energies

Article

Model-Free Control Using Improved Smoothing Extended State
Observer and Super-Twisting Nonlinear Sliding Mode Control
for PMSM Drives

Peng Gao 12, Guangming Zhang *

check for

updates
Citation: Gao, P.; Zhang, G.; Lv, X.
Model-Free Control Using Improved
Smoothing Extended State Observer
and Super-Twisting Nonlinear
Sliding Mode Control for PMSM
Drives. Energies 2021, 14, 922.
https:/ /doi.org/10.3390/en14040922

Academic Editor: Anibal De Almeida
Received: 4 January 2021

Accepted: 5 February 2021
Published: 9 February 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Xiaodong Lv 1

College of Electrical Engineering and Control Science, Nanjing Tech University, Nanjing 211899, China;
201862107015@njtech.edu.cn (P.G.); 201962107002@njtech.edu.cn (X.L.)

College of Electrical Engineering, Tongling University, Tongling 244061, China

*  Correspondence: zgm@njtech.edu.cn

Abstract: This paper proposes a novel model-free super-twisting nonlinear sliding mode control
(MFSTNLSMC) strategy with an improved smoothing extended state observer (SESO) for permanent
magnet synchronous motor (PMSM) drives. First of all, the improved SESO is introduced to estimate
the unknown term of the PMSM ultra-local model. Secondly, a novel nonlinear sliding mode surface
(NLSMS) is designed, which can effectively overcome the disadvantages of simple and rough signal
processing of the conventional linear sliding mode surface. At the same time, a super-twisting (ST)
structure is chosen to suppress the chattering phenomenon and improve system robustness. Then,
the Lyapunov stability theorem is used to prove the stability of the proposed control algorithm.
Finally, both comparative simulations and experimental demonstrations verify the excellent speed
tracking performance and robustness of the proposed control strategy.

Keywords: smoothing extended state observer (SESO); model-free super-twisting nonlinear sliding
mode control (MESTNLSMC); permanent magnet synchronous motor (PMSM)

1. Introduction

As the permanent magnet synchronous motor (PMSM) has low energy consump-
tion, reliable operation, and simple structure, it has been widely used in coal conveyor
systems [1], mine traction electric locomotives [2], electric vehicles [3,4], water pumping
applications [5] and so on. However, the PMSM dynamic model has the characteristics of
coupling and is multivariable. It is difficult for the traditional model-based control strategy
to meet the control requirements.

Han proposed a nonlinear extended state observer (ESO) [6]. Because of its simple
structure and high estimation efficiency, the nonlinear ESO has been widely used in
many applications such as welding robot [7], linear system with incipient fault [8], aerial
inertially stabilized platform [9], teleoperated robotic system [10] and so on. The sliding
mode controller (SMC) strategy has become an important research branch in the field of
automatic control. During the past few decades, various SMC strategies have been widely
used in the PMSM speed control system such as fractional order SMC [11,12], integral
SMC [13], fuzzy SMC [14,15], high-order SMC [16] and non-singular terminal SMC [17].
As a high-order SMC algorithm, the super-twisting (ST) structure has been widely studied
by many scholars. In a Sami et al. paper [18], a ST switching control law was designed for
a doubly fed induction generator. In a Wang et al. paper [19], a ST switching control law
was designed for a cable-driven manipulator. In another research [20], a ST switching was
used for a three-phase grid-connected photovoltaic system.

Reference [21] proposed a model free sliding mode control (MFSMC) strategy, which
integrating model free control theory, intelligent proportional integral (iPI) controller, SMC
strategy, and an observer. The tracking error can be brought to zero by the MFSMC strategy
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without the mathematical model of the controlled object. Because of its simple structure,
strong robustness, and strong practicability, the MFSMC strategy is widely used in doubly
fed induction generator wind turbine systems [21], active vehicle suspension systems [22],
laboratory twin rotor aerodynamic systems [23], quadrotor helicopters [24], and so on. The
design of the MFSMC strategy is usually divided into two parts. The first part is mainly
composed of an iPI controller and an observer, the second part is mainly composed of the
equivalent controller and switching controller of the SMC strategy.

