis results.
Manufacturing tolerances are considered to guarantee that the
optimal solution features low sensitiveness to uncertainties. The
process of defining the design levels of all the control factors and
noise factor is illustrated and the orthogonal array is established.
The optimization of the SLSTM is carried out sequentially until
the certain convergence condition is satisfied. Finally, the
component-level sequential Taguchi method (CLSTM) is carried
out for comparison. It appears that the proposed SLSTM is
efficient in searching for the robust optimal solution for the SRM
drive system. Besides, it can achieve better output performance,
such as higher average torque and lower torque ripple, and a
higher level of robustness compared with the initial design and
CLSTM.

Index Terms—Manufacturing tolerances, robust design,
switched reluctance motor (SRM), Taguchi method.

I. INTRODUCTION

ELECTRIC vehicles (EVs) and hybrid EVs (HEVS) are

achieving increasing attention and market share with the
development and application of high-reliability motors [1], [2].
During recent years, switched reluctance motors (SRMs) have
aroused increased interests thanks to the benefits of rigid
structure, high robustness, the absence of permanent magnets,
and low manufacturing cost. SRMs provide an alternative to
traditional electric machines like permanent magnet motors and
inductance motors in EVs and HEVs [3], [4]. Conventional
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SRMs with doubly salient structure have been designed and
tested on EVs or HEVs [5], [6]. Besides, a variety of novel
topologies have been derived from the conventional structure,
including the SRMs with segmented stator/rotor [7], [8] and
double stator [9].

To provide excellent drive performance to meet the
challenging requirements, SRMs should be properly designed
and optimized before application. Previous research efforts on
the design and optimization of SRMs mainly focus on a single
performance index, such as torque ripple [10], loss [11] or
efficiency [12]. However, focusing on a single objective
typically has significant adverse effects on other important
performance measures [13], [14]. Consequently, the
multiobjective optimization method has been widely applied,
which  allows  simultaneously  considering  different
optimization targets at once. Thus, their respective trade-off can
be analyzed, and it facilitates to accommodate the needs for
different applications [15], [16].

To find the overall best solution and tackle the high-
dimensional problem in a computationally efficient manner,
intelligent algorithms, such as genetic algorithm (GA) [17] and
particle swarm optimization (PSO) [18], are favourable in the
case of multiobjective optimization problems. Commonly,
intelligent algorithms are coupled with a finite element solver
to allow an accurate solving of respective multiobjective
optimization problems. Furthermore, several surrogate
modeling techniques, such as response surface (RS) [19] and
Kriging based approaches [20], [21], can be applied to reduce
the computational burden. For example, a comprehensive
framework for multiobjective design optimization of SRMs
based on a combination of the RS model and PSO approach has
been proposed in [22]. A sample SRM with multiple objectives,
i.e.,, the maximization of the torque per active mass and
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efficiency, while simultaneously minimizing torque ripple, is
optimized to show the reliability of the proposed method.

Due to manufacturing tolerances and material diversity,
variations of the design variables are unavoidable when
producing SRMs. Mass production of SRMs with higher quality

is a key requirement for decreasing the possibility of failure [23].

Six-sigma robust optimization method is an effective way to
deal with optimization problems featuring unavoidable
uncertainties in industrial manufacturing. In [24], a robust
design optimization approach was presented by incorporating
the methodology of design for six sigma, and it is verified by
an example of a transverse flux machine. The reliability and
quality levels of an investigated example can be significantly
improved. However, it requires abundant finite element
analysis based evaluations, which leads to high computational
cost. Compared with the six-sigma robust optimization method,
the Taguchi design approach based on orthogonal array exhibits
high computational efficiency since it does not use complicated
algorithms and additional programming. Taguchi approach has
been successfully employed to optimize different kinds of
motors, such as interior permanent magnet synchronous motors
[25], [26], and SRMs [27].

