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Abstract: A new fixed-time adaptive neural network control strategy is designed for pure-feedback
non-affine nonlinear systems with state constraints according to the feedback signal of the error
system. Based on the adaptive backstepping technology, the Lyapunov function is designed for
each subsystem. The neural network is used to identify the unknown parameters of the system
in a fixed-time, and the designed control strategy makes the output signal of the system track the
expected signal in a fixed-time. Through the stability analysis, it is proved that the tracking error
converges in a fixed-time, and the design of the upper bound of the setting time of the error system
only needs to modify the parameters and adaptive law of the controlled system controller, which
does not depend on the initial conditions.

Keywords: adaptive control; neural network control; nonlinear constraint systems; non-affine nonlinear
systems; pure feedback

1. Introduction

In recent years, great breakthroughs have been made in the research of adaptive
trajectory tracking control for uncertain nonlinear systems [1-3]. When solving such
problems, neural network technology has become the key technology [4-6]. Combining
neural network technology with backstepping control and adaptive control, the results
have been widely used in different types of nonlinear systems such as strict feedback
and pure feedback [7-9]. With the development of increasing power integrators, great
progress has been made in the research of non-affine nonlinear systems. In recent years,
the problems studied include output feedback stability, state output constraints, etc. Many
methods have been introduced to solve these problems, such as backstepping technology,
adaptive technology, and neural network control [10-12]. For nonlinear systems with time
delays, the authors of reference [13] designed the control strategy by combining adaptive
neural network and backstepping technology, and then the neural network technology
based on adaptive backstepping was developed and applied [14-16].

With the development of society, the accuracy requirements of industrial control
systems for convergence time are increasing. For example, in antimissile control systems,
aircraft attitude control systems, and robot control systems, the purpose of controller
design is to realize the stability of the controlled system and maintain stability in finite
time (for example, in antimissile control systems, there is no need for control after missile
explosion). For nonlinear systems with uncertainties, researchers have combined fixed-
time controls with adaptive neural network technology to produce many excellent control
schemes [17-19].

Researchers combine neural networks with adaptive control for online identification
of complex nonlinear objects. In the design of these control systems, neural networks are
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generally used to approximate the uncertain nonlinear terms of the system, and neural
networks are effective in compact sets [20-22]. In recent years, some fixed-time control
methods based on the neural networks have been developed [23-25]. The author of
reference [26] studies the control method of unknown nonlinear systems based on free
model control. Based on Lyapunov functional and analysis technology, combined with
advanced control algorithms, sufficient conditions for the master—-slave memristor systems
to realize timing synchronization are established. The authors of reference [27] extended
the method to time-varying delay discontinuous fuzzy inertial neural network fixed-time
synchronous control.

Although the research on fixed-time adaptive neural network control has produced
a series of research results, there are still many problems to be solved in the existing
control strategies, such as system constraints. In reference [28-30], the control problem of
constrained nonlinear systems is discussed. For the control problem of systems with state
constraints, the difficulty of constraints can be solved by using the boundary Lyapunov
function. However, for the control problem of constrained non-affine nonlinear systems,
the control strategies in the above literature cannot be used directly, and the research results
based on fixed-time control are relatively few.

In summary, when there are state constraints in non-affine nonlinear systems, how to
combine the adaptive neural network control and backstepping control to design effective
control strategies so that the system can achieve the expected performance in fixed time,
with the setting time not depending on the initial state of the system, is a problem. To
solve this problem, some control problems have not been solved, such as for pure-feedback
non-affine nonlinear systems, how to combine the backstepping method with Lyapunov
function theory to design a fixed-time adaptive neural network tracking control strategy, so
that the system output can track the desired signal and maintain fixed-time stability, the
control performance can be guaranteed without initial conditions, and all state variables
are bounded to a fixed region.

This article consists of the following parts. In Section 2, a constrained nonlinear system
mathematical description of the problem is presented. In Section 3, firstly, the novel fixed-
time stability theorem for constrained nonlinear systems is proposed, secondly, the adaptive
neural network fixed-time tracking control scheme for constrained nonlinear systems is
presented. In Section 4, the performances of the tracking control scheme are illustrated by a
simulation example. In Section 5, some conclusions of the article are summarized.

