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ABSTRACT: Aiming at the problem of low robustness of fuzzy adaptive control when it is applied to permanent magnet synchronous
motor system (PMSM), the study introduced the sliding film control method to optimize it, so as to enhance the robustness of PMSM.
The results demonstrated that the torque error of the adaptive fuzzy sliding mode control (AFSMC) was 1.86 Nm, which is 62.8% and
38% less than the peak torque pulsation of S Nm and 3 Nm for the fuzzy adaptive control, respectively, and indicates a better steady-state
capability when the motor is operated at 1500 rpm and 30 Nm load. In addition, in the robustness validation experiments, under the initial
stage, the two methods have the same rotational speed response, but after the parameter changes, the AFSMC adjusts quickly, while
the traditional fuzzy adaptive control responds slowly. Moreover, under the same load inertia, the AFSMC exhibits smaller overshoot
and faster regulation, smaller speed fluctuation and faster recovery during load surge. In complex scenarios, AFSMC reduces recovery
time by 60% over traditional control methods, which demonstrates that the fuzzy adaptive sliding film control proposed by the study is
successful in enhancing the system’s stability and capability when the PMSM is applied.

1. INTRODUCTION

s the processing capability of automated control devices
Asuch as industrial robots increases, so do the requirements
for accuracy and stability of motor control [1]. PMSM is widely
adopted in the field of high performance machine tools and in-
dustrial control robots because of its high power factor, high
energy efficacy, and adjustable parameters [2]. Given that the
PMSM is a complex time-varying system, the traditional pro-
portion integration differentiation (PID) controller is challeng-
ing to fulfill the demand for strong robustness and fast response,
so in recent times there has been a growing number of re-
searches on the control methods of PMSM, to further improve
the control effect [3]. These advanced control algorithms in-
clude sliding mode (SM) variable structure control, fuzzy adap-
tive (FA) control, and intelligent control. Among them, FA con-
trol is more convenient in obtaining the dynamic characteristics
of the controlled object and easy to learn in immediate time
because of the introduction of the adaptive rate. Besides, FA
control has lower requirements for the mathematical model of
the control object. Grounded on the above characteristics, FA
control has good effect in the application of permanent magnet
motor [4,5]. At the same time, FA has a problem of low ro-
bustness. So the study introduces SM control to optimize FA to
achieve its overall robustness when it is applied to PMSM.

The innovation of the study is to integrate SM control tech-
nique into FA control strategy, which enhances the stability of
the PMSM in the face of parameter variations and external load
fluctuations, and improves the system robustness. The pro-
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posed method of the study has obvious advantages in steady
state and dynamic performance, especially in reducing torque
error, lowering speed fluctuation, and speeding up the system
response. These results not only demonstrate the innovation of
the proposed method in control strategy, but also provide a new
solution for high performance control of PMSM.

The study is organized into four sections. The second sec-
tion is to summarize and discuss the research on FA control
and PMSM. The third section is to construct a PMSM model
and optimize the FA algorithm using sliding film control. The
fourth section is to verify the application effect of FA sliding
film control in PMSM. The fifth section is to summarize the
whole article.

2. RELATED WORKS

Xu et al. developed a novel stabilizing control strategy to ad-
dress a type of interconnected systems that exhibit nonlinearity,
which are vulnerable to unaccounted-for dynamics and unpre-
dictable states. The scheme was designed to address the issue
that these systems are susceptible to unmodeled dynamics and
surprising states. The plan built a state observer to correct the
system interconnections using a cyclic small gain condition the-
orem and used a system utilizing fuzzy logic to estimate the
unidentified function [6]. Sui and other scholars studied the
finite time FA event-triggered control design problem with un-
modeled dynamics. The study established new event-triggered
FA finite time based control algorithms, used a fuzzy logic sys-
tem to find unknown nonlinearities, and created state observers
to estimate the unmeasured states. It also demonstrated prob-
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abilistic semiglobal finite time stability of the closed-loop sys-
tem by utilizing a dynamic signal function to handle the un-
modeled dynamics [7]. Huang and his team members proposed
a generalized fuzzy neural network based control strategy for
dealing with robot environment interaction under unknown en-
vironmental influences. The strategy solved the neural net-
work selection problem through a generalized learning system
to have adaptive impedance training to achieve the best possible
interaction between the robot and its surroundings [8]. To im-
prove the Hoo adaptive tracking performance, Yang et al. cre-
ated multiple segmented stochastic Liapunov functions and de-
signed combined switching rule and fuzzy dynamic adaptive
switching strategy for the Hoo stochastic tracking control issue
of uncertain fuzzy Markov hybrid switching system [9]. Utiliz-
ing a fuzzy logic system, Zong and his colleagues examined the
autonomous underwater vehicle’s longitudinal dynamics and its
robust adaptive control. The target tracking command was con-
verted to the pitch angle command using dynamic transforma-
tion, and a tracking controller that combined a robust design and
fuzzy logic system was created. Liapunov analysis was used to
demonstrate the consistent limit-bounded stability [10].

