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ABSTRACT: In order to achieve the optimization objectives of low torque ripple, high torque, and high efficiency, this paper proposes a
multi-objective optimization strategy based on genetic algorithms optimizing BP neural network (GA-BP) combined with non-dominated
sorting genetic algorithm (NSGA-II) and applies it to the multi-objective optimization design of an external rotor ferrite-assisted syn-
chronous reluctance motor (ERFa-SynRM). Firstly, the preliminary design and selection of ERFa-SynRM structure are carried out.
Secondly, a comprehensive sensitivity analysis is presented on the extent to which the design variables affect the optimization objectives.
Thirdly, a high-precision prediction model is constructed by GA-BP neural network, and NSGA-II is applied to global optimization of
the prediction model. Finally, the electromagnetic performances of the motor before and after the optimization are compared by the
finite element analysis (FEA) software. Compared with the initial motor, the average torque and efficiency of the optimized motor are
improved, and the torque ripple is reduced by 54.9%, which verifies the effectiveness of the multi-objective optimization design method.

1. INTRODUCTION

In recent years, rare-earth permanent magnet (PM) materials
have been extremely mined in various industries, and their

prices have continued to rise, which have caused widespread
concern in society. This trend of mass mining has intensified
the dependence on rare earth PM materials and increased the
risk of environmental damage. People have begun to actively
explore alternatives to rare earth PM materials. Permanent
magnet-assisted synchronous reluctance motor (PMaSynRM)
stands out among many categories with its advantages of high
performance, low cost, and energy saving. Nowadays, it has
been widely utilized in electric vehicles, air conditioners, and
washing machines [1, 2]. The PMaSynRM combines the ad-
vantages of SynRM and PMSM which has the advantages of
wide speed regulation range, high power density, high effi-
ciency, and light weight [3–5]. But it also has problems such
as low power factor and high torque ripple, which restrict the
development of PMa-SynRM.
The torque ripple of the PMa-SynRM mainly derives from

the geometry structure of doubly salient electro-magnetic mo-
tor, which consists of a combination of cogging torque ripple,
PM torque ripple, and reluctance torque ripple. The methods
to reduce torque ripple can be generally divided into two types:
changing the shape of the motor structure and optimizing the
parameters of the motor structure. From the perspective of
the motor structure shape, the influence of the SynRM adja-
cent flux barrier width ratio on the torque ripple is investigated,
and a rotor topology with a gradual change of the flux barrier
is proposed, which effectively suppresses the torque ripple of
the motor [6]. In [7], a star rotor structure is proposed, which
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increases the angle between the end of the rotor air-gap flux bar-
rier and the q-axis, changes the distribution of the air-gap flux
density, and effectively reduces the torque ripple and increases
the output torque of the motor. In [8], the rotor structure with
a W-notch for reducing the torque ripple is proposed, which in-
creases the torque density of the external rotor PMaSynRM.
From the perspective of the optimization method, the design

parameter values of the motor are determined by the optimiza-
tion algorithm, which can effectively suppress the torque ripple
and improve the average torque and operating efficiency of the
motor. A new 10-pole, 48-slot external rotor Fa-SynRM topol-
ogy is proposed, which is optimized for a multi-objective de-
sign using genetic algorithm (GA) and FEA model to achieve
the design objectives of high efficiency and wide constant
power speed ratio of the motor [9]. In [10], an optimal de-
sign method for a high-density external rotor PMa-SynRM for
hub motors is presented, which is verified to have superior
electromagnetic performance compared to an inner rotor mo-
tor of the same size by using the equivalent magnetic circuit
and differential evolutionary (DE) algorithm. In [11], a method
combining NSGA-II and FEA models is proposed to obtain a
three-phase transformer with high efficiency, minimum losses,
and low cost. An optimization strategy based on response sur-
face model and improved multi-objective particle swarm op-
timization algorithm applied to a bearingless permanent mag-
net synchronous motor is investigated to increase the average
suspension force and decrease the suspension force ripple [12].
In [13], a multi-objective design algorithm of GA-SVM com-
bined with NSGA-II is proposed, so as to optimize the structure
parameters of the motor for reducing the torque ripple. In [14],
an optimal design method combining random forest technique
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and GA for the motor is presented, by which the performance
of the motor is improved.
This paper proposes the multi-objective optimization design