2. Problem Formation and Preliminaries

Based on backstepping technology, combined with an adaptive neural network and
fixed-time control, the tracking control of pure-feedback non-affine nonlinear intercon-
nected systems was studied. Consider pure-feedback nonlinear systems:

) = (T () =12 n =1
) = fa(En(t), (1) M
y(t) = n ()

where x = (x1 x -+ Xy )T € R, u € R,y € R, indicate the state, control and
output, respectively, f;(-),i = 1,2,...,n are nonlinear smooth functions, y; € R is de-
sired trajectory.

Remark 1. Based on the existing algorithms, this article attempts to further design a novel neural
network adaptive control algorithm. The control objective of the algorithm is the output of the
pure-feedback non-affine nonlinear system that can track the desired signal and maintain fixed-time
stability. The designed upper bound of the setting time does not rely on the initial parameters, only
by adjusting the parameters of the controller.



Entropy 2022, 24,737

3of 14

Lemma1l[6]. Forx; € Randx; > 0,i=1,2,--- ,n,0<p<1,g9>1,then
n p n n p
Yoxi| <Y xP<nt (Y x 2)

nlq<ixi>q <yowi< <}"jxi>q )

3. Main Results

The control algorithm was designed for the system (1). The objective of the control
was to propose a new adaptive fixed-time neural network tracking control algorithm for
the pure-feedback nonlinear system. Adaptive neural network technology is used to solve
the uncertainty of the unknown system. Under the proposed control scheme, through the
Lyapunov stability analysis, the closed system is fixed-time stability.

For a nonlinear system (1), combine homeomorphism mapping and backstepping
control to design constraint control, in the first step, consider system state

Z1=X1— Y4 4)

Design homeomorphism mapping

¢1 = arctanh (kzbl1> (5)

where kj; > 0 is the bound of z; and satisfy the |z1| < kj1, then the system can obtain

él - kaij2zl
bl 1 ) (6)
(fi(x1,x2) — yy)

- zkb] y)
k=21

Choose the NN to approximate the nonlinear system f1(%;),%; € Q1 C %% and Q) is
compact set

k . o
K2 b_lzz (filxn,x2) = §4) = Wi " ¥1(%2) + &1 7)
b1 A1

where HWl* H = 0y, 0, is estimation of ; and 51 = 6, — 64, then we have
WiT¥ (%) < 61][¥1(%2)| 8

Define a Lyapunov functional candidate as

1l 1
Vi = 2C1+2y191 )

take the time derivative (9) along the trajectory of (6) as
: k . 15 4
Vi=2Cim s ,X2) — =010
1= s (fi(x1,x2) =) + if101 10)
=G (WiT¥1 (%) +e1) + 5610

Choose the virtual control law

& = k&1 + k&) +kpd] +sign(61)éi[¥1(%2)] (11)
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where k1 > %,kpl >0, kql >0,0 < p<1,4q>1,based on homeomorphism mapping
zp = kpptanh(&) (12)
where kj; > 0 is the bound of z, and satisfies the |zp| < kpp, and
M =Xy —2Zp (13)
then we have

: « — 1 1
Vi = aWiTi (%) + Gien — kgl — kil —kpdl

R _ L A (14)
—01|C[[[¥1(%2)[| 4 8182 + 76161
when |Wf|| = 61, we have
GWITY1(T2) < 601G ][1¥1(R2)| (15)
and
1o 1,
G181 < 551 58 (16)
then we have
. ~ _ 1 1
Vio= =01 (%) [ + 383 + 38 — kil — kil —kpd]
o (17)
G182 + 576101
where B
0, =0, -0 (18)
Choose the NN adaptive law as
01 = 1 (16111 F2)l| — o8] — pn0] ), 61(0) = 0 (19)
1=m G F1(X2) [ — pp16] — pg10] ), 01
where 1 > 0,0p1 > 0,051 >0, then we have
. ~ _ 1 1
Vi = —91|€1|||T1(X2U| + %g% + %8% — kltj% — kplé‘i’+ — kqlgg-‘r
+§1€2+91(|§1|H‘Y1(72)|| —Pp19f—Pq19?> 20)
1 1
= (k= 1)8 kel kel + 012
o]~ pfrd] + 42
based on inequalities from [7], the following hold:
~ A ~p+1 1
—pp 616} < —GIgﬁfJr -l-Upl@f+ 21
AT Aq+1 q+1 ( )
—ppb10] < —¢pby +vub;

