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Abstract: A high-end permanent magnet (PM) synchronous motor’s cogging torque is a significant
performance measure (PMSM). During the running of the motor, excessive cogging torque will
amplify noise and vibration. Therefore, the cogging torque must be taken into account while
optimizing the design of motors with precise motion control. In this research, we proposed a local
optimization-seeking approach (RSM+NSGA-II-LR) based on Response Surface Methodology (RSM)
and Non-Dominated Sorting Genetic Algorithm-II (NSGA-II), which reduced the cogging torque
of a permanent magnet synchronous motor (SPMSM). To reduce the complexity of optimization
and increase its efficiency, the sensitivity analysis method was utilized to identify the structural
parameters that had a significant impact on the torque performance. Second, RSM was utilized to fit
the functional relationship between the structural parameters and each optimization objective, and
NSGA-II was integrated to provide the Pareto solution for each optimization objective. The solution
with a greater average torque than the initial motor and the lowest cogging torque was chosen,
and a new finite element model (FEM) was created. On the basis of the sensitivity analysis, the
structural factors that had the highest influence on the cogging torque were selected, and the RSM is
utilized for local optimization to lower the cogging torque as much as feasible. The numerical results
demonstrated that the optimization strategy presented in this study effectively reduced the cogging
torque of the motor without diminishing the motor’s average torque or increasing its torque ripple.

Keywords: SPMSM; cogging torque; torque ripple; RSM; multi-objective optimization

1. Introduction

Due to their high power density, low loss, and small size, PMSMs are widely employed
in transportation, aircraft, and industrial robots [1–4]. In order for the windings to fit into
the stator slots, PMSMs are frequently designed with slotted magnetic circuit structures.
However, the slotting can lead to interaction between the stator core and the magnets,
which can have a significant impact on the stable operation of a PMSM. It is crucial to
lower the cogging torque of the PMSM [5,6] because this influence is more pronounced in
low-speed settings.

The cogging torque is an inherent property of slotted motors and cannot be abolished
entirely. In prior research, the cogging torque was weakened primarily by motor control
and construction. Regarding control, [7] proposed a solution based on harmonic torque
to counteract the cogging torque. A speed- and position-adaptive controller was created
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to reduce the cogging torque in [8]. Although the aforementioned optimized controller
methods could greatly reduce cogging torque, they failed to account for the effect on other
motor performance characteristics.

A significant amount of research has centered on the structural design and optimiza-
tion of electrical machines in an effort to enhance their output performance. In the field
of structural design, researchers have altered the topology of electrical machines to en-
hance their electromagnetic performance [9,10]. In [11], a scheme of skew-toothed stator
teeth was proposed to reduce the cogging torque, however the impact of the proposed
improvement on other motor performance characteristics was not explored. In [12], a stator-
tooth-notching method was used to reduce the cogging torque, but it also reduced the
average torque. In [13], the method of offset poles was utilized to lower the cogging torque
of the motor; however, the average torque also decreased, and the installation perfection
for this approach required high precision. In [14], a PM radially unequal width layering
technique was presented to reduce the cogging torque and torque pulsation as well as
the average torque. However, the technique was too structurally changed and difficult to
install. The preceding research has demonstrated that the weakening of cogging torque is
frequently followed by a reduction in electromagnetic torque, and that altering a motor’s
construction may make the machining and installation of components more challenging.

In the field of optimization technology for electrical machines, the objective function,
constraints, and boundaries are defined based on the electrical machine’s optimization
problem, and the design space is searched for the optimal combination of parameters
to achieve a significant improvement in the electrical machine’s performance [9,10,15].
With the advancement of optimization techniques, the study of the robustness of electrical
machines design is gradually increasing [10,15]. Traditional approaches always optimize
each structural parameter sequentially, neglecting structural parameter interactions. The
Taguchi approach was proposed in [16–18] to optimize the major structural parameters
of the motor. This method takes into account the interaction of the structural parameters
based on an orthogonal test designed to successfully reduce the cogging torque of the
motor. However, for a broad range of structural parameter values, the Taguchi method’s
optimization is limited by insufficient precision. In [19,20], a genetic algorithm was em-
ployed to optimize the cogging torque of the motor. However, while the cogging torque
was effectively lessened, the average torque was also decreased.