method based on GA-BP combined with NSGA-II. Firstly, the
initial model of ERFa-SynRM is established. Secondly, the
comprehensive sensitivity analysis of the influence of design
variables on the electromagnetic performance of the motor is
put forward to stratify the strong and weak sensitivities of more
design variables of the motor. Then, the high-precision predic-
tion model of the motor is built by GA-BP algorithm. Finally,
NSGA-II is used to globally optimize the prediction model for
obtaining the optimal motor structure.

2. DESIGN OF MOTOR STRUCTURE
ERFa-SynRM is driven by both reluctance torque and PM
torque. Comparedwith IPMSM, the reluctance torque of ERFa-
SynRM accounts for a larger proportion and requires less PM
materials. The reasonable motor structure can overcome the
problems of low torque density, high torque ripple, and low ef-
ficiency based on the optimization objectives and constraints
of motor design. The initial design scheme of ERFa-SynRM
is given in this section, considering the electromagnetic per-
formance of the topology under various conditions. The rated
power and speed of the initial model are 265W and 350 r/min,
respectively. A comparison of the average torque and torque
ripple performance of the motor with or without PMs and dif-
ferent flux barrier layers is given in Table 1.

TABLE 1. Simulation results of average torque and torque ripple for
different topologies.

Number
of PMs

Two Flux Barriers
[Tavg , Trip]

Three Flux Barriers
[Tavg , Trip]

0 [4.4N ·m, 34.7%] [4.7N ·m, 20.2%]
1PM – [5.5N ·m, 29.6%]
2PMs – [6.4N ·m, 26.8%]
3PMs – [7.14N ·m, 19%]

It can be seen from Table 1 that the number of rotor flux bar-
riers directly affects the motor performance. With more layers
of the flux barriers, the average torque increases, and the torque
ripple decreases. The number of the rotor flux barriers is gen-
erally set to 2, 3 and 4. But the torque is almost unchanged
with the increase of the number of layers of the flux barrier
when the designed number of layers is greater than or equal
to 4 [15]. Fig. 1 shows the simulation results of the average
torque of two-layer and three-layer flux barriers with the same
size and working conditions. It can be seen from Fig. 1 that
the average torque and torque ripple of the two-layer flux bar-
rier are 4.4N ·m and 34.7%, respectively, while those of the
three-layer flux barrier are 4.7N ·m and 20.2%, respectively.
The average torque performance of the motor increases, and
the torque ripple performance decreases significantly with the
increase of the number of layers of the flux barrier. Consid-
ering the constraints of mechanical stresses in the motor, three
layers of the flux barrier are chosen to design the external rotor
structure of ERFa-SynRM in this paper.

FIGURE 1. Average torque for different number of the flux barrier.

(a) (b) (c)

(d)

FIGURE 2. Rotor structure and simulation results for different number
of PMs. (a) 1PM (b) 2PMs (c) 3PMs (d) Simulation results.

Furthermore, embedding PM materials in the flux barrier is
also one of the factors to improve the performance of the motor.
To find the optimal number of flux barriers, ferrite material is
added to flux barrier of one layer, two layers, and three layers,
respectively, as shown in Figs. 2(a), (b), and (c). The simulation
result is shown in Fig. 2(d) that the average torque and torque
ripple of the three layers flux barriers where the ferrite material
is embedded are better than that of one or two layers. Therefore,
the rotor with ferrite-filled three-layer flux barriers is selected
as the baseline structure of ERFa-SynRM, and the main design
parameters are shown in Table 2.

3. OPTIMAL DESIGN OF MOTOR
Based on the preliminary design in the previous section, the
topology of ERFa-SynRM will be optimally designed in this
section, and the design process is divided into two steps. The
first step is to design the overall dimensions of the motor, stator
structure, and distributed winding parameters according to the
conventional AC motor design line [16]. The second step is to
design the motor’s external rotor structure, flux barrier shape,
and ,PM dimensions. As the torque ripple increases, the high
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TABLE 2. ERFa-SynRM main design parameters.

