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ABSTRACT In recent years, PM-assisted synchronous reluctance machines simplicity, robustness, effi-
ciency, and temperature capacity (SynRMs) make them a viable alternative in various applications. The
poor power factor (PF) and high torque ripple are the main challenges of SynRMs, which necessitate
robust optimization improving the mentioned demerits. However, the optimization algorithms usually rely
on complex analytical models; in this paper, in order to optimize, the design of experiments with the Taguchi
method has been used. Taguchi is a simple and effective optimization method and requires a small number
of experiments and experience. Also, to select the best combination in multi-objective optimization, the
TOPSIS method has been utilized to prioritize the optimal solutions. The proposed method is evaluated by
finite element analysis (FEA).

INDEX TERMS Permanent magnet (PM)-assisted synchronous reluctance machine (SynRM), multi-
objective optimization, Taguchi method, finite element analysis (FEA), torque ripple.

I. INTRODUCTION
The absence of winding and magnet on the rotor of Syn-
RMs leads to simplicity, robustness, low maintenance, lower
rotor losses, better thermal management, and efficiency with
respect to permanent magnet synchronous and induction
machines (IM). Other advantages of SynRMs are less torque
ripple, vibration, and noise compared to the switch reluctance
machines (SRM), the high dynamic response, and wide-
speed range [1]–[3]. However, the challenges of poor power
factor and high torque ripple have limited the widespread
development of SynRMs in industrial applications [1], [4].
Adding some permanent magnets to the SynRMs rotor core
(PM-assisted SynRMs) can be considered as a solution atten-
uating disadvantages [5]. Increasing the power factor draws
less stator input current. This leads to a decrease in the
total loss and improves efficiency [2]. Although the share
of reluctance torque is greater than the torque produced by
PMs [1], [6], the magnet type strongly affects the average
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torque produced and the performance of the machine [7].
Strong and rare-earth PMs like NdFeB and SmCo offer
good performance. However, they are not recommended
in some applications due to their high cost [8]. On the
other side, the PM-assisted SynRM with non-rare-earth PMs
can be considered an alternative for PM machines that use
fewer PMs [7]–[11]. Non-rare-earth PMs such as ferrite
is suggested as financial and effective magnet suitable for
light electric vehicle applications. Improving the perfor-
mance of SynRM and owning their advantages gets signif-
icant attention in electric vehicles and traction applications,
etc. [9], [12].

The shape and number of flux barriers are other factors
that considerably impact achieving a higher saliency ratio and
improving torque. In [13], the influence of rotor structure on
the performance of PM-assisted SynRM, the number of poles,
and the shape of the flux barrier to achieve high torque and
high power have been investigated. The shape and number
of flux barriers are usually determined using optimization
algorithms to increase the power factor and average torque.
In [14], the torque ripple and average torque are optimized via
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a stochastic optimization algorithm with the design variables
of flux barrier angles and stator slot opening dimensions.
In [12], using the Differential Evolution (DE) algorithm, the
minimization of iron and copper losses is also considered
by optimizing the main stator dimensions, insulation ratio,
and flux barrier angles. Another DE algorithm is utilized to
optimize the rotor geometry with the objectives of torque,
loss, back-emf, THD, and material cost [15]. Later in [16],
the effect of PM and flux barriers dimensions on the torque
ripple of PM-assisted SynRMs has been investigated based on
sensitivity and finite element analysis. The use of a nonlinear
analysis model of SynRMs to extract both average torque and
torque harmonics as a function of rotor geometry is proposed
in [17]. However, the most reported articles that deal with
the optimized design of SynRM usually necessitate accurate
analytical models for computing the objective function in
an iterative algorithm. Also, the analytical model-free meth-
ods such as sensitivity analysis rely on many finite element
results, which is time-consuming with high computational
effort.

In this paper, the Design of Experiments (DOE) with
Taguchi method for optimizing the torque, torque ripple, and
total harmonic distortion (THD) is suggested, which does
not require complex and analytical models. Using Taguchi
method, the impact of parameters is evaluated with a min-
imum number of finite element results. The Technique for
Order of Preference by Similarity to Ideal Solution (TOPSIS)
offers the best decision faster than other Decision-Making
Algorithms (DMA) [18]. In this study, the TOPSIS algorithm
is chosen as a simple and effective method to prioritize opti-
mal solutions.

The organization of this paper is as follows. In Section II,
first, the characteristics of PM-assisted SynRM will be
expressed. After that, the multi-objective optimization
method, including the DOE with Taguchi method, DMA
with TOPSIS, will be discussed. Finally, in Section III, the
performance of optimized PM-assisted SynRM is analyzed
according to finite element simulations.