In this paper, RSM and NSGA-II were applied to the structural parameter optimization
design of a motor in order to optimize the torque performance of SPMSM to ensure that
the average torque of the motor was not less than the average torque of the initial motor
and minimize the cogging torque. This paper’s outline is as follows: The second section
describes the generation causes and analytical formulae for the SPMSM cogging torque. In
the third section, a parameterization model for the SPMSM was created in order to examine
the structural parameters’ sensitivity. Using RSM and NSGA-II, the torque performance
of the motor was optimized in the fourth section. The torque performance of the initial
motor was compared to the torque performance of the optimized motor in the fifth section.
Conclusions were drawn in the sixth section.

2. Mechanism and Analysis of Cogging Torque Generation in SPMSMs

Cogging torque is produced by the contact between the PM and the stator core, which
is damaging to a motor’s performance. During the rotation of the rotor, the magnetic field
between the PM and the stator slot is nearly constant, and the PM’s forces are balanced.
However, the magnitude of magnetic conductivity along the margins of both sides of the
PM is constantly changing, resulting in differential magnitudes of magnetic field strengths
on the left and right sides in this region and imbalanced forces on the PM, which generate
the cogging torque. The formula for calculating the cogging torque is [21]:

Tc = −
∂W
∂α

(1)
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where W is the energy of the magnetic field in the motor when no current is applied to the
winding and α is the relative position of the stator and rotor. Assuming that the magnetic
conductivity of the armature core is infinite, the energy of the magnetic field inside the
motor can be expressed as:

W ≈WPM + Wairgap =
1

2µ0

∫
V

B2dV (2)

where µ0 is the air magnetic conductivity, B is the air gap magnetic density, WPM is the
magnetic field energy of the PM and Wairgap is the magnetic field energy of the air gap.

The distribution, B (θ,α), of the airgap magnetic density along the armature surface of
the motor in (2) can be expressed as:

B(θ, α) = Br(θ)
hm(θ)

hm(θ) + hg(θ, α)
(3)

From Equations (2) and (3), it can be seen that:

W =
1

2µ0

∫
V

B2
r (θ)

[
hm(θ)

hm(θ) + hg(θ, α)

]2

dV (4)

where hm(θ) is the length of the PM in the magnetization direction, also known as the
thickness of the PM, hg(θ,α) is the effective airgap length and Br(θ) is the residual magnetic
induction of the PM. To further calculate the magnetic field energy in the motor, a Fourier

expansion of
[

hm(θ)
hm(θ)+hg(θ,α)

]2
and B2

r (θ) is required and can be expressed as:

B2
r (θ) = Br0 +

∞

∑
n=1

Brn cos 2npθ (5)

[
hm(θ)

hm(θ) + hg(θ, α)

]2

= G0 +
∞

∑
n=1

Gn cos ns(θ + α) (6)

where, Br0 = αpB2
r ,Brn = 2

nπ B2
r sin nαpπ, αp is the pole arc coefficient, p is the number

of pole pairs, Brn is the Fourier decomposition coefficient of the square of the air-gap
magnetic density generated by PM, Gn is the Fourier decomposition coefficient of the
square of the relative air gap permeability and Br0 and G0 are the constant terms of B2

r (θ)

and
[

hm(θ)
hm(θ)+hg(θ,α)

]2
after the Fourier decomposition.

G0 and Gn in Equation (6) can be expressed as:

G0 =

[
hm

hm + hg

]2
(7)

Gn =
2s
π

∫ π
s −

α
2

0

[
hm

hm + hg

]2
cos nsθdθ =

2
nπ

[
hm

hm + hg

]2
sin
[

nπ − nsθs0

2

]
(8)

where, θso is the width of the slot opening of the stator expressed in radians and s is the
number of slots.