In addition to this, for a class of nonlinear systems with
saturated inputs, Ren et al. used a dynamic event triggering
mechanism for alleviating the system’s workload and applied
the mechanism in the design of the controller by using inver-
sion techniques. After Ljapunov stability analysis, the study
demonstrated that all signals in the feedback control system re-
mained within a certain limit [11]. Aiming at the control prob-
lem of PMSM speed servo system under various disruptions,
Zheng and other scholars proposed a fractional-order SM con-
trol method. The PMSM speed servo’s centralized exogenous
disturbances and uncertainties were assessed using an extended
state observer and an enhanced disturbance observer. The va-
lidity and benefits of the suggested approach are proved fol-
lowing PMSM speed control tests and comparison with a few
current approaches [12]. Rafaq and his team members studied
torque pulsation minimization techniques for PMSM, analyzed
the sources of torque pulsations, and discussed the drawbacks
of torque measurement techniques [13]. Regarding the prob-
lem of optimizing the controller parameters of PMSM, Fang
et al. proposed an improved hybrid particle swarm optimiza-
tion (PSO) algorithm. The algorithm raises the searching abil-
ity by directional variational operation and improved particle
velocity updating formula, and is applied to optimize the ve-
locity and position controller parameters to confirm the valid-
ity of the hybrid PSO algorithm and the designed control sys-
tem [14]. Yu and other scholars compared the performance of
PMSM and permanent magnet vernier machine systems in in-
wheel direct drive applications, analyzed the performance of
the two motors from the theoretical and experimental perspec-
tives, and discussed their advantages and disadvantages for the
advancement of high-efficiency wheel-driven systems for elec-
tric vehicles [15].

From the above research, it is indicated that the current for
the application of FA in permanent magnet motor has the prob-
lem of low robustness, so the study of the use of sliding film
control is carried out to optimize the FA to improve its robust-
ness.
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3. MATHEMATICAL MODEL CONSTRUCTION AND FA
IMPROVEMENT OF PMSM

3.1. PMSM Model Construction

In an electrically excited three-phase synchronous motor, the
rotor consists of an excitation coil, whereas in a PMSM, the
rotor is replaced by a permanent magnet, which is the reason
for its name [16]. Permanent magnets are categorized in differ-
ent ways depending on how they are configured on the rotor.
They can be categorized into three main types, namely, built-
in, inserted, and surface-mounted ones. Among them, surface-
mounted PMSMs are also known as hidden pole synchronous
motors because their permeability is close to that of air, so
there is not much difference between straight-axis and cross-
axis inductance [17]. The straight-axis inductance of the other
two types of PMSM is smaller than the cross-axis inductance,
and the reluctance torque will also be generated along with the
electromagnetic torque, which is different from the surface-
mounted PMSM. To control the PMSM more accurately, the
study establishes a mathematical model based on its strong cou-
pling and nonlinear characteristics. Taking the three-phase two-
pole PMSM as an example, its structure is as shown in Fig. 1.

FIGURE 1. Structure of three-phase two-pole PMSM.

