IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received August 21, 2021, accepted September 5, 2021, date of publication September 13, 2021,

date of current version September 21, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3112179

Adaptive Finite-Time Tracking Control for
Nonlinear Time-Varying Delay Systems
With Full State Constraints and

Input Saturation

TIAN XU~ AND YUXIANG WU

School of Automation Science and Engineering, South China University of Technology, Guangzhou 510641, China

Corresponding authors: Tian Xu (tianxu_scut@ 163.com) and Yuxiang Wu (xyuwu@scut.edu.cn)

This work was supported by Guangdong Science and Technology Project under Grant 2015B010133002 and Grant 2017B090910011.

ABSTRACT This paper investigates the adaptive finite-time tracking control problem for a class of
nonlinear time-varying delay systems subject to full state constraints and input saturation. The nonlinear
state-dependent functions (NSDFs) are introduced to handle the asymmetric time-varying full state con-
straints without feasibility conditions. To cope with the unknown time-varying delays, the radial basis
function neural networks (RBF NNs) and the finite covering lemma are utilized. Avoiding the use of the
Lyapunov-Krasovskii functionals (LKFs), no restriction on the derivative of the time-varying delays is
needed. Meanwhile, the effect of the input saturation is eliminated by the augmented function with an
auxiliary control signal. The adaptive finite-time tracking controller with only one adaptive parameter is
constructed by applying the command filter approach and backstepping technique. It is proved that the
proposed controller can ensure that all signals in the closed-loop system are bounded and the tracking error
converges to a small neighborhood of the origin in a finite time. Finally, the effectiveness of the proposed

scheme is demonstrated by two simulation examples.

INDEX TERMS Nonlinear systems, time delays, full state constraints, neural networks, finite-time.

I. INTRODUCTION

In control theory, the existence of time delays may degrade
the stability of the systems and give rise to the difficulties of
control design. In practical applications, many real systems
often suffer from the effect of various constraints, such as out-
put constraints [1], error constraints [2], state constraints [3],
and input saturation [4]. Driven by theoretical challenges and
application demands, it is necessary to research the control
design for nonlinear time-delay systems with full state con-
straints and input saturation.

Over the past decades, a great deal of attention has been
paid to the development of adaptive control. As universal
approximators, fuzzy logic systems (FLSs) and NNs have
been widely used to approximate the uncertain functions in
the adaptive control design [5]-[7]. For example, the adaptive
fuzzy output feedback control problem for a class of switched
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nontriangular structure nonlinear systems was addressed
in [5]. Liang et al. [6] proposed an adaptive event-triggered
neural control strategy for nonaffine pure-feedback nonlinear
multiagent systems. In [7], a novel adaptive fault-tolerant
controller has been constructed for stochastic discrete-time
nonlinear systems. On the other hand, the LKFs have become
a popular tool to solve time delays [8]. By combining NNs or
FLSs with LKFs, several adaptive tracking control schemes
were proposed for nonlinear strict-feedback systems with
constant time delays in [9]-[11]. To solve time-varying
delays, the LKFs and backstepping technique were utilized
in [12]. It should be noted that the LKFs-based methods
usually require the time derivative of time-varying delays
to be less than one. This drawback can be overcome effec-
tively by the Lyapunov—Razumikhin approach [13]. Based
on Lyapunov—Razumikhin approach and backstepping tech-
nique, an adaptive state-feedback controller was designed
for stochastic nonlinear time-delay systems with pertur-
bations [14]. Nevertheless, the developed controllers for
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nonlinear time-varying delay systems in [12]-[14] were
memoryless and conservative. To solve this restriction the
adaptive memory control approach has been developed
in [15]. It is noted that the above works are mainly concerned
with the infinite-time stabilization, which implies that the
desired system performance is guaranteed as time goes infin-
ity. However, the control objective is required to be achieved
in a finite time for many practical applications. Therefore, the
finite-time control is worth being further studied.