Substituting Equations (5) and (6) into (4), which is then juggled with (1), the cogging
torque, Tc, can be expressed as:

Tc(α) =
πsLa

4µ0
(D2

2 − D2
i2)

∞

∑
n=1

nGnBr ns
2p

sin nsα (9)
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where La is the axial length of the stator core, D2 and Di2 are the inner radius of the
armature and the outer radius of the rotor, respectively, and n is the integer that makes
ns/2p an integer.

The following equation can be used to calculate the electromagnetic torque of the SPMSM:

Tem =

√
2Pout

wr
cos(pwrt) + TL (10)

where Tem is the electromagnetic torque, Pout is the output power of the motor, wr is the
angular speed of the rotor and TL is the load torque, where the output torque power can be
expressed as:

Pout = mE1 Iph (11)

where m is the number of phases of the motor, Iph is the effective value of the phase current
and E1 is the effective value of a counter electromotive force. E1 can be expressed as [22]:

E1 = 4.44 f NphB1Kw1
2
π

πD2

p
La (12)

Nph = Ns
ns

m
(13)

where Kw1 is the fundamental winding factor, f is the current frequency of the stator, Nph is
the number of turns in series per winding, B1 is the magnetic induction, Ns is the number
of conductors per slot and ns is the total number of slots. As Ns is related to the area of the
stator slot and the wire gauge of the winding, it can be expressed as [23]:

Ns =
Ae f

ACu
=

As − Ai
ACu

(14)

where As and Ai can be expressed as:

As =
Bs1 + Bs2

2
Hs2 +

πB2
s2

8
(15)

Ai = Ci(2Hs2 +
πBs2

2
+ Bs1 + Bs2) (16)

where Ci is the insulation thickness of the slot, Aef is the effective area of the slot, ACu is the
wire gauge of the estimated winding, As and Ai are the area of the slot and the insulation
occupied area of the slot, respectively, Bs1 is the width of the slot, Bs2 is the radius of the
slot and Hs2 is the depth of the slot.

Substituting (12) and (13) into (11), the expression for Pout is obtained as:

Pout =
8.88 f nsNsB1Kw1D2La Iph

p
(17)

Letting ξ =
8.88 f nsB1Kw1D2La Iph

p , (15) and (16) are thus substituted into (14), which is then
juggled with (10), (11) and (12) to derive the expression for the electromagnetic torque Tem:

Tem =

√
2ξ

wr ACu

(
Bs1 + Bs2

2
Hs2 +

πB2
s2

8
− Ci(2Hs2 +

πBs2

2
+ Bs2 + Bs1)

)
cos(pwrt) + TL (18)

The average torque magnitude (Ta) of the SPMSM can be defined as the peak-to-peak
average of the electromagnetic torque (Tem) during steady operation of the motor as follows:

Ta = avg(Tem) (19)



Actuators 2023, 11, 379 5 of 13

The torque ripple, Tr, can be defined as the ratio of the peak-to-peak difference in the
electromagnetic torque to the average torque, as shown below:

Tr =
Tmax − Tmin

Ta
(20)

where avg means the calculated average, Tmax is the maximum peak of the electromagnetic
torque and Tmin is the minimum peak of the electromagnetic torque.

According to Equation (9), the cogging torque is dominated by the magnitudes of Gn
and Brn. It can be shown from Equation (5) that the pole arc coefficient has a direct effect on
Brn. The width of the slot opening of the stator and the thickness of the PM have a direct
effect on Gn, as shown by Equation (8). The structural parameters to be optimized are,
therefore, the pole arc coefficient, the width of the slot aperture and the thickness of the PM.
Changes in the other structural parameters of the stator slot in the SPMSM will likewise
impact the magnetic field distribution in the stator’s teeth and yoke as well as the motor’s
electromagnetic torque. Therefore, the stator-slot-related structural characteristics were
chosen as the structural parameters to be optimized. It can be shown from Equation (18) that
variations in the depth, width and radius of the slot will affect the electromagnetic torque
capabilities. Changes in the thickness of the PM will also impact the distribution of the flux
density in the airgap, thus affecting the electromagnetic torque capability. Consequently,
the electromagnetic torque performance must be taken into account when reducing the
cogging torque so that the electromagnetic torque performance is not severely diminished.