Although the rotor structure of a PMSM is broadly similar
to that of a three-phase two-pole synchronous motor (SYM),
there are differences. While the rotor magnetic field strength
of a three-phase SYM is adjusted as the current changes, the
rotor magnetic field strength of a PMSM is fixed at the time
of manufacture, meaning that its rotor magnetic chain remains
constant [18]. When the rotor magnetic chain is always rotat-
ing in synchronization with the stator magnetic chain and main-
tains a phase difference of 90 degrees electrical angle, a max-
imum electromagnetic torque is generated, thus ensuring that
the stator magnetic potential is applied to the rotor with maxi-
mum efficiency. To achieve precise control of the motor, it is
investigated to convert the three-phase currents to the a-/3 co-
ordinate system (CS). An orthogonal two-phase CS where the
a-axis and the A-phase coincide is called a-3 CS, and the -
axis is perpendicular to the a-axis and is located between the
A-phase and B-phase. With this transformation, quantities in a
three-phase stationary CS (SCS) can be converted to quantities
in a two-phase SCS while ensuring that the magnetic potential
remains equivalent. This transformation is usually realized by
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the Clarke transform, whose transformation formula is in Eq.

(1).
in ] _2[ 1
ig | 3| O

In Eq. (1), 7, and ig denote the stator currents on the « and 3
axes. 14, 1, and 7. denote the stator currents on the a, b, and ¢
axes, respectively. To determine the a- and 3-axis components
of the ABC three-phase SCS, a current orthogonal decomposi-
tion is performed in the a-3 two-phase SCS. The Clark inverse
transformation is in Eq. (2).
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In the -3 CS, the stator voltage equation is as Eq. (3).
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In Eq. (3), uq and ug denote the stator voltage on the a and
B axes, respectively; L, and Lg denote the self-inductance on
the o and f3 axes, respectively; L, denotes the mutual induc-
tance between the o and § axes; R denotes the resistance of the
stator windings; % denotes the derivative with respect to time,
i.e., the rate of change; w denotes the motor angular velocity;
U ¢ denotes the rotor magnetic chain; and 6 denotes the rotor
position angle. The specific variables are calculated as in Eq.

(4).

Lo, = Lo+ Licos260
Lg = Lo+ Licos20
Log = Lysin20

Lo = (La+L)/2
Ly = (La—L,)/2

“)

In Eq. (4), Ly and L; denote the two parameters of the motor
self-inductance. Lg and L, denote the motor’s cross-axis and
direct-axis inductances, respectively. To simplify the analysis
of the physical characteristics of the motor, Park transformation
is used in the study. Park transformation is as in Eq. (5).

iq | o

e k3

In Eq. (5), the simplified control of the PM SYM is mainly
achieved by obtaining the current sum versus rotor position.
That is, the current components on the «-f axis are decom-
posed by combining the angle of the A-phase with the rotor and
mapped in the d-q axis. The d-axis is in line with the rotor’s flux
direction in the d-g CS, which is a rotating CS, while the g-axis
is perpendicular to the d-axis and rotates synchronously with
the rotational direction of the rotor. The torque of a PMSM can
be regulated by adjusting the current strength in the d-q axis.
In the d-axis, current ¢4 mainly affects the magnetic flux of the

cos 0,
—sind,

sin 6,
cos 0,

©)

95

motor, while in the g-axis, current ¢, mainly affects the torque
of the motor. By adjusting the magnitude of ¢,, achieving ac-
curate regulation of motor torque is possible, thus making the
PMSM exhibit performance characteristics similar to those of
a DC motor, so that it is capable of fast and precise torque and
speed control. At this point, the control of the torque of the
PM SYM can be achieved by adjusting the current strength in
the d-q axis and make it exhibit the performance characteristics
similar to that of a DC motor. Park inverse transformation is as

Eq. (6).
in ]
[ is } - [

After completing the coordinate transformation, in the
PMSM model, the stator voltage equation is as Eq. (7).

—sinb,
cos 0,

cos 0,
—sind,

(6)

{ ug = Rig + pg — wipy )

Uqg = Rig + pg — wipg

In Eq. (7), p denotes the differential operator. The stator
magnetic chain equation is as in Eq. (8).

Ya =Yy + Laiq
. 8
{ Pq = Lqiq )
The electromagnetic torque equation is as in Eq. (9).
3 . .
T. = 5" [riq + (La — Lq)iaiq] ©))

For surface-mounted PMSM, the calculation of the electro-
magnetic torque can be streamlined as in Eq. (10) due to the
equal cross-axis and straight-axis inductances.