where Pp1,Gpls Upl, Pq1, 641, Vg1 > 0, therefore, we have

. 41 +1 ~p+l +1
Vi < —(ki—3)8 kel —kpelt a1l — o+ e
) —gqletlilJrl—FUqu?jl—l—%S% . (22)
< _kp1€f+ —kq1§§7+ —9701957Jr —€q191q+ + 182+ 41

where

1
b = Ee% + vplefH + vq19?+1 (23)
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The ith step 2 < i < n, consider system state

Zi = Xj — 01 (24)
Design homeomorphism mapping
G = arctanh( ) (25)
kbz
where kj; > 0 is the bound of z; and satisfies the |z;| < ky;, then the system can obtain
. — ki .
Gi kg Zl. (26)

The neural network is constructed as f;,x;11 € (); C Rl and Q); is compact set

ki: . * Ed
k2 iIZZ (fi — i) = W Yi(Tiga) + e @)

where |W;|| = 6;, 6; is estimation of 6; and §; = 6; — 6;, then we have
WY (Xig1) < 0] ¥i (g (28)
Define a Lyapunov functional candidate as

=284 29)

Take the time derivative (29) along the trajectory of (26) as

) w
=&i(W; ‘Y i(Fis1) + &) + -0:0;
The virtual control signal is constructed as
8iv1 = Cic1 +kiGi 4+ kpiGl +kgic! + sign (&)Y (Tiva) | 31)
where k; > %,k >0, kql > 0,0 < p<1,4q>1,based on homeomorphism mapping
zit1 = kpiprtanh (G 1) (32)
where ky; 11 > 0is the bound of z; ;1 and satisfies the |z; 1| < ky;;1 where
Zit1 = Xip1 — & (33)
and assume x,,;1 = u, then we have
Vi = &W (i) + Giei — Gi1Gi — kil? — kpiC;)+1 — k& (34)
—0,|Gi i (Fiva) | + EiGiva + 06,
when |W|| = 6;, we have

gz T‘Y (xl+l) < 6 |§ZH|T (xz+1)H (35)
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and 1
Gigi < 551'2 +5
then we have
Vi = =GlGl¥iEi) | + 38+ 38 — k@ — Ryt T — kel
—Gi-18i +CiCiv1 + 4 L6,

where

0; =0, —6;

The NN adaptive signal is constructed as

0; = #i(|§i|||‘1’i(fi+1)\| — ppib — pgi ) 0;(0) =0
where p; > 0,0, > 0,04 > 0, then we have

y = — 1 1
Vi = =0Gl1¥ii)ll + 382 + 32 — kig? — kgl T — kgl

—Gi—1Gi + CiCip1 + 0 (|§i| ¥ (Fi1) || — ppibl — qu’@?)

1 1
= (ki = 3) & k! kgl Gl Gk
—ppith0] — i8] + 3¢

Based on inequalities from [7], the following hold:

where 0,1, 6 pi, Upis Pgis Gis Vgi > 0, therefore we have

Vi <—(ki=3)& —kpel ™kl = Ga&i+ Gt — o]

p+1 A+l ) q+l 1 2
+Upif; giti gt + e

1 +1 Ap+1 +1
< _giflgi pz§f+ qz’g? - Qpigl]'g qu q + gzéﬂrl + 51‘

where

5= =2+ 0,0 4 v 0T

1,
2 l
The n 4+ 1th step, this is the most important step.
Zpyl = U — Ay
Based on system
Zn—i—l =0 -y
Design homeomorphism mapping

z
&n41 = arctanh ("H)

kthrl

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

where ky,, 1 > 0 is the bound of z, ;1 and satisfies the |z, 41| < kp,.1, then the system

can obtain

. k .
gnJrl 2 —;2 Zp+1
b1~ Zn+1
— bn+12 ('U _ 06;1)