The main drawback of the conventional Taguchi method is
that the selection of the values and the improvement of
performance significantly depend on the defined levels which
highly dependent on the number of levels and human
experience. Moreover, previous work on the Taguchi method
only considered the parameters for the motor domain but
ignored the parameters of the controller, which can be regarded
as a component-level Taguchi method rather than a system-
level Taguchi method.

To solve the drawback of the conventional Taguchi method
and achieve the robust optimal solution for the whole drive
system, in this paper, an efficient robust design optimization
method is presented for SRM drive systems. A design example
with a segmented-rotor SRM (SSRM) will be investigated to
present the effectiveness of the SLSTM. The main contribution
of this paper is that a novel system-level sequential Taguchi
method (SLSTM) is proposed to achieve a robust design for the
whole SRM drive system including the parameters in ontology
and control aspects. The proposed method can improve the
reliability and quality of products in batch production.

The remainder of this article is organized as follows. The
design example is described in Section Il. The SLSTM applied
to the SSRM s investigated in Section Ill. Results and
comparison between initial design, component-level sequential
Taguchi method (CLSTM) and SLSTM are presented in
Section 1V. Finally, the main findings are summarized in the
conclusion in Section V.

Il. THE DESIGN EXAMPLE

The SSRM was first proposed in [28]. It was demonstrated
that the SSRM provides the potential for a great improvement
in torque density compared with the SRM with a conventional
toothed rotor structure. The static characteristics and
operational test results have been presented to explain why the
SSRM exhibits superior performance. Furthermore, in [29], a

strategy was developed for the SSRM to maximize its
efficiency. The optimization applies a combination of static and
dynamic analysis to ensure a comprehensive optimization of the
machine. In [30], a novel 6/5 SSRM was investigated for
cooling fan application. The stator is divided into excited poles
and auxiliary poles, which further improves efficiency. The
principle of design and operation was investigated. A
comparison shows that the SSRM can exhibit higher electrical
utilization than the conventional SRM.
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Fig. 1. The FEM of the SSRM.
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Fig. 2. The topology of the SSRM.

TABLE |
SPECIFICATIONS OF THE SSRM

Parameters Unit value
Rated power kw 1.8
Rated speed r/min 6000
Rated voltage \Y% 60
Efficiency at rated speed - 0.85
TABLE II
INITIAL DESIGN OF THE SSRM
Par. Description Unit Value
Nph Phase number - 4
Ns Stator poles number - 16
N¢ Rotor poles number - 10
Dso Stator outer diameter mm 128
| Axial length mm 80
Dro Rotor outer diameter mm 82
Pa Excited stator pole arc deg. 214
Ps2 Auxiliary stator pole arc deg. 10.7
B Rotor pole arc deg. 26.6
Ly Stator yoke mm 7
her Segmented rotor height mm 55
g Air gap mm 0.25
n Number of turns - 24
Gon Turn-on angle deg. -3
Ooft Turn-off angle deg 12




In our previous work, a 16/10 stator/rotor poles SSRM was
designed and investigated [7], [21]. Figs. 1 and 2 show the finite
element model (FEM) and the topology of the SSRM,
respectively. Compared with a conventional SRM with a
doubly salient structure, the rotor of the SSRM is composed of
a series of discrete segmented rotors which are embedded in a
nonmagnetic isolator. Besides, the stator teeth of the SSRM can
be categorized into two types. One is the excited stator tooth
featuring a tooth-wound coil, and the other is the auxiliary pole
without any coil. The function of the auxiliary poles is to
provide the return flux path for the excited poles. The
specifications and the initial design of the SSRM are tabulated
in Tables | and 11, respectively.

Theoretically, it is a big challenge to validate the robust
optimal results experimentally as the production environment
should be developed, instead of the laboratory prototype
environment, for the mean and standard deviation information.
An alternative way is to validate all FEM analysis models and
uncertainty data related to manufacturing tolerances employed
in the optimization. The optimal results should be reliable if all
of these can be validated.
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Fig. 4. Simulation and measured results. (a) Flux linkage. (b) Dynamic torque
at rated condition under angle position control (APC).