The finite-time stability was first proposed in [16]. Com-
pared with infinite-time control, finite-time control owns the
property of faster convergence, good robustness, and better
anti-disturbance performance. Therefore, adaptive finite-time
tracking control has been an active topic and considerable
results in this field have been obtained for various non-
linear systems [17]-[19]. However, these works are not
able to solve the explosion of complexity problem, which
is caused by the repeated derivatives of the virtual con-
trol signals in the conventional backstepping procedure.
To address the above issue, dynamic surface control (DSC)
was proposed for a class of nonlinear strict-feedback systems
in [20]. Liu et al. [21] extended this work to the nonlinear
non-strictfeedback systems. It is worth mentioning that the
filtering errors caused by the first-order filter are not con-
cerned in the DSC-based schemes, which may deteriorate
the control accuracy. This drawback can be overcome by
the command filter method. In [22], Sheng et al. proposed
a command filter-based adaptive fuzzy control scheme for
parametric uncertain nonlinear systems with nonlinear faults.
By employing NNs and command filter approach, an adap-
tive control strategy for uncertain nonlinear systems with
unknown disturbances was presented in [23]. Furthermore,
the finite-time command filter backstepping control problem
for a class of nonlinear stochastic systems was addressed
in [24]. However, the constraint problem is not considered
in the above studies.

It is well known that constraints widely exist in practi-
cal systems. In the past pears, notable constraint-handling
methods such as barrier Lyapunov functions (BLFs) [1], set
invariance [25], reference governors [26], and model pre-
dictive control [27] have been well studied. Among these
methods, the BLFs-based control has received increasing
attention [3], [28]—[31]. With the help of BLFs and command
filter method, the adaptive output feedback control problem
of full-state constrained nonlinear systems was addressed
in [3]. The adaptive DSC design of a class of stochastic
nonlinear systems with full state constraints was proposed
by employing the BLFs in [28]. For the nonlinear con-
strained switched system, an adaptive output feedback control
scheme based on BLFs was proposed in [29]. Moreover,
adaptive finite-time tracking control has been investigated
for nonlinear time-varying full stateconstrained systems in
strict-feedback [30] and pure-feedback [31] form, respec-
tively. It is worth pointing out that the BLFs-based meth-
ods require virtual control signals to satisfy the feasibility
conditions. Such restrictive feasibility conditions may bring
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significant difficulty for the controller design and implemen-
tation. To remove the feasibility conditions, the NSDFs were
proposed in [32] Recently, the adaptive finite-time fuzzy
control for full-state constrained high-order nonlinear sys-
tems has been investigated by integrating NSDFs into control
design [33]. On the other hand, many practical systems suffer
from the input saturation problem. By using the auxiliary
dynamic systems, the input saturation problem was solved for
marine surface vessels [4] and spacecraft systems [34]. Based
on the designed auxiliary system and BLFs, a fuzzy two-
bits-triggered control method for nonlinear uncertain systems
with input saturation and output constraint has been pro-
posed in [35]. Furthermore, an adaptive NNs-based tracking
control approach was investigated for uncertain nonlinear
systems with full state constraints and input saturation in [36].
Zhu et al. [37] extended this result to the stochastic nonlinear
systems. However, the control methods in [4], [33]-[37] are
not suitable for the controller design of nonlinear time-delay
systems. To the best of our knowledge, the adaptive finite-
time tracking control problem has not been fully studied for
nonlinear time-varying delay systems with full state con-
straints and input saturation.

Motivated by the above discussion, this paper aims to
design an adaptive finite-time tracking control method for the
nonlinear time-varying delay systems in presence of full state
constraints and input saturation. The main contributions of
this paper are summarized as follows:

1) The finite-time tracking control is applied for
nonlinear full state-constrained systems subject to
time-varying delays and input saturation without fea-
sibility conditions for the first time. Compared with
the works [28], [30], [36]-[40] on the full state-
constrained nonlinear systems, the feasibility condi-
tions are removed by introducing the NSDFs.

2) The finite covering lemma combined with the RBF
NNs is employed to eliminate the effect of unknown
time-varying delays, where the restriction that the time
derivative of time-varying delays is less than one in
traditional LKFs [41]-[43] is no more needed. Though
the above-mentioned restriction can also be solved
by the Lyapunov-Razumikhin approach [44], [45],
Assumption 3 in [44] and Assumption 4 in [45] are
not demanded in our proposed control method, which
makes the proposed method less demanding and more
flexible in practical applications.