2 _
kbn+l Zn+1

(47)
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The neural network is constructed as &, X,.1 = (x,u) € Quy1 C R and Q44 is
compact set

Kony1 . _
2 ol = Wit 1 ¥nr1(Fns1) + €ng (48)
bn+1 ~ Zntl
where H W1 H =011, GAnH is an estimation of 0,, 1 and 5,1“ = én+] — 0,11, then we have
W;ﬂllywrl (yn+l) < 9n+lHTﬂ+1 (Yn+1)“ (49)

Define a Lyapunov functional candidate as

1. I =
Vi1 = = —0 50
n+1 2CH+1 + 2]’ln+1 n+1 ( )

Take the time derivative (9) along the trajectory of (6) as

. ~ A

— kbn+1 .. 1
Vi =Cnt1 [ (U ‘Xz) + [T 01410011

k _
= §n+17k£ j”f;zﬂ 0 — Gyt Wil W1 (Fngr) + €n41) (51)
n n

+ §n+1én+l

1
Hn+1

Choose the control

— _gn - kn+1§n+l - kpn+1€fl+1 - kqn+1€-Z+1 - Sign(‘:n+l)én+1 ||1Pn+l (fn+1)|| (52)

kbn+1
k

%n+1*231+1
where k;, 11 > %/kanrl >0, kqn+1 >0,0<p<1,g>1,then

Vn+l = _énJrl (W;£1Tn+1 (Yi’lJrl) + 5n+1) + ﬁgwrlérwl - gnérﬂrl - kn+1€%+1 (53)
+1 +1 A =
_kpn+1‘;[5+1 - kqn+l§Z+1 =0 1|Cns| ¥ g1 (Kng) |

when |W}r, ;|| = 6,41, we have

‘:nJer;Il‘PnJrl (Ynjtl) < 9n+l|§n+1|“qfn+l (ynJrl)H (54)
and
1., 1,
Cn1€n+1 < §€n+1 T 5+ (55)
then we have
1% = —6, ¥,.1(% +ie2 g2 1§ ..0
n+1 n+l|§n+1||| n+1 (anrl)H 2§n+1 €41 + Hntl n+1Yn+1 (56)

2 +1 +
_Cn§n+l - kn+1€n+1 - kpn+l§5+1 - kqn+1€fl+1

where N
0n+1 = Ont1 — Ona (57)

choose the NN adaptive law as

a

Ont1 = Mn+1 (|'§n+1|HTn+1 (Xn1)ll — Ppn+lé;€+1 - Pqn+1éZ+1)r9n+l(0) =0 (59)
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where 1,11 > 0,0pn41 > 0, 04141 > 0, then we have

Vn+1 = _§n+l|€n+1|”l}ln+l (En+1)” + %‘: +1 + 2 n+1
+9n+1 <‘§n+1 | ”‘PnJrl (fn+1) H - ppn+19n+1 Pqn+19n+1> (59)

2 +1
_§n§n+1 - kn+1€n+1 - kanrng_H qn+1€n+1

based on inequalities from [7], the following hold:

Ppn+19n+19n+ < gp”+19n+l + UP”+1971+1 (60)
_Pqn+19 +19n+1 < Qqn+19 +1 +U‘7”+19n+1

where 0411, G pnt1, Vpn+1, Pgn+1, Gqn+1, Vgn+1 > 0, therefore, we have

’ 1) =2 1.2 gr+1 p+1
Vit s - (knﬂ - E)gnﬂ + 281 — Spnt1by g + Upniaby 4
q+1
_gqn+19n+1 + an+19n+1 §n€n+l pn+1§n+1 qn+1€n+1 (61)

g+ p+
< —GnGn+1 — pn+1§n+1 qn+1€n+1 gpn+19n+l Qqn+19n+1 +0nt1

where

1 +1 +1
51’!-&-1 = 58%1'1'1 + Upn_i_leZJrl + an+]ez+l (62)

Theorem 1. Consider the non-affine pure-feedback nonlinear system (1), based on the homeomor-
phism mapping and adaptive fixed-time neural network control scheme, choose the virtual control
law as (8), (27), the adaptive fixed-time law (16) as (35), and the actual controller as (47). The
tracking error system is practical fixed-time stability, and the upper bound of the settling time T is
independent of the initial parameters. The settling time T satisfies