Fig. 3 shows the experimental platform. The simulation and
measured results of flux linkage and dynamic torque are shown
in Fig. 4. The simulation and measured values are in good
agreement. In this work, the simulation model is established in
Ansoft/Maxwell. The simulated copper loss and core loss are
104 W and 127 W respectively, while the measured copper loss
and core loss are about 109 W and 135 W respectively at the
rated operation, and the coil temperature is about 59.8 °C. The
errors of the copper loss and core loss between simulation and
experiment are about 4.8% and 6.3%, respectively. All the
experimental results have verified the effectiveness of this
FEM-based analysis method. Thus, it is reliable to use FEM
results to investigate the system-level optimization process.
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Fig. 5. The flowchart of the SLSTM.

Il. SYSTEM-LEVEL SEQUENTIAL TAGUCHI METHOD

Fig. 5 presented the optimization flowchart of the proposed
system-level sequential Taguchi method (SLSTM). It can be
divided into the following six steps.

Step 1: Determine the system-level optimization function.

For a design optimization problem, the optimization function
should be determined first. In this example, three objectives, i.e.,
torque, loss, and torque ripple are selected as the optimization
objectives since they are the main obstacles for the wide
application of SRMs in the industry. These three objectives can
be combined into one optimization function, which can be
defined as

; Tovg_init P T,
min: F(x,)=w, 2= 4y, sy, 1P
avg loss _initial ripple_initial
st g,(x,)=sf-06<0 (1)
9,(X,) =T -75<0

Xy <X, <X

sl —

where Tavg_initial, Ploss_initial, aNd Tripple_initial are the average torque,
loss and torque ripple of the initial design, respectively, xs is the
vector space of the design variables, and g; is the constraints,
respectively, xs and X, are the lower and upper boundaries,
respectively, sf and Tcoil (in °C) represent the slot fill factor and
the temperature of the coil, respectively, and w1, w, and ws are
the weighting factors. In this example, the torque is set as the
prime objective, followed by the loss and torque ripple, thus, wi,
w2, and ws are assigned as 0.4, 0.3, and 0.3, respectively. The
loss in (1) is the sum of the copper loss and core loss.

Fig. 6 presents a thermal network model for the investigated
SSRM. Rn, Rsy, Rs, Ry, and Ry are the equivalent thermal
resistances of the housing, the stator yoke, the stator tooth, the
rotor and the airgap, respectively. The heat sources in this
model include the stator yoke core loss (Psy), the stator teeth
core loss (Pst), the rotor core loss (Pr), and the copper 10ss (Pcy),



which can be achieved from FEM during the optimization
process.
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Fig. 6. Thermal network model of the SSRM.
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Step 2: Determine the levels for control and noise factors.

The control factors will be selected according to the
sensitivity analysis of design parameters on each optimization
objective. It should be noted that for the proposed SLSTM, the
design parameters contain the parameters in motor level and

control level, which jointly allow for a system-level
optimization. The sensitivity of parameter x; can be achieved by
V(E(f/x
S(x) = V(E(T /%)) @)
V(f)

where f is the optimization objective, E(f/x;) is the average value
of f when x; is constant, V(E(f/x;) is the variance of E(f/xi), and
V(f) is the overall variance of f. Generally, a large value of S(x;)

reveals a strong influence on the optimization objective. Thus,
the sensitivity of each design variable on the three optimization
objectives can be calculated based on (2).

TABLE Il
CONTROL FACTORS AND RANGES
Control factor  Unit Ranges
Oon deg [-4, -2]
Ooft deg. [10, 12]
n - [20, 26]
Dro mm [75, 85]
Pa deg. [18, 21.5]
Br deg. [24, 30]
g mm [0.25, 0.5]

Fig. 7 shows sensitivity analysis results for the SRM drive
system. The angle position control (APC) method is utilized in
this example. In terms of the comprehensive influence on the
three optimization objectives, seven significant parameters, i.e.,
Oon, Gorr, 9, N, Pr, Ps1, and Dy, are selected as the control factors.
Tables Il lists the ranges for control factors. To find the noise
factors of this structure, a criterion is proposed to determine the
influence of uncertainties:

NG = ()~

®)
i _initial

where Ax; is the manufacturing tolerance of x;, and Xi_initial iS the

initial value of x;.