Considering the previous research, an improved smoothing extended state observer
(SESO) and a novel model-free super-twisting nonlinear sliding mode control (MFSTNLSMC)
strategy for the PMSM speed servo system are proposed in this paper. The proposed
control strategy is based on the ultra-local model of the PMSM, which is independent
of the exact mathematical model of the controlled object. Firstly, an improved SESO is
proposed to estimate the unknown terms of the ultra-local model while overcoming the
flutter phenomenon caused by the traditional ESO. Secondly, a novel nonlinear sliding
mode surface (NLSMS) is designed, which can effectively overcome the disadvantages
of simple and rough signal processing of the conventional linear sliding mode surface.
Finally, the proposed MFSTNLSMC strategy is designed by the novel NLSMS and a ST
approaching law.

To sum up, through comparisons with the existing studies, three contributions of this
article are highlighted as:

1.  This paper is the first to propose a novel MFSTNLSMC strategy that integrates
the ST approaching law, the novel NLSMS and the MFC strategy. The particular
emphasis here is that the proposed MFSTNLSMC strategy does not require the
detailed mathematical models of PMSM.

2. Animproved SESO is proposed to estimate the unknown terms, which is based on
the novel MFSTNLSMC strategy proposed for the PMSM speed servo system.

3.  The effectiveness of the proposed control strategy is proved by the comparative
simulations and experimental demonstrations.

Furthermore, this paper is organized as:

In Section 2, the ultra-local model of PMSM is briefly presented. Section 3 deduces the
improved SESO and the novel MESTNLSMC strategy. In the next Section, the comparative
simulations and experimental demonstrations are given. Finally, Section 5 addresses
conclusions and future work.

2. Problem Formulation

The mechanical torque equation and dynamic equation of PMSM are expressed in (1)
and (2), respectively. The linear ultra-local model of the PMSM is expressed in (3) and the
system track error is denoted in (4) [25-27].

T, = 1.5pnq)fiq
. 3pups. B 1
w= ig——w—-=T 2
2] q ] ] L 2)
y=au+F 3)
e=yr—y )

where T, and Ty is the electromagnetic torque and load torque, respectively; ¢ is the
flux linkage; p; is the pole pairs; i; is the g-armature current; w is the mechanical rotor
angular speed; B is the damping coefficient; | is the rotational inertia; y is the output of the
ultra-local model; u is the ultra-local model input; a is the input parameter, which should
be therefore clear that its numerical value and is obtained by trials and errors; F is the
unknown term of the linear ultra-local model, which contains uncertain values due to the
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damping coefficient and the load torque; y, and e is the desired output and tracking error,
respectively.

3. Main Results

This section proposes a novel model free control strategy using an improved SESO
and a MFSTNLSMC strategy for the PMSM speed servo system. Figure 1 shows the novel
PMSM speed servo system using the novel model free control strategy. As illustrated in
Figure 1, the d-armature current is set to zero.

U, u
Inverse

Current Park

y.(0

o J-phase
. ) " u SVPWV
The proposed Controller U, | Transfor p SV Inverter
MESTNLSMC mation
strategy
9 “u uh “('
F l(/
—\_ davrle
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improved Transformation Transformation |
i I\ y
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A
Caculation of PMS“
Angular and o

Speed

Figure 1. The novel PMSM speed servo system using the proposed MFSTNLSMC strategy with the
improved SESO.

3.1. Design of Improved SESO
Define x; = y and x, = F, the ultra-local model of PMSM (3) can be described as:

X1 = Xp +au
{xzzﬁ ©)
where the differential result of x; is .
Define:
e1=2n—x
6
{ er =72y — X ©)
In this paper, the improved SESO with the following expression is designed as:
Zm = Z — B1e1 + bou @)
Zy = —pag(e1,0)
where
0 er >0
1,2
—zes+2e1 0>e1 >0
Eler,0) =4, 51~ ' ®

§e2+2  0>e >0
—06 e < —0
where B and B, are the designed positive parameters of the observer; Z,; and Zy, are the

estimations of the output and the unknown term, respectively; by = a. Reference [28] gave
a detailed description of the smoothing function ¢(eq, 0).
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3.2. Design of the Proposed MFSTNLSMC Strategy

The conventional linear sliding mode surface with the following expression is shown
as [29,30]:

s1 = 1€+ 172/ e )

where #7; > 0 and 77, > 0.