3. Numerical Simulation Analysis and Optimal Design of SPMSM
3.1. Parameterization Model of a SPMSM

In this study, an SPMSM with eight poles and thirty-six slots served as the object of
analysis. Figure 1a illustrates the motor topology. Figure 1b depicts the mesh split for the
numerical simulation study. The fundamental motor characteristics are provided in Table 1.

Actuators 2022, 11, x FOR PEER REVIEW 5 of 14 
 

 

2

1 2 2 2
2 2 2 1

2
(2 ) cos( )

2 8 2
s s s s

em s i s s s r L

r Cu

B B B B
T H C H B B pw t T

w A

   +
= + − + + + +  

 
 (18) 

The average torque magnitude (Ta) of the SPMSM can be defined as the peak-to-peak 

average of the electromagnetic torque (Tem) during steady operation of the motor as fol-

lows: 

( )
a em
T avg T=  (19) 

The torque ripple, Tr, can be defined as the ratio of the peak-to-peak difference in the 

electromagnetic torque to the average torque, as shown below: 

max min
r

a

T T
T

T

−
=  (20) 

where avg means the calculated average, Tmax is the maximum peak of the electromagnetic 

torque and Tmin is the minimum peak of the electromagnetic torque. 

According to equation (9), the cogging torque is dominated by the magnitudes of Gn 

and Brn. It can be shown from equation (5) that the pole arc coefficient has a direct effect 

on Brn. The width of the slot opening of the stator and the thickness of the PM have a direct 

effect on Gn, as shown by equation (8). The structural parameters to be optimized are, 

therefore, the pole arc coefficient, the width of the slot aperture and the thickness of the 

PM. Changes in the other structural parameters of the stator slot in the SPMSM will like-

wise impact the magnetic field distribution in the stator’s teeth and yoke as well as the 

motor’s electromagnetic torque. Therefore, the stator-slot-related structural characteristics 

were chosen as the structural parameters to be optimized. It can be shown from Equation 

(18) that variations in the depth, width and radius of the slot will affect the electromag-

netic torque capabilities. Changes in the thickness of the PM will also impact the distribu-

tion of the flux density in the airgap, thus affecting the electromagnetic torque capability. 

Consequently, the electromagnetic torque performance must be taken into account when 

reducing the cogging torque so that the electromagnetic torque performance is not se-

verely diminished. 

3. Numerical Simulation Analysis and Optimal Design of SPMSM 

3.1. Parameterization Model of a SPMSM 

In this study, an SPMSM with eight poles and thirty-six slots served as the object of 

analysis. Figure 1a illustrates the motor topology. Figure 1b depicts the mesh split for the 

numerical simulation study. The fundamental motor characteristics are provided in Table 

1. 

 

(a) 

Actuators 2022, 11, x FOR PEER REVIEW 6 of 14 
 

 

  

(b) (c) 

Figure 1. Model of SPMSM: (a) geometric model; (b) FEM; (c) parameterization model. 

Table 1. Basic parameters of SPMSM. 

Parameter Value Parameter  Value 

Stator outer diameter/mm 165 Rated voltage/V 269 

Stator inner diameter/mm 106 Number of rotor poles 8 

Rotor outer diameter/mm 105 Number of stator slots 36 

Rated power/kW 4.4 Rated speed/rpm 1500 

Magnet type NdFe35 Length/mm 100 

Figure 1c shows the parameterization model of the motor. Table 2 displays the initial 

values and variation range for each structural parameter. This research focused on opti-

mizing the stator slot and PM structure of the motor in order to reduce the cogging torque 

of the motor. Therefore, the pole arc coefficient (αp) of the PM, the thickness (Hm) of the 

PM, the height (Hs0) of the slot opening, the height (Hs1) of the slot shoulder, the depth 

(Hs2) of the slot, the width (Bs0) of the slot opening, the width (Bs1) of the slot and the radius 

(Bs2) of the slot were selected for optimization. αp is the ratio of the arc length spanned by 

each pole of PM to the pole pitch. The above structural parameters were taken within a 

reasonable range of variation. 