3 .
T. = inpwfzq (10)
The equation of motion is as Eq. (11).
J dw
T,.—-Ty = —— 11
= (1n)

In the CS of d-gq, the electromagnetic torque of a PMSM is
only determined by the cross-axis current i,, which is inde-
pendent of the straight-axis current 74. For surface-mounted
motors, the torque magnitude is proportional to i,. This sim-
plifies the control process and possesses the benefits of high
power density, low rotational inertia, and brushless structure.
Although PMSMs are highly responsive and accurately con-
trolled, their performance is susceptible to system perturba-
tions. Therefore, the reduction of these disturbances is essential
to achieve accurate motor control.
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FIGURE 2. Schematic diagram of SM control principle. (a) Schematic diagram of distribution of sliding surface. (b) Schematic diagram of sliding

mode motion process.

3.2. FA Improvement Combined with SM Control

Fuzzy logic control is able to mimic the human decision-
making process and is a rule-based control method; therefore,
a precise mathematical model is not necessary. Through the
three steps of fuzzification, rule-based reasoning and defuzzifi-
cation, fuzzy controllers are able to handle uncertainty and non-
linear problems [19]. However, it may lack sufficient precision
and adaptability in dealing with complex systems. Adaptive
control, on the other hand, is a control strategy that can auto-
matically adjust the control parameters according to the system
performance. It is able to cope with the uncertainties and varia-
tions of system parameters and keep the system performance in
the optimal state through online estimation and adjustment [20].
FA control, which integrates the two, is a fuzzy logic-based
control technique that processes and regulates nonlinear sys-
tems using fuzzy logic reasoning, fuzzy linguistic variables,
and fuzzy set theory [21,22]. By automatically modifying the
controller parameters, FA control is used in PMSM control sys-
tems to increase the system’s dynamic stability and adapt to
various operating situations. However, the disadvantage of this
approach is that while it simplifies the control process, it lacks
robustness. Therefore, it is investigated to introduce SM con-
trol to enhance the system robustness. SM control is one of the
extremely effective control strategies for dealing with high lev-
els of system uncertainty, which essentially involves directing
the state of the system towards one or more specific surfaces,
known as SM surfaces, which are designed to move in a pre-
determined manner until it approaches zero through the use of
intermittent control signals and ensuring that the state moves in
a predetermined manner on these surfaces [23]. The principle
of SM control is shown in Fig. 2.

The conventional SM control design involves selecting the
SM surface to determine the desired system performance and
applying discontinuous control signals to ensure that these per-
formance objectives are met, as in Fig. 3.

The number of input variables decides the dimensionality
of the fuzzy system, such as a one, two, or three dimensional
fuzzy control system, whereas the accuracy and complexity of
the fuzzy controller increase with the dimensionality, and the

\ 4

Fl— 88—k

Determine input and output Domain and Fuzzy Set Determine quantification and
variables Definitions scaling factors

Determine the membership
function

Determine fuzzy
reasoning system

B " |l O
Defuzzification Whether it meets the
standard

FIGURE 3. Design process of fuzzy SM controller.

Design fuzzy rules

end

computation time also increases. Considering these factors, the
study selects a two-dimensional fuzzy controller, i.e., with two
input variables: fuzzy coefficients m; and ms. Such a design
aims at balancing the control accuracy and arithmetic difficulty,
so as to ensure an adequate control effect. The fuzzy control
rate is as Eq. (12).

1 .
up = - (mlkls + moks |s|72) sign(s)) (12)

To improve the control accuracy, clear physical quantities s,
m1, and mo need to be fuzzified into fuzzy sets. The careful
division of the fuzzy domain can improve the accuracy, but at
the same time, it will increase the computational complexity
and memory requirements. Therefore, the study chooses to di-
vide the fuzzy theoretical domain into 5 grades, and the specific
fuzzy set is as Eq. (13).

s ={Z, PS,PM,PNB, PB}
my = {Z, PS,PM,PNB, PB} (13)
ms = {Z, PS,PM, PNB, PB}
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FIGURE 4. Membership function curves of each variable. (a) The membership function of s. (b) The membership function of 7m1. (c) The membership

function of meo.