II. MULTI-OBJECTIVE OPTIMIZATION
The optimization objective is to find the best value from a
group of possible values to attenuate the challenges. In the
multi-objective optimization with Taguchi method, an engi-
neering and optimization method is required to judge the best
combination of parameters. In order to optimize the machine
proposed in [1], DOE with Taguchi method are incorpo-
rated, and to select the best combination of experiments,
TOPSIS has been used.

A. THE INITIAL DESIGN OF PM-ASSISTED SYNRM
The original geometric design of three-phase PM-assisted
SynRM is chosen according to [1] and listed in Table 1. The
rotor of this machine is a TLA type consisting of four flux
barriers at each pole with the 19.6 mm length of low-cost
AlNiCo9 PMs placed between the flux barriers. Although in
the PM-assisted SynRM, the PMs are often established inside

TABLE 1. Original design of PM-assisted SynRM characteristics [1].

flux barriers, in this topology, the PMs are located in the rotor
iron part to fully utilize PM flux as depicted in Fig. 1.

FIGURE 1. The initial design of PM-assisted SynRM.

B. DESIGN OF EXPERIMENTS WITH TAGUCHI METHOD
The ability to observe and identify the output changes through
conscious changes in the process input variables is one of
the purposes of designing experiments. At the first step in
Taguchi method, the parameters are selected, and their levels
are estimated. After that, the DOE is performed, and at the
last step, the optimization results are reviewed [19].

In this study, the optimization variables are estimated first.
Therefore, five design variables with five levels are consid-
ered as follows:

1- BR01, the thickness of the first flux barrier end (A),
2- BR00, the thickness of the second, third, and fourth flux
barrier end (B), 3- BR3, the thickness of the third flux barrier
(C), 4- BR2, the thickness of the fourth flux barrier (D) and
5- BR4 thickness of the second flux barrier (E). The design
variables are shown in Fig. 2. The average torque, torque
ripple, efficiency, THD of phase voltage and PF are con-
sidered as multi-objective optimization goals to achieve the
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FIGURE 2. Design variables of the proposed machine.

highest average torque value, PF and efficiency, minimum
torque ripple, and THD phase voltage. In this paper, our
main emphasis is on improving the torque characteristics,
while maintaining the other performance indexes such as
efficiency, power factor and THD by neglecting their small
changes. The initial information of design variables and their
levels are listed in Table 2. After preparing the initial data,
DOE is carried out.

TABLE 2. Design variables and their levels.

The orthogonal arrays are shown in Table 3. An orthogonal
array is a matrix provided with the Taguchi method whose
columns represent the design variables, and its rows indicate
the level of factors in each experiment [19]. The results of
various experiments are shown in Table 4.

After implementing the experiments, Analysis of Mean
(ANOM) is used for statistical analysis of results, and the
average of the objective functions in each level of design vari-
able is calculated [18]. The ANOM results of the experiments
are shown in Fig. 3.

A statistical method called Analysis of Variance (ANOVA)
is used to find the relative importance of the parameters on
each output. The variance of each design variable for each
objective function is calculated.

vx =
∑5

i=1
(fmxi − fm)2 (1)

where fmxi, fm, and vx are the average of objective functions
in the ith level of the design variable x, the overall mean
of objective functions, and variance of the design variable x
for an objective function, respectively. Also, the ratio of the
effect of each design variable on the objective functions can

TABLE 3. Orthogonal arrays.

TABLE 4. Results of experiments.

be calculated as

Ix =
vx∑5
s=1 vs

(2)

in which Ix and s are the ratios of the design variable x on
the objective function and the number of design variables,
respectively. The results of the ratio of the effect of each
parameter on the objective functions are shown in Table 5.
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FIGURE 3. Analysis of mean (a) average torque, (b) torque ripple, (c) efficiency, (d) THD, (e) PF.

TABLE 5. The ratio of the effect of each parameter on the objective
functions.

Table 6 shows the optimal combination of design variables
for each objective function. Results show that the fourth
level of B parameter is the optimal level for torque ripple

and THD, while the fifth level of B parameter leads to the
maximum average torque and efficiency. Furthermore, the
fifth level of D parameter has the highest average torque
and efficiency and the lowest THD, and the torque rip-
ple value is low at this level. Therefore, the fifth level
of D parameter is due to the high effect (72.12%) on THD
compared to other objective functions, and the optimality of
average torque and efficiency at this level has been selected
as the optimal level. In the fourth level of E parameter,
the maximum amount of torque and efficiency and mini-
mum torque ripple is observed. The fourth level has been
selected as the best level with the lowest torque ripple in
the A parameter. The fifth level of C parameter also has
the maximum torque and efficiency and the minimum torque
ripple and THD.
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TABLE 6. Optimal combination of design variables for each objective
function.

TABLE 7. The optimal possible combination of design variables.