3) By adopting the RBF NNs approximation method,
the linear growth conditions of unknown nonlinear
functions are eliminated. Moreover, only one adaptive
parameter needs to be updated online, greatly reducing
the computational burden.

The rest of this paper is organized as follows. The prob-
lem statement and preliminaries are given in Section II.
The controller design and stability analysis are presented in
Section III. The simulation examples are shown in Section IV
to illustrate the effectiveness of the proposed method. Finally,
Section V concludes this paper.
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Il. PROBLEM STATEMENT AND PRELIMINARIES
Consider the nonlinear time-varying delay system as follows:

Xi=fi (%) + & (X) xip1 +hi 0 (¢ — 7 (1) +d; (2)
Xn =Jn Xn) + 80 X)) u (V) + hy (X, (2 — 1, (1)) + dy (1)
y=x1, i=1,...,n—1

ey

where % = [x1,....x]7 € R,i = 1,...,n — 1 are the
system state vectors. f; (-) : R — Rand h; (-) : R' — R are
the unknown nonlinear smooth functions, g; (-) : Ri - R
is the smooth function, 7; (-) € R denotes the unknown
time-varying delay, and d; (-) € R denotes the uncertain
external disturbance. y € R is the system output. u# (v) € R
is the system input subject to saturation nonlinearity, which
is described as

Umax, V > Umax
u()=sat(v) =1, Umin =V = Umax (2)
Umin, V < Umin

where v is the controller to be designed. umax > 0 and
umin < 0 are known constants.

A smooth piecewise function p (v) is adopted to denote the
approximation of the input saturation function and p (v) is
given as follows:

Umax tanh ( Y ) , v>0
. 3)
Umin tanh ( ) , v<0

Umin

p() =

Then, sat(v) can be rewritten as sat(v) = p (v) + ¢ (v), and
we have

lg )| = [sat(v) — p (V)]
< max {|Umax (1 — tanh (1)), [Umin (1 — tanh (1))}
= F @

In this paper, all states are required to satisfy

Xj € Q= {x,- ER: —ky (1) <xi<kp, () i= 1,...,n}
(5

where kg, (1) : R — Rand k, () : Ry — R are satisfying
kp; (1) > kg, (1) > 0, V1 € Ry.

The control objective is to make the system output y follow
the desired signal y; in a finite time while ensuring that
the asymmetric time-varying full state constraints are not
transgressed and all signals in the closed-loop system are
bounded.

Assumption 1: There exist unknown positive constants
Dy, ...,Dysuchthat |d; ()| < Dj,i=1,...,n.

Assumption 2: The desired signal y,; and its first-order time
derivative y, are available.

Assumption 3: The control gain functions g; (-),i =
1,...,n are known. There exist positive unknown
constants go and go such that gog < |g; ()] < go. Without
loss generality, we assume that all g; (-) are positive.
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Remark I: Numerous physical plants can be converted into
the special cases of the nonlinear system (1), such as robotic
manipulators [46], chemical processes [47], and helicopter
systems [48].

Remark 2: Tt should be mentioned that the desired signal y;
and its ith,i = 1, ..., n order time derivatives are required
in traditional backstepping [17], [42], [45], [49]. Besides,
the exact information of yg4, y4, y4 is required in DSC-based
design methods [20], [21], [32]. Our proposed method
merely needs the information of y; and y;, which is less
stringent.