In Eq. (13), the physical domain of s is [0, 0.1], and the phys-
ical domain of m; and ms is [0, 1]. Z denotes the zero in the
fuzzy linguistic variable. PS denotes positively small, PM
positively medium, PN B nearly positively large, and P B pos-
itively large. In fuzzy controllers, the physical domain of the
output variable changes due to changes in the reference signal
and controller parameters, but the fuzzy domain is fixed and
affects the control effect, so it is investigated to adjust the pro-
portionality of the input and output signals to the fuzzy domain
using quantization and proportionality factors to ensure the per-
formance of the controller. The factor values are in Table 1.

TABLE 1. Quantitative factor and scale factor values.

. Quantitative | Quantitative | Quantitative
Reference signal
factors gs factors q1 factors g2
Step signal 1 4 1.4
Sinusoidal signal 2 4 1.4

To perform the fuzzification operation, an affiliation function
is required. The affiliation function is a mathematical tool used
to characterize a fuzzy set. It describes the affiliation of a fuzzy
set, e.g., element u to U. Due to the indistinguishable nature of
this relationship, the affiliation function uses values in an inter-
val to describe the “true degree” to which an element belongs to
a fuzzy set. Since the computation process may change depend-
ing on the function, the input variables should be optimized to
reduce the computational effort, displayed in Fig. 4.

As can be seen from Fig. 4(a), the study sets the affiliation
function of s as Gaussian type, while Figs. 4(b) and (c) show
the affiliation functions of m; and ms, which are both trian-
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gular type. The Gaussian-type affiliation function is an affilia-
tion function based on a Gaussian distribution, which is usually
used in fuzzy logic systems to describe the affiliation relation-
ship between input values and fuzzy sets. It has a smooth curve
shape and is suitable for fuzzy systems that require smooth tran-
sitions. Triangular affiliation function is a simple affiliation
function with a triangular shape, which is characterised by its
simple shape and high computational efficiency. When setting
the fuzzy rules, it is usually necessary to optimize them through
repeated trials and adjustments to ensure that the control system
shows good performance under various operating conditions.
In the study, the fuzzy rules are set as shown in Table 2, tak-
ing into account the system response speed and vibration jitter
while combining expert knowledge.

TABLE 2. Fuzzy rule table.

s mi mo
Z PB Z
PS PNB PS
PM PM PM
PNB PS PNB
PB Z PB

In view of the study’s high demand for control accuracy, the
study chooses to obtain the fuzzy output results through the
center of gravity method. The method of center of gravity is
a commonly used defuzzification technique, and its advantage
lies in its ability to better deal with the shape and distribution of
the fuzzy output set and to obtain a reasonably accurate output
value even in the case of overlapping or dispersed output sets.
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FIGURE 5. AFSMC system.

The formula of the center of gravity method is as Eq. (14).

5
mi = Z a; B

l? (14)
my = Y Wi

i=1

The adaptive law is designed according to Lyapunov’s theo-
rem, and the Lyapunov function is shown in Eq. (15).

1 1
V=t —

&
2p 2uG

(15)

In Eq. (15), p = B |€2|7171, nag > 0, G=G-G, in
which G denotes the upper bound estimate of parameter k2, and
G denotes the estimation error, which is calculated as shown in
Eq. (16).

‘72+1

~ HGmsa ‘S ;
G { h

> Qo
< (16)

|s
[s] <o

In Eq. (16), Qg denotes the boundary layer thickness param-
eter of s; v denotes the boundary layer thickness parameter,
which takes a positive value and is used to define the width of
the boundary layer to avoid high-frequency jittering of the sys-
tem on the slipmould surface; s adjusts the estimation of the
upper bound of parameter k5 when it is outside the boundary
layer. s remains constant when it is inside, thus realizing the
estimation of the upper bound of k3. The AFSMC’s flow is as
Fig. 5.