Fig. 8 illustrates the influence of uncertainties based on the
calculation of (3). As shown, the uncertainty of the air gap g has
a high impact on the performance of this type of motor where
the others only have little influence due to that the air gap g
exhibits the highest value of AXi/Xi_initiar. Thus, g is determined
as the noise factor with the two levels of -0.02 and +0.02 mm,
where -0.02 mm means subtracting 0.02 mm from the initial
value and +0.02 mm means adding 0.02 mm to the initial value.

TABLE IV
ORTHOGONAL ARRAY OF SLSTM
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Step 3: Generate the orthogonal array and implement the
simulations.

An orthogonal array generated from the control factors is
listed in Table IV. The numbers in Table IV are corresponding



to the levels of control factors listed in Table V. During one
iteration, 36 (18x2) combinations of FEM simulations will be
performed where 18 is the row number of the orthogonal array
for the control factors and 2 is the combination of the noise
factor corresponding to the levels of -0.02 and +0.02 mm.
Taking the first row in Table IV as an example, the values of
Gon, Boft, N, Dro, fs1, and By corresponding to their levels are -4°,
11°, 26, 75 mm, 21.5° and 30°, respectively, and g has two

values, i.e., 0.48 mm (0.5-0.02) and 0.52 mm (0.5+0.02).

TABLEV

LEVELS FOR CONTROL FACTORS OF SLSTM IN EACH ITERATION

Control Level Iteration 1 Iteration 2 Iteration 3
factor
) 1 4 -35 -3.3
(deg) 2 N y 2
. 3 -2 25 --2.8
) 1 10 10 10
(dgg ) 2 11 10.5 10.3
. 3 12 11 105
1 20 21 21
n 2 23 23 22
3 26 25 23
o 1 75 80 82.5
(m;’:’l) 2 80 82.5 83.8
3 85 85 85
1 18 19.8 20.6
ooy 2 e 215 15
. 3 215 21.5 21.5
1 24 27 21
(dgrg) 2 27 28.5 27.8
. 3 30 30 28.5
1 0.25 0.25 0.31
g (mm) 2 0.38 0.31 0.35
3 0.5 0.38 0.38

Step 4: Compute the S/N ratio and select the best value of
each control factor.

According to the data obtained from the FEM samples, the
signal/noise (S/N) ratio can be computed to find the optimal
combination of control factors’ levels. Two main steps should
be accomplished to compute the S/N ratios. First, the S/N ratio
for each row of the orthogonal array is calculated by

2
SN(i)z—leIQ[%xZFz(i, N @)
j=1
where Ig means the logarithm operator, and i and j are the row
number in Table 1V and the index of the noise factor,
respectively.

Then, the average S/N ratios for all levels of optimization
variables based on the S/N ratios of each row are computed. For
example, the average S/N ratio for the first level of 6, is the
average value of SN(1), SN(2), SN(4), SN(7), SN(10) and
SN(14). The combination of the best design levels for the
optimization variables can be determined by the S/N ratios. The
higher S/N ratio means higher robustness. Thus, the level of
each optimization variable which reveals the highest S/N ratio
is selected.
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Fig. 9. S/N ratios of Iteration 1, (b) Iteration 2, and (c) Iteration 3 by using
SLSTM.

Step 5: Calculate the value of the optimization function.

The value of the optimization function for the combined
values of each parameter at the present iteration is calculated in
this step. Steps 2~5 are considered as one iteration process,
which is the distinguished difference between the proposed
SLSTM and the conventional Taguchi method.

Step 6: Termination judgement.