Definition 1. Together with the SESO, the conventional model-free Sliding Mode Control (MF-
SMC) strategy is designed as:

U =1uy+up
— { L(Kpe+Kif e+, — Zo) +us (10)

Uy = U1 + U

where Ky, € R*; K; € RT; uq and uy are the iPI control strategy and the conventional MFSMC
strategy, respectively.

According to [31], the equivalent control can be obtained as:

iy = ;(—er . Kl-/e> + %e (11)

The following conventional switching control is usually chosen as:

1 .
Uy = Enszgn(sl) (12)
1 s1 >0

sign(s;) =49 0 s =0 (13)

-1 51 <0
In this paper, the following novel nonlinear Sliding Mode surface (NLSMS) is proposed

as:

s2 = misig(e)® +m [ sig(e)® (14)
sig(e)* = |e|*sign(e) (15)

where#; > 0,7 >0and 0 < & < 1.
When s, = 0, (14) can be written as:

mlel*sign(e) + 12 [ lef'sign(e) = 0 (16)

Let X = |e|*sign(e), (16) can be rewritten as:

X+ @/X —0 (17)
m
Then
X = Xexp(—mt) (18)
m

where X is the coefficients determined by the initial condition.
According to (18), we can get ¢ — 0 when t — oo, so the stability of the system (16)
can be guaranteed.
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Definition 2. Together with the SESO, a model-free nonlinear Sliding Mode Control (MFNLSMC)
strategy and the proposed MFSTNLSMC strategy are designed in the following format.

U =1uy+up .
:{ LKpe+Kif e+, — Zo) +ua (19)
Uy = U1 + U

where uy, upy and uyy can be obtained through the following process.

According to (3), (4) and (19), we can get:
é+au2+er+Ki/e+Ad:0 20)

where Ad is the error of the observation.
Taking derivative of (14), it can be obtained that:

52 = mile|* e + nosig(e)” (21)

Substituting (20) in (21), the following equality can be obtained as:

$p = e/t <—au2 — Kpe — Ki/ e— Ad> + ysig(e)” (22)

According to (22) and ignoring the observation error, the equivalent control can be
obtained as:
1 M2 . &
upy = —( —Kpe —K; [ e | + ——=—=—sig(e) (23)

a nmaile|

For the MFNLSMC strategy, the following traditional switching control is chosen as:

1, .
Uz = —(i1sign(sz)) (24)
For the purpose of eliminating the chattering phenomenon and improving the abil-

ity to compensate for disturbances, the following ST scheme is chosen in the proposed
MFSTNLSMC strategy [31].

Sy = —k1|52|1/25ign(52) — k2/sign(sz) (25)
where k; € RT, ky € R™ are scalar constants.

Consequently, the following ST switching control of the proposed MESTNLSMC
strategy is obtained, which is based on the ST scheme (25).

1 . .
Uy =~ <k1|52|1/251gn(52) —|—k2/ Slgn(Sz)) (26)

The proposed MFSTNLSMC strategy structure diagram is given in Figure 2.
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Figure 2. Structure of the proposed MFSTNLSMC strategy with the improved SESO.