Parameter Unit Value
Outer radius of stator mm 170
Outer radius of rotor mm 220

Stack length mm 35
Rated voltage V 48
Rated speed r/min 350
Pole / slot – 8/48

Number of turns – 14
Air-gap length mm 0.8

harmonics of the flux leakage will lead to higher iron losses and
thus lower operating efficiency. Furthermore, the rotor tem-
perature will also increase, resulting in the risk of the ferrite
demagnetization. Hence, the distributed winding design strat-
egy is used in the design of the motor. The stator structure of
ERFa-SynRM is roughly the same as that of conventional AC
motors, which will not be discussed in this paper. The focus
here is on the optimal design of the external rotor structure.
The rotor structure is designed firstly to maximize the flux

permeability of the d-axis and minimize the flux permeability
of the q-axis in order to increase the ratio between the induc-
tances based on formula (1). Then, multi-layer ferrite with low
remanence density is added to the flux barrier in the direction
of q-axis to improve the reluctance torque of the motor. Ac-
cording to formula (2), the electromagnetic torque is related to
the number of phases, pole pairs, PM flux linkage, and input
current [17]. The greater the salient pole ratio is, the higher the
electromagnetic torque is. Moreover, the torque ripple Trip is
determined by the flux potential harmonics of stator fsh and
that of rotor frh based on formula (3), which are related to the
air-gap permeability of the motor [18], implying that the re-
duction of the amplitude of the high harmonics can effectively
suppress the torque ripple.

ξ=
Ld

Lq
(1)

Tem =
m

2
× p

2
× [λpmid + (Ld − Lq)idiq] (2)

Trip =−p

2

µ0

g
rglπ

∑
h=6n∓1

n=1, 2, 3, . . .

(hfshfrhsin(h±1)ωet±γd))(3)

where ξ is the salient pole ratio; Lq and Ld are the q-axis and
d-axis inductances, respectively; Tem is the electromagnetic
torque; λpm is the PM flux linkage; iq and id are the q-axis
and d-axis currents, respectively; g is the air-gap length; l is the
stack length of the machine; µ0 is the vacuum permeability; and
γd is the phase angle of the current with the d-axis.

3.1. Optimization Objectives and Design Variables
The rotor flux barrier of ERFa-SynRM has a complex structure
and diverse parameter matching, whose shape and dimension

have a large impact on the electromagnetic performance [19].
In this paper, 12 parameters that may have a strong correlation
to the motor performance are selected as the design variables.
Low torque ripple, high average torque, and high efficiency
are selected as the optimization objectives of the motor. Dif-
ferent rotor geometries are generated by the optimization algo-
rithm. The electromagnetic performances before and after the
optimization are simulated and analyzed by the finite element
analysis software to obtain the optimal motor design parameter
that meets the design requirements, and all the selected design
variables are shown in Fig. 3.

FIGURE 3. Model of geometrical parameters of ERFa-SynRM rotor.

In the multi-level optimization design process of the motor,
the average torque, torque ripple, and efficiency are selected
as the design objectives, and the objective function can be ex-
pressed as:

f(xi)min=w1
T ∗

avg(xi)

T avg(xi)
+w2

T ∗
rip(xi)

T rip(xi)
+w3

η∗(xi)

η(xi)

minxi≤xi≤maxxi, i=1,2,3, . . . ,12 (4)

where T∗
avg (xi), T∗

rip (xi), and η∗ (xi) are the initial values
of average torque, torque ripple, and efficiency, respectively.
Tavg (xi), Trip(xi), and η (xi) are the optimal values of average
torque, torque ripple, and efficiency, respectively. xi denotes
the design variables. w1, w2, and w3 are the weight coefficients
of average torque, torque ripple, and efficiency, respectively,
whose sum is 1. Generally, the choice of weighting coefficients
has an important influence in the multi-level optimization pro-
cess [20]. However, no single standard is given for determining
the value of the weighting coefficient. In order to improve the
stability and comfort of the motor during operation, the value
of the torque ripple weighting coefficient w2 is higher than the
other two weighting coefficients and is set to 0.5. The weight-
ing coefficients for the average torque w1 and the efficiency
w3 are set to 0.25 and 0.25, respectively. Meanwhile, some
constraints need to be obeyed during the optimization process,
which are presented as follows:

Tavg ≥ 7N ·m, Trip ≤ 30%, η ≥ 75% (5)
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According to the 12 design variables selected above with
high relevance, their sizes are rationalized, and the specific
value ranges are shown in Table 3.