A convergence criterion has been set for the iterative process.
After calculating the objective’s value for the present selected
combinations, it is compared with the previous value. If the
relative error is larger than O but less than &, terminate the
iterative process and output the optimal design. Otherwise, go
to the next step and perform the next iterative process. In this
example, ¢ is set to 1%.

The space reduction method is defined as follows for the
transition to the next iteration step. Define [a, b] as the initial
space of one control factor and L as the step size of the three
levels. Besides, the step size of each control factor will be
halved in the next iterative process. Assume the best value of
the control factor is xo, then the design levels of the next



iterative process will be calculated by

(a,a+L/2,a+L), X,—L/2<a
(b—L,b—L/2,b), X, +L/2>b . (5)
(g —L/2,%,% +L/2), others

The S/N ratios by using the SLSTM of each iteration are
illustrated in Fig. 9. As shown in Fig. 9(a), the best levels in
Iteration 1 for the seven control factors (fon, Gotr, N, Dro, Bst, fr
andg)are 2,1, 2, 3,3, 3, and 1, which are corresponding to -3°,
10° 23 mm, 85 mm, 21.5° 30° and 0.25 mm, respectively.
Taking Gon as an example to explain (5) in more detail, the best
value in Iteration 1 is -3°, as illustrated above. As the initial step
is 1°, the next step is 0.5°. Since -3.5° (-3-0.5) is more than -4°
and -2.5° (-3+0.5) is less than -2°, the next three levels of this
control factor will be -3.5°, -3°, and -2.5°, respectively.

The best values of each parameter are presented in bold in
Table V. The values of the optimization function F of the three
iterations are 1.0502, 0.8670, and 0.8620, respectively. The
relative error between Iterations 2 and 3 is 0.58%, which is less
than . Thus, the iterative process will be terminated after the
third iteration.

TABLE VI
ORTHOGONAL ARRAY OF CLSTM
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IV. RESULTS AND COMPARISON

To better show the effectiveness of the proposed SLSTM, the
component-level sequential Taguchi method (CLSTM) is
performed for comparison. The only difference between the
SLSTM and CLSTM is that the control factors selected from
the control level are not included in CLSTM. Thus, in this
example, on and Gy are excluded in CLSTM. The orthogonal
array of CLSTM is presented in Table VI. It should be noted
that each control factor has four levels, which is different from
that of SLSTM due to the total number of control factors have
been changed and a better orthogonal array is selected. Since it
is a sequential Taguchi method presented in this paper, the final
selection will gradually approach the optimal solution with the
increase in the times of iterations. Thus, the number of levels
has little influence on the final results and the fair comparison
with SLSTM. Besides, a new space reduction formula is
established as

(a,a+L/2,a+L,a+3L/2), x,—-3L/4<a
(b-3L/2,b-L,b-L/2,b), x,+3L/4>b

(%, —3L/4,x,—L/4, '
X, +L/14,%x,+3L14),

The optimization flowchart of CLSTM is the same as that of
the SLSTM. The levels for control factors of CLSTM are
tabulated in Table VII. During one iteration, 32 (16x2)
combinations of FEMs will be carried out where 16 is the row
number of the orthogonal array for the control factors and 2 is
the combination with the noise factor corresponding to the
levels of -0.02 and +0.02 mm. The S/N ratios are illustrated in
Fig. 10, corresponding selected results of each control factor for
each iteration are presented in bold in Table VII. The values of
the optimization function F of the three iterations are 1.1915,
1.0325, and 1.0228, respectively. The relative error between
Iterations 2 and 3 is 0.94%, which is less than ¢. Thus, the
iterative process will be terminated after the third iteration.

The comparison of torque curves among the initial, CLSTM,
and SLSTM designs is presented in Fig. 11. Detailed
comparisons are presented in Table VIII. Moreover, to further
compare the robustness performance of the three designs, a set
of input data about the air gap which conforms to the normal
distribution after verification are randomly generated. The
distribution of data in each interval is presented in Fig. 12. The
FEMs according to the different values of the air gap are
established. After the simulation, the corresponding output
results of F are presented in Fig. 13.