Table 2. Initial values and range of values of structure parameters. 

Parameter (Unit) Range Initial 

αp 0.7–0.9 0.82 

Hm (mm) 3.5–5 4.5 

Hs0 (mm) 0.5–1 0.8 

Hs1 (mm) 0–1 0.9 

Hs2 (mm) 13.5–15.5 14.5 

Bs0 (mm) 1.5–3 2 

Bs1 (mm) 4–5 4.2 

Bs2 (mm) 6–7.5 6.6 

3.2. Optimized Design of SPMSM 

Figure 2 depicts the optimization process of this paper. It focused mostly on the sen-

sitivity analysis of the structural parameters. RSM- and NSGA-II-based structural param-

eter optimizations were conducted. 

Figure 1. Model of SPMSM: (a) geometric model; (b) FEM; (c) parameterization model.



Actuators 2023, 11, 379 6 of 13

Table 1. Basic parameters of SPMSM.

Parameter Value Parameter Value

Stator outer diameter/mm 165 Rated voltage/V 269
Stator inner diameter/mm 106 Number of rotor poles 8
Rotor outer diameter/mm 105 Number of stator slots 36
Rated power/kW 4.4 Rated speed/rpm 1500
Magnet type NdFe35 Length/mm 100

Figure 1c shows the parameterization model of the motor. Table 2 displays the initial
values and variation range for each structural parameter. This research focused on optimiz-
ing the stator slot and PM structure of the motor in order to reduce the cogging torque of
the motor. Therefore, the pole arc coefficient (αp) of the PM, the thickness (Hm) of the PM,
the height (Hs0) of the slot opening, the height (Hs1) of the slot shoulder, the depth (Hs2)
of the slot, the width (Bs0) of the slot opening, the width (Bs1) of the slot and the radius
(Bs2) of the slot were selected for optimization. αp is the ratio of the arc length spanned by
each pole of PM to the pole pitch. The above structural parameters were taken within a
reasonable range of variation.

Table 2. Initial values and range of values of structure parameters.

Parameter (Unit) Range Initial

αp 0.7–0.9 0.82
Hm (mm) 3.5–5 4.5
Hs0 (mm) 0.5–1 0.8
Hs1 (mm) 0–1 0.9
Hs2 (mm) 13.5–15.5 14.5
Bs0 (mm) 1.5–3 2
Bs1 (mm) 4–5 4.2
Bs2 (mm) 6–7.5 6.6

3.2. Optimized Design of SPMSM

Figure 2 depicts the optimization process of this paper. It focused mostly on the
sensitivity analysis of the structural parameters. RSM- and NSGA-II-based structural
parameter optimizations were conducted.
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3.3. Sensitivity Analysis of Parameters

The sensitivity analysis method refers to an analysis technique in which the structural
parameters are altered continually within a predetermined range during numerical simula-
tion in order to observe the change rule and degree of the optimal objectives. A sensitivity
analysis identifies the most significant factors among numerous others, thus minimizing
the complexity and computational effort required for further optimization [24]. In this
research, the Pearson correlation coefficient was utilized to calculate the influence index of
each structural parameter on the optimal objective using the following equation:

ρ(X, Y) =
COV(X, Y)

σXσY
(21)

where X and Y are the structural parameter and the optimized objective, respectively.
COV(X,Y) is the covariance of X and Y, and σX and σY are the standard deviations of X
and Y, respectively.