Lemma 1 [15]: Suppose h(x) : 2, — R is a smooth
function with €2, being a compact set. Let x = x ( — 7 (1))
be uniformly continuous about ¢, where 7 (¢) € [0, /] is
an unknown time-varying delay. The constant tjs is known.
Then for any constant y > 0, there exists a finite partition
of [0, tas], independent of ¢

O<th<ph<--+<th<ty (6)
from which time-varying point 7o) € {t1,...,tm},0 (t) €
{1, ..., m} can be extracted, such that

lhx(t—t®)—h(x(t—7w))| <y, Ve=0 (D
Lemma 2 [50]: For any real numbers xi,...,x, and

0 < p < 1, the following inequality holds:
(] 4=+ 1 D? < Peal? 4 -+ x| ®

Lemma 3 [51]: For any real numbers A1 > 0, A > 0, and
0 < p < 1, an extended Lyapunov condition of finite-time
stability can be given in the form Vi) < =V —
A2VP (x), where the setting time can be estimated
by

Ty < 1 nMVI_p (o) + 22
A (1 —p) A2

Remark 3: Note that it is difficult to know the time delays
precisely and the time delays are often variant in practi-
cal engineering systems. In this paper, there is no limi-
tation on the bound of the time-delay derivative and the
time-varying delays are unknown. In addition, the proposed
method is useful even when the derivative of time-varying
delays may not exist. Without imposing any assumptions on
the derivative of time-varying delays, an adaptive finite-time
tracking controller is designed for nonlinear full-state con-
strained systems with unknown time-varying delays and input
saturation.

IIl. CONTROLLER DESIGN AND STABILITY ANALYSIS
To ensure the asymmetric time-varying full state constraints
are not violated, the following NSDFs are introduced:

& = ;7 Bi = (kay (1) + x1) (ko (1) — %)

i=1,....n

©))

Obviously, §&; — Fooonlyifx; — —k,, (t) orx; — kp, (1).
For any initial condition satisfying —k,, () < x; (0) < kp, (¢),
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the asymmetric time-varying full state constraints (5) are not
violated if &; € Lo, Vt > 0.

Remark 4: 1t is known that current BLFs-based control
methods [1], [3], [28], [38]-[40] always involve the feasi-
bility conditions on virtual controllers, which is demand-
ing for the design and implementation of the corresponding
control schemes. Not only are such demanding conditions
removed, but also the extra efforts keeping the continu-
ity and differentiability of the stabilizing functions are not
needed in our method. Hence, the proposed control method
is simpler and more applicable than the BLFs-based methods
in [1], [3], [28], [38]-[40].

Taking the derivative of &; to time, based on (1) and (9),
we have

éizuilfci—l—/uz, i=1,...,n (10)
with
ka, (t) kp, (£) + x?
pp = T (11)
B;
(kay (2) ko (8) + kg (8) b, () + (i, — heay) x7) i

K2 = — 2
Bi

(12)

To solve the input saturation, an auxiliary design signal v
is introduced. Define the dynamic system as

V= fnign (=¥ +p (V) —v) (13)

Choose the following coordinate transformation:

ep =& — &4
ei=&—&¢ i=2,...,n—1 (14)
en:sn_%—n,c_w

where &; = yq/Ba with Bg = (ka, (1) + ya) (ks, (1) — ya) .
and&; ., i =2, ..., nare the outputs of the ith command filter
which will be defined later. Like (10)-(12), it can be obtained
that & = pa1ya + a2 with par = kay (6) ki, (0)/B3+y3/B3
and pgy = —(kay ) koy (1) + kay () oy () ya/BF —
(kbl - kal) y¢21//35

The command filters are designed as

i=1,...,n—1

L) 15
Bi+1

where &1, and éi+1,c are the outputs of each filter.
¢ € (0, 1] and w, > O are the design constants. The initial
value &1 is equal to «; (0)/Bi+1(0) and ¢;2(0) = O.
o;,i = 1,...,n — 1 are the virtual controllers which will
be given later.

By designing the following error compensation mecha-
nism, the filtering errors (§i+1)c — ai/ﬂi+1) ,i=1,...,n—1

§ivl,c = Wn®i2,

Qi2 = —26wnPi2 — Wy <Ei+1,c -
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caused by the command filters are eliminated.