N‘
=

2 2
T < Tax = + (63)
" k(-p) k(g1
Proof. Select the following Lyapunov function
n+1
V=YV (64)
i=1
then it has
n+1 n+1 n+1
: +1 Gp+1 +1 F1+1
V=Y (ke 46l ) = L (ke g8 + 6 (65)
i=1 i=1 i=1
Based on Lemma 1
" +1 +1 ndlie g~
) (kplgf’ +6pit)] ) > kp(,l (2 + 507
i= 1 171 i1 (66)
n+ n+l /22 ~ Z
q+1 q+1 G 1
(kpig! ™ + b7 >kq(‘ ( +2H191>)
i=1 i=1
where B
pit
ky = min<2p§lk,,i,2”§]yi - gpi>,i —1,23---n+1
g a1 .
kg = mm( (n+ 1) kql,Z(n +1) 7 ;% 6 ),i=1,23--n+1 (67)
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Given value yq

- pi1 as1
V< —kVT —kV'T 435 (68)

based on Lemma in [6], the system is practically fixed-time stability. []

Remark 2. A new adaptive neural network control strategy is designed. The control objective is to
drive the output signal of the error system to track the expected signal in a fixed-time. The neural
network is used to approximate the unknown function of the system and design a fixed-time adaptive
law to update the weight of the neural network. Without considering the initial conditions, the
setting time can be designed by selecting the controller parameters. Based on the fixed-time stability
theory, it is proved that the controller can realize the fixed-time stability of the closed-loop system.

Remark 3. The control deviation is obtained from the given value and the actual output value of
the system, the fixed-time adaptive laws are designed by the homeomorphic mapping of the deviation,
and the neural network weights are trained through the adaptive rate to form the control signal, to
change the requlation quality of the system. This forms a fixed-time adaptive neural network control
system, and its control structure is shown in Figure 1.

Remark 4. Programming according to the control algorithm described in equation to Equations (4),
(23), (43) and the program block diagram is shown in Figure 2

Step 1: Calculate the control deviation z; by value and output value.

Step 2: Calculate ¢; according to the principle of homeomorphic mapping.

Step 3: Design the fixed-time adaptive laws to train the weights of the neural network.
Step 4: Design the neural network to estimate the nonlinear system.

Step 5: Repeat Step 1 to Step 4 wheni < n + 1.

Step 6: The control variables are determined based on backstepping control.

Fixed-time ,
Neural network

adaptive law

I l Actual output

Error system homeomorphism mapping Fixed-time u

yeerZ, i

value y

backstepping control ¥ Nonlinear system
a,d,,...,a,

Figure 1. Fixed-time adaptive neural network control system.
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i<=n+1

Calculate deviation z,

A 4
Calculate ¢ according to the principle of
homeomorphic mapping

A 4
Design the fixed-time
adaptive laws

Design necural network
system

y

Based on backstepping control, the control
variables are determined

End

Figure 2. Fixed-time adaptive neural network control algorithm.

4. Numerical Examples

This section gives two examples to show the effectiveness of the proposed con-
trol scheme.

A. Mathematical example

The nonlinear dynamics is

X1 = xpsin(x) + (3+x%) (x2 +x3)

. . 3
Xy = lexg (sin(xq) + x%) +x3+ %3

(69)
X3 = X1 +X1X2 +x3+UuU
y=xn
Consider the system state
a=Y-Va (70)
Choose the homeomorphism mapping
¢1 = arctanh(zq) (71)
and adaptive functions have the following form:
; 5 . A g—
G2 = 81487 +&7 +sign(G)6[[Y1(x2)] (72)
and controller has the following form:
2 3 3 . A —
u=(1-3) (—éz —&-8 -8 - Slgn(53)93|‘1’3(x3)||> (73)

where y; = sin(t) being the desired signal. Select the initial parameters as x = (1,0,0)”,
and the neural network parameters chosen zeros.
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The simulation results are shown in Figures 3-6. Figure 3 depicts the tracking curve of
the given value and output value. It can be seen from the figure that the tracking error can
be sufficiently small in fixed-time and the system output is bounded. Figure 4 shows that
the system state is bounded and can converge to zero in fixed time. Figure 5 depicts the
tracking errors’ tracking curve, which shows that the tracking errors are bounded. Because
tanh(¢;) = z;,1 = 1,2, 3, therefore, the system states z;,i = 1,2, 3 are bounded with |z;| < 1.
Figure 6 shows the time response of the output, the output is bounded, and its value is
constant after a fixed time.