In Fig. 5, first, the reference signal y, is compared to the
actual output y to generate an error signal. Secondly, this er-
ror signal is input into the sliding mode surface type module
to generate control signals Uy and Uy. Then, Uy, is pro-
cessed through the equivalent control formula and enters the
self-adaptive law control module together with Uy, which ul-
timately affects the dynamic equations of the PMSM system
and achieves the precise control of the motor. Meanwhile, the
fuzzy control module uses the G and G signals to adjust the
control parameters through the adaptive law formula to further
optimise the system performance.
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3.3. Stability and Controllability Analysis

Based on the proposed AFSMC strategy, a mathematical analy-
sis was conducted to prove its stability, ensuring that the system
remains stable under various operating conditions. Considering
the nonlinearity and multivariable characteristics of the PMSM
system, a Lyapunov function candidate was first constructed as
shown in Eq. (17).

1

V(zx) 5

1 n ~
T 2
e Pe—|-§ E AiGj 17

=1

In Eq. (17), e represents the error between the system state
x and desired state x4; P denotes a positive definite matrix; \;
represents positive adjustment parameters. Based on the candi-
date function formula, the derivative of this function was fur-
ther calculated to ensure that it is negative semi-definite or neg-
ative definite. According to the AFSMC control law and system
dynamics, Eq. (18) can be obtained as shown,

e =Ae+Bu+ A (18)

In Eq. (18), A and B represent the system matrices, and A
represents system uncertainties. By substituting the control in-
put u, Eq. (19) can be derived as shown,

u= —Ke — sgn(e)
{ e/ =(A— BK)e— Bsgn(e) + A (19)

In Eq. (19), K represents the feedback gain, and sgn(e) rep-
resents the SM control term. Therefore, the derivative of V' (z)
can be calculated as shown in Eq. (20).

V'(z) = e’ P(A— BK)e — " PBsgn(e)
+e" PA+) " NGIG;s (20)

i=1

To ensure the negative definiteness of V' (x), the conditions
shown in Eq. (21) need to be satisfied.

el P(A— BK)e <0
el PBsgn(e) > 0

e’ PA <0

S NGIGi <0

=1

e2))
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FIGURE 6. Verification results of adaptive fuzzy SM algorithm. (a) Error and error rate change curve. (b) Optimization process of objective function.

(c) Parameter adaptive adjustment process.

Thus, by selecting appropriate positive definite matrix P and
system matrix B, the above conditions can be guaranteed to
hold, thereby proving the asymptotic stability of the system. On
this basis, the controllability of the system was further analyzed.
For the linear time-invariant PMSM system, the controllability

matrix calculation formula is shown in Eq. (22).
C= [ D AD A’D A3D ] (22)

In Eq. (22), D represents the input matrix, and the specific
calculation formula is shown in Eq. (23).

(23)

O o= O

In Eq. (23), L represents the inductance. This matrix de-
scribes how the control input affects the system’s state. The cal-
culation formula for the system matrix A is shown in Eq. (24).

01 0 0

00 -+ o0
A=19 0 oL 1 @4)

K. D

00 -5 7

In Eq. (24), K; represents the torque constant, and .J repre-
sents the moment of inertia. By substituting A and D into Eq.
(22), Eq. (25) can be obtained.

C=[D AD A’D A%D ]
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0 0 o -1
+ 0 -1 0
=10 o o 1 (25)
Ky
0 —X 0 0

The rank of C' is calculated rank(C) = 4, which indicates
that the system is controllable. At the same time, it also shows
that the control strategy proposed in this study can effectively
control the system under certain conditions.

4. TEST AND ANALYSIS OF AFSMC BASED ON PMSM

4.1. AFSMC Algorithm Testing

To verify the effectiveness of the fuzzy rules after the optimiza-
tion of the FA control algorithm, the study builds a PMSM vec-
tor control system and compares the FA control algorithms be-
fore and after the optimization, and the results are as in Fig. 6.