TABLE 3. Design variables and range of values.

Design Variable Unit Variation Ranges
L1 mm 12–18
w1 mm 3–4
α1 deg 9–12
L2 mm 14–22
w2 mm 3–5
α2 deg 13–17
L3 mm 8–28
w3 mm 3–5
α3 deg 20–22
h1 mm 2–4
h2 mm 2–4
D1 mm 88–91

3.2. Sensitivity Analysis
As can be seen from Table 3, the optimization of ERFa-SynRM
topology is amulti-variable and strongly coupled nonlinear sys-
tem optimization problem with a low degree of fit during the
optimization process. In order to solve the problem of slow
motor optimization due to the many design variables, a sensi-
tivity analysis is performed to determine the strong and weak
sensitive layers with different degrees of influence on the elec-
tromagnetic performance. The Pearson correlation coefficient
can be expressed as follows:

ρXi,Yi
=

N
∑

XiYi −
∑

Xi

∑
Yi√

N
∑

X2
i − (

∑
Xi)2

√
N

∑
Y 2
i − (

∑
Yi)2

(6)

where Yi is the ith optimization objective, Xi the design vari-
able, and N the number of samples.
According to formula (6), the Pearson correlation coeffi-

cients for different degrees of influence of the design vari-
ables on the optimization objective are calculated and shown
in Fig. 4.
The design variables have different sensitivities to different

optimization objectives. Combining (4) with (6), the value of
the comprehensive sensitivity index Scom (xi) can be calculated
through formula (7), and the results are shown in Fig. 5.

Scom(xi) = w1 × |STavg(xi)|
+w2 × |STrip(xi)|+ w3 × |Sη(xi)| (7)

where STavg(xi), STrip(xi), and Sη (xi) are the Pearson cor-
relation coefficients of the average torque, torque ripple, and
efficiency with respect to the different design variables, respec-
tively.
Weighing the optimized efficiency and calculated accuracy,

the sensitivity threshold λ is set to 0.15 for judging the strong

FIGURE 4. Pearson correlation coefficient.

FIGURE 5. Comprehensive sensitivity index for the design variables.

and weak sensitivity stratification of the design variables. For
the weak sensitive layer, the FEA software is used to simulate
and analyze its electromagnetic performance, and the optimal
simulation results are selected to determine the optimal size of
the design variables. For the strong sensitive layer, the algo-
rithm optimization is continued. The layering results are shown
in Table 4.

TABLE 4. Stratification of the design variables.

Classification Design variable

Sensitive D1, α1, α2, w1, w2

Insensitive α3, c1, c2, c3, w3

4. MULTIOBJECTIVE OPTIMIZATION
Based on the strong sensitive layers identified in the previ-
ous section, the multi-objective optimization method of GA-BP
combined with NSGA-II will be applied in this section to op-
timize the flux barrier structure of the rotor for ERFa-SynRM.
For the different optimization objectives, a high-precision pre-
diction model is constructed by GA-BP neural network. Fol-
lowing this, NSGA-II is used to perform global optimization
search based on the prediction model to select the best design
solution from the Pareto optimal set. The overall optimization
process is shown in Fig. 6.
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FIGURE 6. Flowchart of multi-objective optimization design.

4.1. Constructing GABP Models

GA-BP neural network is a multi-layer feed-forward neural
network that usually uses an input-implicit-output layer struc-
ture [21]. The design variables of the strong sensitive layer are
used as the input values of the GA-BP algorithm, and the av-
erage torque, torque ripple, and efficiency are used as the out-

put values of the GA-BP algorithm. The experimental sample
data are obtained by the FEA software through which the de-
sign variables of the strong sensitive layer are scanned within
the range of values. Among the 400 sets of the sample data,
350 sets are selected as the training set for the GA-BP algo-
rithm, and 50 sets are selected as the test set for the GA-BP
algorithm. The weights and thresholds of BP neural network
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FIGURE 7. Average torque error. FIGURE 8. Torque ripple error.