——
o

. .
0 5 10 15 20 25 30
Time (s)

Figure 3. Trajectories of the output and the desired signal.

1

0.8 o]
~ -6
0.6 &
0.4 H
I
0.2 it
WY

-0.6 /

0.8 1

. \ | .
0 5 10 15 20 25 30
Time (s)

Figure 4. Trajectories of the homeomorphism mapping states.

B. Robotmodel

Consider a robot model [31] is

.1 .
M,q, + Em,glr sin(q,) = o (74)

where g, is angle displacement, g and M, are the gravitational acceleration and moment
of inertia, respectively, and m;, is the mass of link and I, represents its length, 7, is the

considered input torque. If x; = g,,x, = ¢,, and u = 7, the dynamic system can be
transformed as follows:
X1 = X2

. . 75
Xp = —'z”ﬁ: sin(x) + M%u )
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For simulation process, the neural networks adaptive fixed-time control, the y7; = 0.1 sin(t)
being the desired signal.

0 5 10 15 20 25 30
Time (s)

Figure 5. Trajectories of the system states.

200 T
Control

0 5 10 15 20 25 30
Time (s)

Figure 6. Trajectories of the controller.

The simulation results are shown in Figures 7 and 8. Figure 7 depicts the tracking
curve of the given value and output value. It can be seen from the figure that the tracking
error can be sufficiently small in fixed-time and the system output is bounded. Figure 8
shows the time response of the control input.

0.05

-0.05

Time (s)

Figure 7. Trajectories of the output and the desired signal.



Entropy 2022, 24, 737 13 of 14

2 T T T T T

6 . . . . I
0 5 10 15 20

Time (s)

0o
33

30

Figure 8. Trajectories of the controller.

5. Conclusions

So far, great breakthroughs have been made in the research of adaptive neural network
tracking controls for nonlinear systems, but there are still some control problems to be
solved. In this paper, a new fixed-time adaptive neural network tracking control strategy
is designed for pure-feedback non-affine nonlinear constrained systems. Based on the
backstepping control technology, the fixed-time adaptive neural network function of the
error system is designed. The setting time by the control parameters and adaptive law gain
parameters, that is, the control performance can be guaranteed without initial conditions,
which is more practical than the control algorithm based on Lyapunov stability theory.
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YL, J.Z. and Z.D.; formal analysis, ]J.Z.; investigation, Y.L.; resources, Q.Z.; data curation, Q.Z,;
writing—original draft preparation, Y.L.; writing—review and editing, Y.L.; visualization, Y.L.;
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agreed to the published version of the manuscript.

Funding: This work was supported in part by the National Natural Science Foundation of China
under Grant 62001263.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fang, ].S; Tsai, J.S.; Yan, J.J.; Chiang, L.H.; Guo, S.M. H-infinity Synchronization for Fuzzy Markov Jump Chaotic Systems with
Piecewise-Constant Transition Probabilities Subject to PDT Switching Rule. IEEE Trans. Fuzzy Syst. 2021, 29, 3082-3092.

2. Zhou, Q.; Du, P; Li, H.; Lu, R.; Yang, J. Adaptive Fixed-Time Control of Error-Constrained Pure-Feedback Interconnected
Nonlinear Systems. IEEE Trans. Syst. Man Cybern. Syst. 2021, 51, 6369-6380. [CrossRef]

3. Li, R; Zhu, Q,; Narayan, P; Yue, A.; Yao, Y.; Deng, M. U-Model-Based Two-Degree-of-Freedom Internal Model Control of
Nonlinear Dynamic Systems. Entropy 2021, 23, 169. [CrossRef] [PubMed]

4. Luo, X; Ge, S.; Wang, J.; Guan, X. Time Delay Estimation-based Adaptive Sliding-Mode Control for Nonholonomic Mobile
Robots. Int. |. Appl. Math. Control Eng. 2018, 1, 1-8.