The optimal possible combination of design variables
is listed in Table 7. In Case 1, the average torque and
efficiency have increased compared to the initial design,
4.68%, and 1.013%, respectively, and the torque ripple
has decreased 18.29%, but the THD has slightly (9.64%)
increased, so Case 1 emphasizes the reduction of the torque
ripple. In Case 2, the average torque increased by 3.82% com-
pared to the initial design, and the torque ripple has decreased
11.88%, efficiency increased slightly 0.82%, but the THD has
increased 4.98%. The average torque and efficiency improved
in case 3 5.23% and 1.17%, respectively, but the torque
ripple and THD increased, 27% and 9.14%, respectively.
In case 4, the average torque rises 3.86%, efficiency increased
slightly 0.815%, the torque ripple and THD decreased 9.64%
and 1.52%, respectively, and this mode emphasizes the
improvement of THD. There is a considerable improvement
in the average torque and torque ripple in all cases, while
other performance indices such as PF are constant estimates.
Then, TOPSIS is used to find the optimal combination in the
multi-objective optimization problem.

C. TOPSIS METHOD
The TOPSIS algorithm is a powerful multi-criteria compen-
sation technique for prioritizing options by simulating the
ideal answer. In this method, the selected option must have
the shortest distance from the ideal response and the farthest
distance from themost inefficient response [18]. The steps for
choosing the optimal solution based on the TOPSIS method
are as follows:

1) CREATE DECISION MATRICES FOR RANKING
D is a decision matrix whose first, second, and third columns
are the average torque, ripple torque, and THD, respectively.
Rows represent the possible optimal combination of design

variables, named as cases 1 to 4.

D =


68.33 9.97 9.74
67.77 10.75 9.32
68.69 15.5 9.69
67.80 11.03 8.74

 (3)

2) STANDARDIZE DATA AND FORM A STANDARD MATRIX

Rij =
Xij∑m
i=1 Xij

(4)

The matrix D is normalized by Equation (4). Where Rij, X ,
and m represent the normalized matrix, the matrix element,
and the number of cases, respectively.

3) DETERMINE THE WEIGHT OF EACH INDICATOR

(
n∑

i=1
wi = 1)

Then the objective functions are weighted. As a result, the
weighted decision matrix is calculated as

Vij = wj × Rij (5)

In this regard, more important indicators have a higher
weight. Vij and wj represent the weighted decision matrix and
weights, respectively.

4) DETERMINE THE HIGHEST PERFORMANCE OF
EACH INDICATOR
The highest performance of each index is displayed with A+

and the lowest performance of each index with A−. Finding
positive ideal solution (PIS) and negative ideal solution (NIS)
is as follows:

A+ =
{
V+1 ,V+2 , · · ·V+m

}
V+j =

{(
max

(
Vij
)
if j ∈ J

)
;
(
min

(
Vij
)
if j ∈ J ′

)}
A− =

{
V−1 ,V−2 , · · ·V−m

}
V−j =

{(
min

(
Vij
)
if j ∈ J

)
;
(
max

(
Vij
)
if j ∈ J ′

)}
(6)

A+, A−, J , J , V+j , and V−j represent PIS, NIS, beneficial
characteristics, non-beneficial characteristics, PIS, and NIS
in a jth column, respectively. The average torque, efficiency,
and PF are positive characteristics, while torque ripple and
THD are negative.

5) FIND THE SEPARATION DISTANCE BETWEEN EACH
OPTION TO PIS AND NIS

S+i =

√√√√ n0∑
j=1

(
V+j − Vij

)2

S−i =

√√√√ n0∑
j=1

(
V−j − Vij

)2
(7)

The separation distance of each possible optimal com-
bination from PIS and NIS is obtained from Equation (7).
Where S+i and S−i indicate the separation distance of
ith possible optimum combination from PIS and NIS, and
n0 is the number of possible optimum combinations.

VOLUME 10, 2022 38169



M. Naseh et al.: Optimized Design of Rotor Barriers in PM-Assisted Synchronous Reluctance Machines

6) DETERMINE THE COEFFICIENT OF PROXIMITY TO EACH
OF THE OPTIONS
In the last stage, the relative proximity of each possible opti-
mal combination to the ideal solution to achieve the desired
state is calculated.

Ci =
S−i

S−i + S
+

i

(8)

This value fluctuates between 0 ≤ Ci ≤ 1 and Ci = 1 and
indicates the highest rank. Ci = 0 indicates the lowest rank.
In this section, four choices with different weights are con-
sidered, and for all four cases, the value of Ci is calculated,
and the results are listed in Table 8.

TABLE 8. The closest case to the ideal solution (CI ).