3.3. Stability Analysis

Inspired by the references [32-35], this section will prove the stability of the proposed
MFSTNLSMC strategy and the improved SESO.
According to (6) and (7), the estimation error systems can be given as:

er = ey — Prey
{éz——maaﬁ»—ﬁ )

Define:

{ €1 = €1 (28)

en = e — Bieg

The derivative of (28) is given by:

é21 =€
{ en = —B1exn — ﬁz(’j(ezl,é)) -9 (29)

According to [32], the Lyapunov function is designed as:
€21 5
vi= [ 2pat(r o)+, (30)
According to the mean-value theorem for integrals, there exists a x € [0, e1] satisfies

the following equation:
Vi = [32 2828 (T, 0)dT + €3,

31
=2B28(x,0)ex1 + €3, > 0 (1)
Assumption 1. The positive gain B is set such that inequality is satisfied as:
g .
ep| >4 ift>0
22| i f 32)
‘622| >*E lfl9<0
According to Assumption 1, the derivative of (30) is given by as:
V1 = 2ePBad(ean, 0) + 2ex(—Bag(e21,0) — 8 — Prexn)
= 2¢20B28(€21,0) — 20028 (€21,0) — 20008 — 2163, (33)

= —2ep (0 + Brexn)
<0
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In conclusion, Vl is a negative definite, which can make Zj; converge to the ultra-local
model unknown term F.

In the following paragraphs, the stability of the MENLSMC strategy and the proposed
MFSTNLSMC strategy will be discussed, respectively.

Assumption 2. The value of |Ad| is satisfied as follows:
|Ad] < @ (34)
where @ is a positive constant.
The Lyapunov function for the MFNLSMC strategy is chosen as:

1
Vo = isg >0 (35)

Computing the time derivative of the equation (35), it can be shown as follows:

Vz =5y 52
=3 171&|e|”‘71é + Wzsig(e)“) (36)
=5 17154|e|5‘71 (—auz —Kpe — Kl-f e— Ad) + nzsig(e)&)

According to (23), (24), and (36), we obtain the following equation:
Vo = —nimle|* tsasign(sy) — soymale/t ' ad (37)
For convenience, we define as:
K=milel*! (38)
We know the value of K satisfies the following condition:

>0 (39)

Assumption 3. The value of 1 satisfies the following condition:

n>o (40)

Actually, according to Assumption 2 and Assumption 3, we can get:

Vz = —1/]12‘52‘ — KSzAd
< —7K|sz[ + Kls|[Ad]|
< —1K|sz| + K|sz|®
<0

(41)

Accordingly, we can easily conclude that s;(t) = 0 can be satisfied. The proof of the
MFNLSMC strategy is completed.

In what follows, the stability of the proposed MFSTNLSMC strategy will be discussed.

According to (23), (26), and (36), we obtain the following equation:

$y = —Kky|sy| 2sign(sy) — IZkz/. sign(sy) — KAd (42)

The Lyapunov function for the proposed MFSTNLSMC strategy is chosen as:

1



Energies 2021, 14, 922 8 of 15

According to (42) and (43), we obtain the following equation:

~ 44
= —Ks» (k1|52|1/25ign(52) + ko [ sign(sy) + Ad) #4)

According to previous studies [33-35], when positive parameters k; and k; are selected
as appropriate values, we can get:

kn|sa|Y?sign(sy) —l—kz/sign(sz) > |Ad| (45)

Then
—5 (k1|521/25ign(52) + kz/sign(sz) + Ad) <0 (46)

According to (39) and (46), we can get:

V, = —Ksp (kl\sz\l/zsign(sz) + ko [ sign(sy) + Ad)

47
“0 (47)

As a matter of fact, it can be observed that the proposed control strategy can lead the
sliding mode surface (14) to zero. Hereto, the proof is thus completed.

4. Comparative Simulations and Experimental Demonstrations
4.1. Comparative Simulations

In this section, we will use MATLAB (2014a) software to implement the comparative
simulations. Table 1 gives the key PMSM parameters used in the simulation. The key
parameter of the improved SESO is set as § = 1. The parameters of the MFSMC strategy,
the MFNLSMC strategy, and the proposed MFNLSMC strategy are listed in Tables 2—4
respectively.

Table 1. The key PMSM parameters.

Symbol Values and Units
Flux linkage 0.175 Wb
Pole pairs 4

Rotational inertia 0.003 kg - m?