After establishing the range of structural parameters and the optimum objectives,
the Latin hypercube sampling approach in [25] was utilized to scan the design space
for the sensitivity analysis. Then, a numerical simulation was used to determine the
cogging torque, torque ripple and average torque values corresponding to each model. The
minimum cogging torque, minimum torque ripple and highest average torque were the
objectives of the parameter sensitivity analysis. Accordingly, the sensitivity of the selected
structural parameters to the optimized objectives was then computed, as per Equation (21).
The results are shown in Figure 3, where TC is the cogging torque, Tr is the torque ripple
and Ta is the average torque.
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Figure 3 depicts the direction and magnitude of the association between each struc-
tural parameter and the optimization aim. Bs0 correlated positively with the cogging torque,
torque ripple and average torque. If Bs0 changed in a way that promoted an increase in the
average torque, the cogging torque and torque ripple likewise rose. This suggested that
three optimized objectives did not always alter in a positive direction when Bs0 was modi-
fied. Consequently, it was essential to implement the approach of trade-off optimization.
As the number of optimization variables increases, so does the difficulty of optimization.
Several structural characteristics that had a higher impact on the torque performance of
the motor were selected for the optimization, according to Figure 3, in order to reduce the
complexity of the optimization. Overall, the four structural parameters αp, Bs0, Bs1 and
Hm had a greater impact on the torque performance of the motor. Therefore, the structural
parameters for this optimization were αp, Bs0, Bs1 and Hm.
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3.4. Torque Performance Optimization of SPMSM
3.4.1. Constructing RSM Models of Structural Parameters and Optimization Objectives

RSM is a technique for examining the relationship between numerous input factors
and output targets. Suitable for studying multivariate problems, RSM can be used to
identify optimal combinations by generating the response surfaces of input and output
variables. Additionally, RSM can be utilized to develop polynomial equations for input and
output variables. The Central Composite Design (CCD) and Box–Behnken Design (BBD)
methods are two extensively utilized methods of test designing for response surfaces [26].
With the same number of selected parameters, the BBD design requires fewer trials. This
research evaluated the nonlinear relationship between the three optimal objectives and
the structural parameters using the BBD design approach. First, based on the number
of structural parameters and the range of values, an appropriate test design method
was established. Then, a numerical simulation was used to calculate the cogging torque,
torque ripple and average torque for each combination of structural parameters. For the
ensuing NSGA-II optimization, the polynomial regression equation between the structural
parameters and the optimization objective was fitted using RSM. Due to the intricate
interaction between the structural factors and the motor’s optimal goals, In order to match
their functional relationship, a second-order polynomial was used as the fitting function.
The model of its response surface can be described by the following [27]:

y = β0 +
k

∑
i=1

βiixi +
k

∑
i=1

βiix2
i +

k

∑
i=1

βijxixj + ε (22)

where ε is the fitting error, β is the coefficient to be determined, y is the predicted value of
the optimized objective and xi denotes the i-th structural parameter.

The number of test points was determined in accordance with the BBD design. There
were twenty-five test locations and four specified structural parameters. By building a
numerical simulation model for each test point in order to establish a polynomial regression
model, the values of the relevant objective were calculated. Table 3 displays the BBD test
design table and the numerical analysis findings. The table’s results are kept to two
decimal places.

Table 3. BBD test design table and numerical analysis results.

Number αp Bs0 Bs1 Hm Tc(N·m) Ta(N·m) Tr (%)

1 0.7 1.5 4.5 4.25 4.29 27.33 18.38
2 0.9 1.5 4.5 4.25 2.61 28.19 15.83
3 0.7 3 4.5 4.25 4.86 30.34 22.38
4 0.9 3 4.5 4.25 1.20 30.81 12.27
5 0.8 2.25 4 3.5 1.78 25.26 9.07
6 0.8 2.25 5 3.5 3.01 28.84 11.74
7 0.8 2.25 4 5 2.16 29.56 9.45
8 0.8 2.25 5 5 3.80 33.86 12.48
9 0.7 2.25 4.5 3.5 4.55 26.22 21.85
10 0.9 2.25 4.5 3.5 0.99 27.33 10.79
11 0.7 2.25 4.5 5 5.20 31.41 20.16
12 0.9 2.25 4.5 5 1.57 31.56 12.94
13 0.8 1.5 4 4.25 2.28 26.02 10.48
14 0.8 3 4 4.25 1.31 28.83 7.55
15 0.8 1.5 5 4.25 3.94 30.04 13.36
16 0.8 3 5 4.25 2.45 32.80 10.36
17 0.7 2.25 4 4.25 4.34 27.65 20.69
18 0.9 2.25 4 4.25 0.88 27.66 12.43
19 0.7 2.25 5 4.25 5.90 30.82 21.83
20 0.9 2.25 5 4.25 2.27 32.53 11.88
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Table 3. Cont.