$1=—kis1 + (n118182) 2 + (1118182) (‘52’0 - oﬁ%)

§i = —kisi + (LingiBiv1) siv1 — (Ri—-1)18i-1Bi) si-1

o\ .
+ (1i1giBi+1) (Ei+1,c - —1) ,i=2,...,n—1
Bi+

Sp = —kySy — (M(n—l)lgn—l,Bn) Sn—1

(16)

where kj, i = 1, ..., n are positive design constants.
Step 1: Define z1 = e; — s1. Noting (1), (9), (10), (14),
and (16), the time derivative of z; is

21 =pi (A +h G =11 (D)) + png1baze + miigian
+p1idy + 12 — Ra1ya — paz + ks (17)

According to Lemma 1, we have
hi (Gt =t () =h (%1 (t —Tiow)) +r1 (18)

where |r1| < Ry, Ry is an unknown constant.
Choose the Lyapunov function as V| = %zf Based on (17)
and (18), the time derivative of V7 is given as
Vi =z =pnza (i +h (31 (F = Tiow)) +11)
+ur11g12z122 + n11g1z191 + p1diz
+ (12 — a2 — Hd1Yd) 21 + kis121 (19)

Using Young’s inequality, we can obtain

2 2 1 2
/'Llldlzl < M11%9 + ZDI (20)
1
nizir < piE + ZR% 1)

. . 1
(112 — a1 — ma2) 21 < (12 — a1dva — ma2)’ 23 + 1

(22)
Substituting (20)-(22) into (19), one gets

Vi < pnzifi + 1181822122 + mi1gizian + kisizi
+ (2M%1 + (w12 — maiya — Md2)2> 4

LYY 23)
47 T4 Ty
The uncertain term fl in (23) is defined as
fA=f+h (% (t—Tew)) (24)

Inspired bX the work in [52], the RBF NNs are used to
approximate f] as follows:

fi=WiTS1(Z)) + &1 (Z1) (25)

with Z| = [X1,X1 (l‘ - ‘[1,1) e, X1 (l‘ — Tl,m)]T. S1(Zy) eRh
is a Gaussian basis function vector with /; > 1 being the
NN node number, W) € R denotes the optimal weight
vector, €1 (Z;) € R is the approximation error. |W;| <
Wi, le1 (Z1)| < &1 with the constants W; > 0, &; > 0.
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By substituting (25) into (23), we have

Vi < unz (W1*TSI (Z1) + & (Zl)> + nngipzaiz
+ungiziar +kisizi
+ (ZMﬁ + (w12 — Ha1ya — Md2)2> Z
pry L] 26)
471 T4 g
Using Young’s inequality, we get

1
—a3 (27)

0
unzWit s (z)) < 2a2M11z1 IS1 @017 + 5

1

S 8)
—&2

2“1111 5%l
where a; in (27) is a positive design constant, 6 =
max { | AP} and wz || will be
defined later. § = 6 — 6 is the estimated error. 8 is the
estimate of 0 and 6 (0) is the initial value of 6 such that
6 (0) > 0.

Design the virtual controller as

ni11z1e1 (Z1) <

— iz IS (zl)nz)

1

(2M%1 + (K12 — Hd1Ya — ,udz)z) 21 (29)
81111

where 0 < p < 1 and k,, are positive design constants.
Substituting (27)-(29) into (26) leads to

i ) 0
Vi < —kizt —kp 2 — ﬁuﬁz% 1S Z)1I?
1

+u118182z2122
+ 1D2+1R2+1 LY (30)
& a
4 4 271 T T Ty
Stepi(2 <i<n-—1):Define z; = ¢; — s;. Based on (1),
(9), (10), (14), and (16), the time derivative of z; is
zi = it (fi + i (G (8 — 7 (1)) + (i1 giBit1zit1 + Mi1gidki
+uind; + pip — i + kisi + pi—18i—1Bisic1 - (31)
According to Lemma 1, we have

hi (%; (t — 7 (1)) = hi (Xi (1 — Tio () + ri (32)
where |r;| < R;, R; is an unknown constant.
Define the Lyapunov function as V; = %zlz + Vi_1.
From (31) and (32), the time derivative of V; is given by
Vi = zizi + Vit
= witzi (fi + hi (% (t = Tio)) + 1i) + w1 8iBit12iZis1
+uitgizici + mindizi + (i2 — &ic) 2 + kisizi
+Vie1 + mi-118i-1Bizisi—1 (33)
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Using Young’s inequality, we obtain