From Fig. 6(a), it is indicated that as the control process pro-
ceeds, the error value steadily diminishes, and the rate of change
of the error stabilizes, with the final curve approaching the zero
point. In Fig. 6(b), it can be seen that the objective function
value J decreases gradually with the increase of time until it
reaches a stable state. The curve changes in Fig. 6(c), on the
other hand, reflect the dynamic adjustment process of the algo-
rithm’s parameters of the controller over time in a real control
system. Fig. 6(b) shows the change of the objective function
value seeking optimisation in the running time of the algorithm,
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i.e., the time consumed by the algorithm in the process of opti-
mising the fuzzy rules, while Fig. 6(c) shows the time change in
the actual control process. The trend of the three curves proves
the stability of the system and the effectiveness of the control
strategy. To test the performance of the improved AFSMC al-
gorithm, the study conducts motor starting and loading experi-
ments. The startup experiment examines the fast response and
overshoot control of the AFSMC algorithm, and the loading ex-
periment evaluates its anti-interference ability under load vari-
ation. In the experiment, the initial speed of the motor is 0, and
it is set to 600 rpm after startup. 1.5 N-m load is added at 0.2
seconds, and the speed response is as Fig. 7.

In Fig. 7(a), the FA control reaches the stabilized speed in
0.023 s with an overshoot of 20 rpm, compared to the research-
designed FA sliding film control, which quickly reaches the tar-
get speed in about 0.01 s, with almost no overshoot, and the
speed is stabilized. In Fig. 7(b), even when the load is applied
after 0.2 seconds, the motor speed decreases by only 2 rpm,
which is much lower than the approximately 8 rpm fluctuation
of the FA control. Therefore, the AFSMC not only maintains
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the fast response, but also solves the contradiction between fast
response and overshooting, which obviously enhances the sys-
tem’s anti-interference ability and ensures that the rotational
speed can still be stably maintained near the target value when
the load changes.

4.2. Performance Validation of Adaptive Fuzzy SM and Adap-
tive Control

To confirm AFSMC’s effectiveness, the study compares it with
FA control in terms of both steady state performance and speed
tracking performance, and the results are in Fig. 8.

A comparison of Fig. 8(a) and Fig. 8(b) shows that the AF-
SMC performance is more advantageous. When the motor is
operated at 1500 rpm and a constant load of 305 Nm, the torque
error of the FA adaptive control is only 5 Nm, and the peak
torque pulsation is 35 Nm, while the torque error of the AF-
SMC is only 1.865 Nm. Compared with the FA adaptive con-
trol, the torque error and torque fluctuation of the AFSMC are
reduced by 62.7% and 38%, respectively. Overall, the proposed
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FIGURE 10. Comparison simulation results between adaptive and tradi-
tional controls.

TABLE 3. Validation of policy applicability in complex scenarios.

. External interference Parameter change
Control strategies - -
Amplitude of speed Recovery Amount of Adjustment
fluctuation (rpm) time(s) overshoot (%) time(s)
FA +3.50 0.045 20.87 0.061
AFSMC +1.20 0.018 5.33 0.022

AFSMC is superior in terms of response speed, load handling,
electromagnetic torque, and current stability.

4.3. Simulation of Combined PMSM with AFSMC

To confirm the validity of the raised design method, the PMSM
model is placed in the Simulink environment, and the motor
parameters are changed to test whether the proposed method
can increase the resilience of the PMSM during its operation.
In Fig. 9, the same parameters are used for both control meth-
ods during the period from 0 to 0.1 seconds. The system speed
was set to 1200/minute when the motor was no-load, and the
step response was tested. In the experiment, at 0.1 seconds, the
resistance value of the motor stator winding increased by 30%,
and the inductance value increased by 100%. At 0.3 seconds,
a load torque of 10 Newton meters was applied to the motor
while keeping the set speed and load torque constant. It is in-
dicated that the two control methods have the same speed step
response at the beginning of the system startup. In addition, at
0.1 seconds when the parameters were changed, the adaptive
control method successfully recognized the parameters and ad-
justed the controller parameters accordingly. By 0.3 seconds,
the motor speed under the conventional control method drops
to 720 rpm and stabilizes after 0.03 seconds in case that the sys-
tem is suddenly affected by the load torque. The motor speed
under the adaptive control method, on the other hand, decreases
to 970 rpm, but is stabilized after 0.01 seconds. It demonstrates
that after changing the motor parameters, the adaptive control
method can respond to the load changes faster than the tra-
ditional control method, and the former has better control ef-
fect and higher stability than the latter. This indicates that AF-
SMC is able to adjust quickly to maintain motor speed stability
when parameters change, whereas conventional control meth-
ods take longer to stabilize. In the case of a sudden change in
load torque, the AFSMC is able to recover to the set speed more
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quickly, whereas the recovery time for the conventional control
method is significantly higher. Under the condition of keeping
the parameters unchanged, the inertia of the system is set to
0.006 kg-m?, and the traditional and adaptive methods are used
to control the system. The test results are in Fig. 10.