Number αp Bs0 Bs1 Hm Tc(N·m) Ta(N·m) Tr (%)

21 0.8 1.5 4.5 3.5 2.55 25.37 10.88
22 0.8 3 4.5 3.5 1.47 27.88 8.34
23 0.8 1.5 4.5 5 3.12 29.65 11.69
24 0.8 3 4.5 5 1.89 32.73 8.91
25 0.8 2.25 4.5 4.25 2.50 29.33 10.28

To ensure the applicability of the regression equation corresponding to the three
optimal objectives, the coefficient of determination, R2 (ranging from 0 to 1), was utilized
to assess the precision of the regression model fit. The closer to 1 the polynomial regression
model fits, the better. R2 can be calculated using Equation (23):

R2 = 1− ∑(ya − y)2

∑
(

ya −
−
y
)2 (23)

where ya is the actual value of the objective function and y is the mean of the actual values
of the objective function. The four parameters αp, Bs0, Bs1 and Hm were fitted as a function
of the cogging torque, average torque and torque ripple, respectively, according to Table 4.
The R2 values of all three functions obtained by fitting were greater than 0.95, indicating
that the fitted functional equation had good applicability.

Table 4. The range of values for local optimization of structural parameters.

Parameter (Unit) Initial RSM+NSGA-II Local Range of Values

αp 0.82 0.9 0.86–0.9
Bs0(mm) 2 3 2.7–3

3.4.2. Multi-Objective Optimized Design Based on NSGA-II

For SPMSM multi-objective optimization issues, optimizing the performance of one
objective frequently degrades the performance of the other objectives. They are constrained
by one another. It is not possible to find a solution that maximizes the performance across
all objectives. However, the optimized method can achieve equilibrium so that each aim can
be optimized to the greatest extent possible. NSGA-II is suitable for optimizing complicated
structures such as SPMSM due to its enhanced global search capabilities and increased
resilience. In this research, NSGA-II was used for the thorough optimization of the cogging
torque, torque ripple and average torque of the motor, with the objective function specified
as follows:

min :


f1(x) = Tc
f2(x) = −Ta
f3(x) = Tr

(24)

where min means to minimize the target. In order to minimize the cogging torque, only
one constraint was added to the NSGA-II optimization search process: f 1(x) is less than the
initial motor cogging torque (Tc < 4.77Nm).

The RSM-based polynomial equations were integrated with the NSGA-II multi-
objective optimization technique to obtain the optimal structural parameter design space.
The NSGA-II flowchart is depicted in Figure 4a. Figure 4b depicts the Pareto solution of
three optimized objectives obtained after 50 NSGA-II iterations. Each solution presented
in the diagram had a greater average torque than the initial motor. As a result, the option
with the lowest cogging torque was chosen as the optimal solution. This is represented by
the green dot in Figure 4b.
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To significantly reduce the SPMSM’s cogging torque and enhance its torque perfor-
mance, in this research, we offered RSM+NSGA-II-LR, a method that employs RSM analysis
for local optimization after an NSGA-II search for optimal solutions. The procedure for
implementation was as follows: After first optimizing SPMSM using NSGA-II, a new FEM
was developed. The structural characteristics with the greatest impact on the cogging
torque were then chosen. Figure 3 shows that αp, Bs0 and Bs1 had a significant impact on
the cogging torque. However, the connection between Bs1 and the average torque and
cogging torque was inverse, and Bs1’s effect on the average torque was substantially bigger
than its effect on the cogging torque, hence Bs1 was not considered. The local optimization
range of the structural parameters αp and Bs0 was redefined, with the new value being
20% of the initial range of the structural parameters. RSM was also utilized to maximize
the cogging torque of the motor. Assuming that the initial value range of structural pa-
rameters is [a, c] with a value of b, the optimization range of the local optimization can be
described as follows: 

(c− a)× 10% = d
[a, a + 2d] , b− a < d
[c− 2d, c] , c− b < d
[b− d, b + d] , b− a > d, c− b > d

(25)

The local search ranges of αp and Bs0 were computed in accordance with Equation (25)
and Table 4, with the results being displayed in Table 4. Figure 5 depicts the construction of
the response surface model using the BBD design following the determination of the local
search range.