TABLE 5. Comparison of the GA-BP and BP neural network prediction model error data.

Optimization
objectives

GA-BP model error BP model error
maximum
error

average
error

maximum
error

average
error

Tavg 4.8% 1.5% 5.8% 1.7%
Trig 4.6% 1.1% 6.9% 1.4%
η 0.16% 0.05% 0.3% 0.06%

affect the prediction accuracy of the algorithm. If the values
are not taken properly, the convergence speed of the algorithm
will be affected, and it is easy to cause the weights and thresh-
olds to fall into the local minimum. Here, GA is used to find the
optimization of the weights and threshold variables of the BP
to quickly obtain the optimal values and improve the prediction
accuracy of the prediction model. After training and testing, the
results of the optimal fitting error for average torque, torque rip-
ple, and efficiency are shown below.
From the error diagrams in Figs. 7, 8, and 9, it can be seen

that compared with the conventional BP neural network predic-
tion model, the training error obtained by using the GABP al-
gorithm is lower. The specific error comparison data are shown
in Table 5.

FIGURE 9. Efficiency error.

4.2. Optimization Based on NSGA-II
The NSGA-II is a multi-objective optimization algorithm based
on non-dominated relations proposed by Deb et al. [22]. The
algorithm incorporates a tournament mechanism and an elite

retention strategy, which enhance the global search ability of
the algorithm, reduces the complexity, accelerates the conver-
gence, and shortens the computational time of the motor perfor-
mance optimization. The optimal prediction model of the GA-
BP method is used as the optimization function of the NSGA-II
algorithm. By adjusting the main parameters of the NSGA-II
algorithm, such as setting the number of population iterations
to 50, the number of populations to 30, and the crossover and
variance values to 0.9 and 0.1, respectively, the optimization
algorithm is run to obtain the optimal set of solutions for the
Pareto front, and the results are shown in Fig. 10.
The Pareto front refers to the optimal solution set in which all

the solutions are not dominant over each other. The main goal
of the optimization design in this paper is to reduce the torque
ripple of the motor. When the average torque and efficiency
performance of the motor meet certain requirements, the red
five-pointed star in Fig. 10 is taken as the optimal value of the

FIGURE 10. Pareto front.

98 www.jpier.org



Progress In Electromagnetics Research C, Vol. 146, 93-101, 2024

(a) (b)

-axis

-axis

FIGURE 11. Final topology of ERFa-SynRM. (a) Top view of d-q axis and pole distance. (b) Flux density.

torque ripple. Meanwhile, the average torque and efficiency are
at the median level, which meets the design requirements of the
motor.
The parameter values and performance comparison between

the optimal and initial designs of the motor are shown in Ta-
ble 6. From Table 6, it can be seen that the design scheme op-
timized by the multi-objective strategy meets the requirements
of the optimization objectives and constraints, thus obtaining
the optimal performance topology structure of ERFa-SynRM.

TABLE 6. Comparison of main parameters before and after optimiza-
tion.

Design variables Unit Initial value Optimal value
L1 mm 16 15.13
w1 mm 4 3.51
α1 deg 10 10.8
L2 mm 18 20.93
w2 mm 4 4
α2 deg 15 15.82
L3 mm 20 21.85
w3 mm 4 4.36
α3 deg 20 20.84
h1 mm 2.5 2.01
h2 mm 3 3.29
D1 mm 89 89.6
Tavg N ·m 7.14 7.33
Trip % 19 8.57
η % 75 76

5. COMPARISON OF MOTOR PERFORMANCE
The optimized motor structure is shown in Fig. 11(a). In order
to verify the effectiveness of the optimization strategy, this sec-
tion further analyzes and evaluates the electromagnetic perfor-
mances of the optimal topology obtained by the multi-objective
optimization. The FEA software is used to simulate and analyze

the performance of the initial design motor and the optimized
motor in terms of the inductance characteristics, air-gap flux
density, torque characteristics, and back electromotive force
(EMF). Fig. 11(b) shows the flux density of the motor under
the operating conditions of rated current of 10A, rated power of
265W, and rated speed of 350 r/min, which demonstrates that
the core saturation distribution of the optimized motor means
better, and the highest flux density is located at the end of the
rotor flux barrier. The flux density reaches up to 2 T, which
can effectively reduce the motor’s flux leakage and lower the
impact on the average torque performance.