In selection 1, the weighting factors of the average torque,
torque ripple, and THD are considered equally. Dependent
on the designer’s priority, the weighting factor of the average
torque maybe twice in selection 2. The same weighting factor
can be applied to prioritize torque ripple and THD in the
selections 3 and 4, respectively. According to Table 8, for all
three selections (1, 2, and 3) with different weighting factors,
Case 1 has a higher value of Ci and is selected as the optimal
combination of design variables for the proposed motor.

III. OPTIMAL COMBINATION SIMULATION
In this section, the optimal model is simulated via finite
element analysis and the outputs are examined as depicted
in Fig. 4. The output torque in terms of rotor angle for the
selected points is plotted in Fig. 5. As can be seen from
Table 9, all selected points have higher average torque than
the original design. In Case 1, as the first optimum design, the
average torque increases to 68.33 N.m (4.68% change), and
the torque ripple decreases to 9.97% (18.28% change), while
there is a 1% improvement in efficiency. Moreover, THD and
PF did not change considerably in the optimum points.

A. TORQUE RIPPLE MITIGATION
As indicated earlier, one of the main disadvantages of
PM-assisted SynRM is its high torque ripple. A point with
the minimum torque ripple is searched to further emphasize
this issue using sensitivity analysis.

At the first step, the torque ripple is considered as a single-
objective function, and among the 25 experiments proposed
by Taguchi method, an experiment with levels BR01 = 5
(4.5 mm), BR00 = 4 (4 mm), BR3 = 3 (4.4 mm), BR2 = 2
(6 mm), BR4 = 1 (2.5 mm), with 9.2% torque ripple is

FIGURE 4. Simulation of the optimized model.

FIGURE 5. Comparison of average torque in various models.

TABLE 9. Comparison of different models.

TABLE 10. Torque ripple changes concerning BR01.

selected, which has the lowest ripple rate among all scenarios.
Since the optimization is performed on discrete points and
there is a possibility of an optimal point in the vicinity of
those discrete points, the sensitivity analysis is performed at
this point in to achieve less torque ripple. At the next step,
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TABLE 11. Torque ripple changes concerning BR2.

TABLE 12. Torque ripple changes concerning BR4.

TABLE 13. Torque ripple changes concerning BR3.

TABLE 14. Torque ripple changes concerning BR00.

TABLE 15. Comparison of optimal points specifications with the initial
design.

a sensitivity analysis is performed around BR01 = 4.5 mm,
and the width of 4.7 mm is selected with the minimum torque
ripple, as shown in Table 10. As listed in Tables 11-14, the
same sensitivity analysis is performed around BR2, BR4,
BR3, and BR00 for achieving the lowest torque ripple.

FIGURE 6. Comparison of torque in the initial design and first and second
optimum design.

FIGURE 7. Comparison of cogging torque in the various designs (a) Initial
design versus case 1 (b) Initial design versus minimum torque ripple.

The characteristics of the point with the minimum torque
ripple are shown in Table 15. This point with minimum
torque ripple is selected as the second optimum design.
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The developed torque for the first and second optimum
with respect to its initial designs are drawn in Fig. 6.
As listed in TABLE 15, the torque ripple has decreased sig-
nificantly (29.9% reduction) compared to the initial design.
In comparison, the average torque has decreased slightly
(1.6% reduction), THD increased slightly (5.4% change), and
the efficiency and PF have not changed noticeably. Although
the selected optimum point is achieved via a single-objective
optimization of torque ripple, the torque ripple improves
considerablywithout deteriorating other performance factors.

B. COGGING TORQUE
According to Fig. 7, in the first optimum design (case 1),
the cogging torque decreases from 0.3903 to 0.2817 N.m
(27.8% change) compared to the initial design. Besides that,
the cogging torque at the second optimum design with min-
imum torque ripple has reached 0.1904 N.m, which has
decreased (51.2%) compared to the initial design.

IV. CONCLUSION
In this paper, the optimization of PM-assisted SynRM is
conducted by using the design of the experiment with Taguchi
method. The five widths of the flux barrier are selected
as design variables. With the main emphasis on improving
the torque characteristics, the objective functions, includ-
ing indices of average torque, torque ripple, and THD, are
calculated via finite element analysis. The optimal model
has been selected using TOPSIS method to achieve the best
performance in multi-objective optimization. In the first opti-
mum design, the average torque, torque ripple, and efficiency
have improved with a 4.7% increase, 18.3% decrease, and
1.1% increase, respectively. However, the power factor does
not change so much and is slightly worse.

Sensitivity analysis was performed to find the point with
the lowest torque ripple as the second optimum design. At this
design, the torque ripple decreased significantly compared to
the initial design (29.9%), and the average torque decreased
slightly (1.6%), whereas the power factor has not changed
so much with a 0.4% improvement. The cogging torque has
also reduced from 0.3903 to 0.2817 N.m and 0.1904 N.m in
the first and second optimized models.
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