5. Du, P; Liang, H.; Zhao, S.; Ahn, C.K. Neural-Based Decentralized Adaptive Finite-Time Control for Nonlinear Large-Scale
Systems with Time-Varying Output Constraints. IEEE Trans. Syst. Man Cybern. Syst. 2021, 51, 3136-3147. [CrossRef]

6. Zhang, J.; Li, Y,; Fei, W. Neural Network-Based Nonlinear Fixed-Time Adaptive Practical Tracking Control for Quadrotor
Unmanned Aerial Vehicles. Complexity 2020, 2020, 13. [CrossRef]

7. Li, Y,; Zhang, J.; Ye, X.; Chin, C. Adaptive Fixed-Time Control of Strict-Feedback High-Order Nonlinear Systems. Entropy 2021, 23, 963.
[CrossRef]

8. Li, Y,; Zhang, ].; Xu, X,; Chin, C.S. Adaptive Fixed-Time Neural Network Tracking Control of Nonlinear Interconnected Systems.
Entropy 2021, 23, 1152. [CrossRef]

9. Nij, J.; Liu, L.; Liu, C.; Hu, X;; Li, S. Fast Fixed-Time Nonsingular Terminal Sliding Mode Control and Its Application to Chaos

Suppression in Power System. IEEE Trans. Circuits Syst. II Express Briefs 2017, 64, 151-155. [CrossRef]


http://doi.org/10.1109/TSMC.2019.2961371
http://doi.org/10.3390/e23020169
http://www.ncbi.nlm.nih.gov/pubmed/33573073
http://doi.org/10.1109/TSMC.2019.2918351
http://doi.org/10.1155/2020/8828453
http://doi.org/10.3390/e23080963
http://doi.org/10.3390/e23091152
http://doi.org/10.1109/TCSII.2016.2551539

Entropy 2022, 24, 737 14 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

Zuo, Z.Y. Nonsingular fixed-time consensus tracking for second-order multi-agent networks. Automatica 2015, 54, 305-309.
[CrossRef]

Ngo, K.; Mahony, R.; Jiang, Z.-P. Integrator Backstepping using Barrier Functions for Systems with Multiple State Constraints. In
Proceedings of the 44th IEEE Conference on Decision and Control, Seville, Spain, 12-15 December 2005.

Tee, K.P; Ge, S.S.; Tay, E.H. Barrier Lyapunov Functions for the control of output-constrained nonlinear systems. Automatica 2009,
45,918-927. [CrossRef]

Tee, K.P; Ren, B.; Ge, S.S. Control of nonlinear systems with time-varying output constraints. Automatica 2011, 47, 2511-2516.
[CrossRef]

Zhang, J.; Zhu, Q.; Li, Y. Convergence Time Calculation for Supertwisting Algorithm and Application for Nonaffine Nonlinear
Systems. Complexity 2019, 2019, 6235190. [CrossRef]

Zhang, J.; Zhu, Q.; Li, Y.; Wu, X. Homeomorphism Mapping Based Neural Networks for Finite Time Constraint Control of a Class
of Nonaffine Pure-Feedback Nonlinear Systems. Complexity 2019, 2019, 9053858. [CrossRef]

Li, Y.,; Zhang, J.; Wu, Q. Acknowledgments, Adaptive Sliding Mode Neural Network Control for Nonlinear Systems; Elsevier: Amsterdam,
The Netherlands; Academic Press: Cambridge, MA, USA, 2019.