5.1. No-Load Characteristics
In order to verify the structural design of ERFa-SynRM, no-
load characteristics of the motor are simulated and analyzed at
rated speed of 350 r/min.
The airgap flux density reflects the motor torque output capa-

bility, which has a certain influence on the torque performance,
vibration, and noise generation. Fig. 12 shows the results of
the analysis of the flux density waveform and harmonic content
before and after optimization. The optimized airgap flux den-
sity waveform of the motor is more symmetrical than that of
the pre-optimization one. The flux density amplitude increases
from 0.114 T before optimization to 0.127 T after optimization.
Compared with the initial motor, the 3rd harmonic and 7th har-
monic amplitudes are lower after optimization, which means
that the optimization has a better suppression of torque ripple.
The back EMF is induced by the armature windings cutting

the flux field. The better the sinusoidality is and the higher the
amplitude is, the more conducive is to improve the torque out-
put capacity. Fig. 13 gives the waveform and harmonic content
results of the no-load back EMF of the motor before and after
optimization. As shown in Fig. 13(a), the optimized no-load
back EMF waveform is closer to a sinusoidal waveform. As
shown in Fig. 13(b), the fundamental frequency harmonic am-
plitude of the initial motor is 5.16V, and the fundamental fre-
quency harmonic amplitude of the optimized motor is 5.76V.
The fundamental frequency amplitude of the optimized motor
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(a) (b)

FIGURE 12. Comparison of air gap flux density before and after optimization. (a) Waveforms. (b) Harmonic.

(a) (b)

FIGURE 13. Comparison of no-load back EMF before and after optimization. (a) Waveforms. (b) Harmonic.

FIGURE 14. d-q axis inductance before and after optimization. FIGURE 15. Comparison of torque curves before and after optimization.

is 11.6% higher than that of the initial motor, and the high har-
monic content is significantly reduced. The total harmonic dis-
tortion rate of the initial motor is 9.7%, and the total harmonic
distortion rate of the optimized motor is 4.1%, which is reduced
by 57.2%. Compared with the initial motor, the sinusoidal char-
acterization of the no-load back EMF waveform of the opti-
mized motor is improved.

5.2. Torque Characteristic

From formula (2), the electromagnetic torque Tem is propor-
tional to the inductance difference (LdLq), so the average
torque of the motor can be increased by improving the salient
pole ratio. The performance output curves of the motor be-
fore and after optimization at the rated operating conditions are
given in Fig. 14 and Fig. 15. From Fig. 14, it can be seen that the
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inductance characteristic of the d-q axis is improved; the salient
pole ratio before optimization is 3.07; and after optimization,
the salient pole ratio is increased to 3.24. From Fig. 15, it can be
seen that the average torque before optimization is 7.14N ·m,
and after optimization, it is 7.33N ·m, which is a slight increase
in the average torque. After optimization, the torque ripple is
reduced from 19% to 8.57%. From the above comparison of the
motor performance, it can be seen that the improvement of the
inductance characteristics plays an important role in increasing
the average torque and reducing the torque ripple of the motor.

6. CONCLUSION
GA-BP-NSGA-II multi-objective optimization design method
is proposed for the ERFa-SynSRM in this paper. The optimiza-
tion process includes the sensitivity analysis, GA-BP prediction
model, and optimization of the NSGA-II algorithm. The elec-
tromagnetic performances of the motor before and after opti-
mization are compared by using the FEA software. The re-
sults show that although the efficiency and average torque of
the optimized motor do not change much, the optimization ef-
fect of suppressing torque ripple is obvious, which decreases
from 19% before optimization to 8.57% after optimization, a
reduction of 54.9%. The effectiveness of the multi-objective
optimization algorithm is verified.
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