The cogging torque increased and then dropped with the increase in Bs0 and decreased
with the increase in αp, as shown in Figure 5a. Figure 5b demonstrates that when αp
increased, the average torque likewise increased slightly. The average torque increased
as Bs0 increases, although the increase was not evident, and the average torque varied by
less than 1 Nm. Figure 5c demonstrates that the torque ripple increased significantly with
increasing Bs0 and diminished with increasing αp.

In conclusion, the increase in αp was advantageous for the reduction in the cogging
torque and torque ripple as well as the enhancement of the average torque, so αp was equal
to 0.9. The decrease in Bs0 was advantageous for the reduction in the cogging torque and
torque ripple but not for the rise in the average torque. However, the effect of Bs0 on the
average torque was diminished, and the objective of this optimization was to lower the
motor’s cogging torque; therefore, Bs0 was set as 2.7 mm.
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4. Optimized Result Analysis

The improved motor’s structural parameters were produced from the aforementioned
study, and a numerical simulation model was created to compare optimization objectives
before and after optimization, as depicted in Figure 6. Table 5 displays the particular values.
After the NSGA-II parameter search, the torque performance of the motor was significantly
enhanced compared to the initial motor. In particular, the cogging torque and torque ripple
were decreased by 71% and 33%, respectively, while the average torque was raised by 3%.
This significantly increased the motor’s driving performance. Using the RSM+NSGA-II-LR
optimization, the torque performance of the motor was enhanced further. Compared to the
RSM+NSGA-II-optimized motor torque performance, the cogging torque and torque ripple
were reduced by 43% and 9%, respectively, and the average torque was reduced by 2%
but was still higher than the initial motor’s average torque, which was consistent with the
objectives of this optimization. After optimizing the motor, this solution was chosen as the
optimal combination of structural parameters. The motor’s optimal structural parameters
were obtained, as given in Table 6.
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Table 5. Torque performance of the motor before and after optimization.

Tc(N·m) Ta(N·m) Tr (%)

Initial 4.77 28.42 19.19
RSM+NSGA-II 1.37 29.33 12.81

Taguchi method 2.74 35.17 10.61
RSM 1.2 30.81 12.27

RSM+NSGA-II-LR 0.78 28.89 11.69

Table 6. Parameters before and after SPMSM optimization.

Parameter (Unit) Initial RSM+NSGA-II-LR

αp 0.82 0.9
Hm(mm) 4.5 4.28
Bs0(mm) 2 2.7
Bs1(mm) 4.2 4.13

The results of optimizing the same four structural parameters using the Taguchi
technique and RSM analysis are shown in Table 5. After comparison, it was evident
that the RSM+NSGA-II-LR approach described in this study lowered the cogging torque
while satisfying the assumption that the average torque must be greater than the original
motor’s torque.

5. Conclusions

This study combined the sensitivity analysis approach, RSM and NSGA-II and offered
a method based on RSM+NSGA-II-LR to optimize the torque performance of a PMSM in
order to address the issue of excessive cogging torque. The findings indicated that the
method ensured that the average torque of the motor was not less than the average torque
before optimization and efficiently minimized the cogging torque and torque ripple of the
motor. Consequently, this study presented an efficient method for building an efficient, low-
vibration and low-noise SPMSM, which may also be applied to enhance the performance
of other motors. In future work, we will study more effective optimization techniques and
robust design optimization methods to improve the stability and reliability of motor design
and make experimental prototypes.
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