By analyzing Fig. 10, it can be obtained that when the load
inertia is kept constant, both the overshooting amount and reg-
ulation time are obviously more advantageous than the tradi-
tional control method. When the system inertia changes, the
adaptive control method is also superior to the traditional con-
trol method, i.e., in the case of both of them, when the over-
shooting amount increases, the increase of the traditional con-
trol method is obviously greater than the adaptive control ap-
proach’s. Moreover, the increase in regulation time of the adap-
tive control method is also less than the conventional control
method. In addition to this, the amount of speed fluctuation is
reduced when the inertia of the system increases, and the load
increases suddenly, compared to the small inertia. In this case,
the recovery time of the adaptive control method remains rela-
tively stable, but the recovery time required by the conventional
control method increases significantly, and the former can re-
cover to the set speed faster than the latter. It can also be seen
from Fig. 10 that the adaptive control method outperforms the
conventional control method in terms of overshoot and regula-
tion time when the load inertia remains constant. Even when
the system inertia increases, and the load suddenly increases,
the adaptive control method has less increase in overshoot-
ing amount, shorter regulation time, and better performance in
terms of speed fluctuation. Finally, in order to further verify
the applicability of the proposed AFSMC strategy, the study
conducted experiments in complex scenarios with external dis-
turbances and large parameter variations. The specific results
are shown in Table 3.

As can be seen from Table 3, in the case of external dis-
turbances, the fluctuation of the system speed is significantly
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smaller than that of the traditional FA control method, and the
recovery time is also shorter. In the case of large parameter
changes, the AFSMC strategy can be quickly adjusted to keep
the system running stably, while the traditional method has a
large overshoot and longer regulation time. This proves the ef-
fectiveness and reliability of the strategy under complex work-
ing conditions.

5. CONCLUSION

To optimize the robustness of the FA control strategy in the
PMSM, the study adopted the approach of combining the SM
control technique with it. Through a series of experiments, it
was verified that the AFSMC strategy significantly reduces the
torque error to 1.86 Newton meters under the conditions of the
motor running at 1500 rpm and subjected to a load of 30 New-
ton meters, which is 62.8% and 38% less than the conventional
FA control strategy. This result not only proves the superior-
ity of AFSMC in terms of steady-state performance, but also
demonstrates its advantages in dynamic performance. In the
robustness test, the performance of adaptive and conventional
control methods was not much different in the early stage of
system startup. However, when the motor parameters change,
the former was able to recognize them and adjust the motor pa-
rameters in time. Unlike the adaptive control method, the motor
speed of the system under the conventional control method de-
creases to 720 rpm at 0.3 seconds under the scenario affected
by the load torque and returns to a steady state after 0.03 sec-
onds. In complex scenarios, AFSMC reduces recovery time
by 60% over traditional FA. Taken together, the application of
the AFSMC strategy in the PMSM not only significantly im-
proves the performance and stability of the system, but also
demonstrates a stronger adaptive ability and control effect in
the face of system parameter changes and external load fluctu-
ations. However, there are some shortcomings in the study. For
example, the PMSM model established in the study is derived
under the idealized assumption of ignoring some non-critical
factors. The real operating environment is extremely complex,
and many factors are difficult to be accurately simulated, so
the control strategy needs to be additionally adjusted and opti-
mized in practical applications. Future research will consider
the introduction of event-triggered mechanisms and stochastic
modelling methods to further enhance the innovation and ap-
plicability of control strategies. These methods will help to
reduce the update frequency of control signals and reduce the
system communication burden, while improving the real-time
performance and efficiency of the system. In addition, stochas-
tic modelling methods will enable the control strategy to better
adapt to complex and variable operating conditions.
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