Jung, S.; Kim, S.S. Control experiment of a wheel-driven mobile inverted pendulum using neural network. IEEE Trans. Control
Syst. Technol. 2008, 16, 297-303. [CrossRef]

Li, Z.].; Yang, C.G. Neural-Adaptive Output Feedback Control of a Class of Transportation Vehicles Based on Wheeled Inverted
Pendulum Models. IEEE Trans. Control Syst. Technol. 2012, 20, 1583-1591. [CrossRef]

Ye, W; Li, Z.; Yang, C.; Sun, J.; Su, C.-Y,; Lu, R. Vision-Based Human Tracking Control of a Wheeled Inverted Pendulum Robot.
IEEE Trans. Cybern. 2016, 46, 2423-2434. [CrossRef]

Noh, ].S.; Lee, G.H.; Jung, S. Position Control of a Mobile Inverted Pendulum System Using Radial Basis Function Network. Int. ].
Control Syst. Technol. 2010, 8, 157-162. [CrossRef]

Ping, Z.W. Tracking problems of a spherical inverted pendulum via neural network enhanced design. Neurocomputing 2013, 106,
137-147. [CrossRef]

Ping, Z.; Hu, H.; Huang, Y; Ge, S.; Lu, J.-G. Discrete-Time Neural Network Approach for Tracking Control of Spherical Inverted
Pendulum. IEEE Trans. Syst. Man Cybern. Syst. 2020, 50, 2989-2995. [CrossRef]

Liu, C,; Ping, Z.; Huang, Y.; Lu, J.-G.; Wang, H. Position control of spherical inverted pendulum via improved discrete-time
neural network approach. Nonlinear Dyn. 2020, 99, 2867-2875. [CrossRef]

Consolini, L.; Tosques, M. On the exact tracking of the spherical inverted pendulum via an homotopy method. Syst. Control Lett.
2009, 58, 1-6. [CrossRef]

Ping, ZW.; Huang, ]. Approximate output regulation of spherical inverted pendulum by neural network control. Neurocomputing
2012, 85, 38—44. [CrossRef]

Zhu, Q. Complete model-free sliding mode control (CMFSMC). Sci. Rep. 2021, 11, 22565. [CrossRef]

Dong, S.; Zhu, H.; Zhong, S.; Shi, K,; Liu, Y. New study on fixed-time synchronization control of delayed inertial memristive
neural networks. Appl. Math. Comput. 2021, 399, 126035. [CrossRef]

Zhang, J.; Zhu, Q.; Wu, X,; Li, Y. A generalized indirect adaptive neural networks backstepping control procedure for a class of
non-affine nonlinear systems with pure-feedback prototype. Neurocomputing 2013, 121, 131-139. [CrossRef]

Zhang, J.; Li, Y.; Fei, W.; Wu, X. U-Model Based Adaptive Neural Networks Fixed-Time Backstepping Control for Uncertain
Nonlinear System. Math. Probl. Eng. 2020, 2020, 7. [CrossRef]

Wang, Z.; Wang, J. A Practical Distributed Finite-Time Control Scheme for Power System Transient Stability. IEEE Trans. Power
Syst. 2020, 35, 3320-3331. [CrossRef]

Zhou, S.; Song, Y.; Wen, C. Event-Triggered Practical Prescribed Time Output Feedback Neuroadaptive Tracking Control under
Saturated Actuation. IEEE Trans. Neural Netw. Learn. Syst. 2021, 5, 1-11. [CrossRef]


http://doi.org/10.1016/j.automatica.2015.01.021
http://doi.org/10.1016/j.automatica.2008.11.017
http://doi.org/10.1016/j.automatica.2011.08.044
http://doi.org/10.1155/2019/6235190
http://doi.org/10.1155/2019/9053858
http://doi.org/10.1109/TCST.2007.903396
http://doi.org/10.1109/TCST.2011.2168224
http://doi.org/10.1109/TCYB.2015.2478154
http://doi.org/10.1007/s12555-010-0120-0
http://doi.org/10.1016/j.neucom.2012.11.007
http://doi.org/10.1109/TSMC.2018.2834560
http://doi.org/10.1007/s11071-019-05455-y
http://doi.org/10.1016/j.sysconle.2008.06.010
http://doi.org/10.1016/j.neucom.2012.01.003
http://doi.org/10.1038/s41598-021-01871-6
http://doi.org/10.1016/j.amc.2021.126035
http://doi.org/10.1016/j.neucom.2013.04.015
http://doi.org/10.1155/2020/8302627
http://doi.org/10.1109/TPWRS.2019.2904729
http://doi.org/10.1109/TNNLS.2021.3118089

	Introduction 
	Problem Formation and Preliminaries 
	Main Results 
	Numerical Examples 
	Conclusions 
	References