Damping coefficient 0.008 N-m-s
Power supply voltage 311V
Stator resistance 2.875 Q)
Stator inductance 8.5 mH

Table 2. The key parameters of the MFSMC strategy.

Parameters K, K; 71 12 a 7
Symbol 1 1 0.3 0.3 1000 400

Table 3. The key parameters of the MFNLSMC strategy.

Parameters K, K; 71 12 a 0 & i
Symbol 1 1 0.3 0.3 1000 1 0.25 400
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Table 4. The key parameters of the proposed MFSTNLSMC strategy.

Parameters K, K; M 1 a 0 14 kq ky
Symbol 1 1 0.3 0.3 1000 1 0.25 2000 64

The following comparative simulation is first carried out to display the influence of
the smoothing and derivable function. Figure 3 compares the time response curves of the
same unknown item value with the improved SESO and the traditional ESO. Figure 3a
shows that both the traditional ESO and the improved SESO can estimate the unknown
item value well. However, it can be seen obviously from Figure 3b that the improved SESO
has a better ability to suppress the high-frequency flutter phenomenon than the traditional
ESO.

300 ; ! ! ; N i S B

[
=3
>

&

=)

>

=
o
=

=
=

The value of unknown item
>
value of unknown item

Th_e
=y

i i
6 062 064

5 | ; | j N R
=0 02 04 06 03 1 05 052 088 0% 08 0

Time (s)

SESQ = ESQ rerersnsnns The value of unknown item
() ®)

Figure 3. (a) Estimated value curves of the unknown item under the improved SESO and the
traditional ESO; (b) Detailed view of the image (a).

To compare the various controllers’ performance, the reference speed (50 rpm) and the
simulation time (5 s) are initial parameters. Based on different control schemes, the speed
response curves of the PMSM with 2 N - m and without load starting and stable operation,
are compared in Figures 4 and 5, respectively. From Figures 4a and 5a, the adjustment time
of the proposed MFESTNLSMC strategy is the shortest, in contrast with the MFSMC strategy
and the MFNLSMC strategy. It clearly reveals that the proposed MESTNLSMC strategy
has the optimal transient performance. From Figures 4b and 5b, we also can obviously
conclude that it is significant for the proposed MFSTNLSMC strategy to eliminate the
chattering phenomenon.

To further check the anti-disturbance performance of the proposed MFSTNLSMC
strategy, the external load is changed suddenly, which becomes 2 N - m from 0 N -m at4s.
As shown in Table 5, the speed perturbation and the speed recovery time of different control
strategies due to sudden load change, are compared. Figure 6 shows the speed response
contrastive curves and the circuit response curves of the q axis of different control strategies
under the sudden load change. It can be seen from Table 5 and Figure 6, the shortest
recovery time and the smallest perturbation amplitude are all gotten by the proposed
MFESTNLSMC strategy, which indicates that the proposed MFSTNLSMC strategy has
stronger robustness.
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Figure 4. (a) Speed response curves without load; (b) Detailed view of the image (a); (c) Detail of the

beginning of the image (a).

Table 5. The comparative results of the load changed suddenly.

Impact of Speed Response Curve When the External
Load Sudden Increase

Control Strategies
Perturbation Amplitude (%) Recovery Time (s)

The MFSMC strategy 27.8 0.043
The MFNLSMC strategy 23.6 0.036
10.2 0.006

The proposed MFESTNLSMC strategy
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Figure 5. (a) Speed response curves with 2N - m load; (b) Detailed view of the image (a); (c) Detail of
the beginning of the image (a).