(6)

others

TABLE VII
LEVELS FOR CONTROL FACTORS OF CLSTM IN EACH ITERATION

Control Level Iteration 1 Iteration 2 Iteration 3
factor

1 20 22 22
n 2 22 23 23
3 24 25 23
4 26 26 24
1 75 75.8 78.3
Dro 2 78.3 775 79.1
(mm) 3 81.7 79.1 80
4 85 80.8 80.8
1 18 19.8 20.6
Pa 2 19.2 20.3 20.9
(deg.) 3 20.3 20.9 21.2
4 21.5 21.5 215
1 24 27 27
Br 2 26 28 275
(deg.) 3 28 29 28
4 30 30 28.5
1 0.25 0.27 0.33
g (mm) 2 0.33 0.31 0.35
3 0.42 0.35 0.37
4 0.5 0.39 0.39
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TABLE VIII Tavg Nm 3.03 3.30 3.66
COMPARISON BETWEEN INITIAL, CLSTM, AND SLSTM DESIGNS Pros W 195.06 22545 218.17
Par Unit Initial CLSTM SLSTM Trppe % 93.64 9.28 61.08
' ' . F - 1.00 1.0228 0.8620
Oon deg. -3 -3 -3
[ deg. 12 12 10 . . . .
r:” ® 21 ” ’1 The following conclusions can be drawn according to Figs.
b nm 82.00 80.8 o5 11-13 and Table VIII.
/3: deg. 2138 o1E .y 1) For the CLSTM, the average torque, loss, torque ripple
A deg 26.64 275 27 and the value of optimization function are 3.30 Nm, 225.45 W,
g mm 0.25 035 031 96.28%, and 1.0228, respectively. Compared with the initial



design, the average torque has been increased by about 8.91%
while the loss is increased by 15.58%, and the torque ripple has
been increased slightly. The overall output performance
(represented by the value of optimization function F) is reduced
by about 2.28%. It can be explained that, since the sequential
Taguchi method aims to find a robust solution by the selection
of levels with high S/N ratios, some performances will be
sacrificed to some extent. Thus, it is reasonable that the value
of F is higher than that of the initial design.

2) For the SLSTM, the average torque, loss, torque ripple and
the value of optimization function are 3.66 Nm, 218.17 W,
61.08%, and 0.8620, respectively. Compared with the initial
design, the average torque has been increased by about 20.79%
with the sacrifice of 11.80% loss, the torque ripple has been
greatly reduced by about 34.77%. Therefore, the overall
performance has been improved by about 13.8%. Besides, the
SLSTM exhibits higher average torque, less loss and lower
torque ripple compared with CLSTM. It means the SLSTM
exhibits the best overall output performance among the three
designs.

3) Considering the robustness performance, from Fig. 13, it
can be concluded that the initial design exhibits the lowest
robustness, since F is distributed at both ends of the maximum
and minimum values and achieves a range of 0.08 in F is
observed, while those of CLSTM and SLSTM are only 0.013
and 0.005, respectively. The distributions of F in CLSTM and
SLSTM are more concentrated and conform to the orthogonal
distribution, which can verify the effectiveness of the sequential
Taguchi method. Moreover, compared with the CLSTM, the
distribution of F in SLSTM is narrower. This implies that the
proposed SLSTM can achieve a higher level of robustness for
SRM drive systems.

V. CONCLUSION

This paper presented a robust design optimization method of
SRM drive systems with the consideration of manufacturing
tolerances. A novel SLSTM was proposed to achieve the
optimal solution with high robustness. The iterative process and
the principle to sequentially reduce the considered design space
have been presented. To show the effectiveness of the proposed
method, a segmented-rotor SRM was investigated. Seven
design parameters including two parameters related to control
aspects and one noise factor were selected according to the
sensitivity analysis. The CLSTM was performed for
comparison. Compared with the initial design and the CLSTM,
the proposed SLSTM can significantly improve motor
performance like higher torque and lower torque ripple. Besides,
it can provide a higher level of robustness.
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