4.2. Experimental Results

Aimed to further check on the effectiveness of the proposed MFSTNLSMC strategy,
a cSPACE (Control signal process and control engineering) based PMSM speed control
experimental platform was applied in this paper. The cSPACE experimental platform was
produced by Hedong Intelligent Company in Hefei, China. The ¢cSPACE experimental
platform of the PMSM drive system consisted of four basic components, which are shown
in Figure 7. A SM060R20B30MOAD PMSM, a Matlab /Simulink+cSPACE, a diver experi-
ment box with TI TMS320F28335 DSP, and a MY1016 DC Generator were selected in the
experiment. The Matlab/Simulink software is a math software from American Mathworks
Company. In order to verify the wider applicability of the proposed control strategy, the
motor selected in the experimental verification was different from the motor used in the
simulation verification. The key PMSM parameters used in the experiment are listed:
rated power is 200 W; stator inductance is 0.9 mH; stator resistance is 0.33 (2; rated speed
is 3000 rpm; rotational inertia is 0.189 kg - m? - 10~* and flux linkage is 0.175 Wb. The
sampling time of the speed loop is set to 0.001s, and the switching frequency is 15KHz. A
rotary encoder is used to measure the speed variable of the PMSM. The current is detected
by the Hall current sensor. The bus voltage is transmitted to the A/D port of the DSP after
the voltage is distributed by the resistances to complete the detection.
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Figure 6. (a) Speed response curves rejecting external disturbance; (b) Detailed view of the image (a);
(c) Circuit response curves of q axis; (d) Detailed view of the image (c).
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Figure 7. The PMSM experimental platform.



Energies 2021, 14, 922

13 of 15

The key parameters of the MFSMC strategy are listed as follows: #; = 1; 17, = 80;
1 = 10. The key parameters of the proposed MESTNLSMC strategy are listed as follows:
711 = 1; 172 = 20 and & = 0.25. The parameters of the improved SESO are set as 6 = 1.

The experimental speed response curves of tracking the aim speeds (100 rpm and
200 rpm) under the MFSMC strategy and the proposed MESTNLSMC strategy are shown
in Figures 8 and 9, respectively. In Figures 8 and 9, it is clearly shown that the proposed
control strategy to acquire that the experimental speed response curves of the PMSM has a
better steady state than that of the MFSMC strategy. It is a fact that the proposed control
strategy shows the superior kinematics characteristic.

120 120

mo.mwwﬂmwwwwwmw 00 AP AP A
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Speed (rpm)
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0.5 1 1.5 2 0 0.5 1 1.5 2
Time(s) Time(s)

(a) (b)

Figure 8. (a) The experimental speed response curve of tracking the aim speed 100rpm under the
MFSMC strategy; (b) The experimental speed response curve of tracking the aim speed 100 rpm
under the proposed MFSTNLSMC strategy.
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@) (b)
Figure 9. (a) The experimental speed response curve of tracking the aim speed 200 rpm under the
MFSMC strategy; (b) The experimental speed response curve of tracking the aim speed 200 rpm
under the proposed MESTNLSMC strategy.

The anti-disturbance ability of the proposed control strategy for the PMSM is shown
in Figure 10. In detailing, there are 15 s in the experiment. A sudden load 0.04 N - m is
added at 5 s and then the load 0.04 N - m is removed at 10 s. The experimental result can be
concluded that the proposed MFSTNLSMC strategy has a strong anti-disturbance ability
for load disturbance. It is clear for the proposed control strategy can conveniently suppress
external disturbance.

In summary, the experimental demonstrations verify the excellent speed tracking
performance and robustness of the proposed MFSTNLSMC strategy.
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Figure 10. The experimental speed response with load changed suddenly.

5. Conclusions and Future Work

In this study, a novel model-free control strategy is proposed for the PMSM speed
regulation system, by using an improved SESO and a novel MESTNLSMC strategy. The
improved SESQO is designed to overcome the shaking phenomenon caused by the traditional
ESO while accurately observing the unknown terms of the system. A novel NLSMS is
designed. The proposed MFSTNLSMC strategy is designed by the novel NLSMS and
a ST approaching law, which has excellent performance. Both comparative simulations
and experimental demonstrations verify the excellent speed tracking performance and
robustness of the proposed control strategy. In view of the fact that there is an increasing
complexity of the control algorithm due to the multiple parameters of the proposed strategy,
we will choose an intelligent optimization algorithm to complete the selection of the
multiple parameters in future work.
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