1
pidizi < phzt + ZD,-Z (34
1
piziri < pha + 4R12 (35)
. 1
(i — &ic)zi < (mi2 — Si,c) 2+ I (36)

Substituting (34)-(36) into (33), one has
Vi < wirzifi + migiBi1ziziet + migizicti + kisizi
+<2/Ll-21 + (Miz _éi,c) )z +99 + iDz + iRlz + ;1
+Vic1 + —1)18i—1Bizisi—1 37
The uncertain term fl in (37) is defined as
fi=fi+hi (% —Tiow)) (38)
The RBF NN are used to approximate f; as
fi = WIS (Z) + i (Z) (39)

where Z;, = [xl, e Xiy X (t — ri,l) ey X (t — ri,m)]T.
S; (Zi) € Rl is a Gaussian basis function vector with ; > 1
being the NN node number, W € Rl denotes the optimal
weight vector, &; (Z;) € Ris the approxnnatlon €ITOL. || wr || <
Wi, |ei (Z)] < &; with the constants W; > 0, §; > 0.

By substituting (39) into (37), one gets

Vi < iz (W[kTSi (Z) + & (Zi)) + 1i18iBi+12iZi+1
1

+uirgizioti + kisizi + (,ull (2 — i) ) 2+ ZDI,Z
1 1
+4R12 + - 4 + V 1+ Ki-1)18i— 1Bizisi—1 (40)

Using Young’s inequality, we have

0 1
ninziWil'Si () < ﬁufﬂ? IS; (Z)II* + Ea% (41)
i

1 1_
wizigi (Z;) < ,U/llZ + = (42)

2 l
where a; in (41) is a positive design constant.
Design the virtual controller as

1 1 1 5, 6 5
o = — | ——kie; — —kpz" — —uinzi lISi (Z)l
' ( wi 2a.2ul i 191 (i

M(z 1
&ilil

—gi—1Biei-1
43)

where k,, is a positive design constant.

Remark 5: Using the command filter technique, the pro-
posed controller can be implemented without differentiation
of the virtual controllers «;,i = 2,...,n — 1. Removing
analytic computation of ¢; avoids the appearance of zizp -
Therefore, the controller singularity problems will not occur.
This makes our proposed method more easily derived and

implemented.
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In step (i — 1), it can be obtained that
i—1 i—1
Viet = =) kg — Zkﬂﬂ;p
j=1 j=1
+ii-1)18i-1Bizi-1Zi
+Z< ~ -+;j+;a]+i) (44)

Substituting (41)-(44) into (40) results in

i
Vi< =) kg - kaj g
j=1

i-1 »

—melm<w

oy Lazls@r

j=1 J
+Mi1giﬂi+lzizi+l
1 1
2 2
+Z(D+ R+2,+2aj+4> (45)

Step n : Define z, = e, — s,,. From (1), (9), (10), (13) (14),
and (16), the time derivative of z, is
Zn = Ml (fn + hn X (8 — 70 (1)) + pn18ntt + Wnidy
+un2 — Sn,c + kpsp — ¥ + M(n—l)lgn—lﬂnsn—l (46)

According to Lemma 1, we have

o (1)) = hn ()_Cn (t

where |r,| < R, R, is an unknown constant.

Design the Lyapunov function as V,, = %zﬁ + %52 +
V,—1. Based on (46) and (47), the time derivative of V,, is
given as

hy (G (1 — - fn,a(t))) +ry (47)

Vi = znin +00 + V_y
< wnzn (fa + ha (% (t = Tuo)) + 1)
Fnign VU + F1) + pnidnzn + (2 — €nc) 2
Hhnsnzn + 00 + V1 + 1n-1)18n-1Bnznsn1  (48)

Using Young’s inequality, we can obtain

2 2 1 2
Mn1dnZn < M2, + ZDn 49)
1
Mz < oz + 2R (50)
. 1
(ﬂnZ - En,c) n = (MnZ - énc) Zn + Z (5D

Remark 6: The purpose of inequalities (36) and (51) is to
cope with the terms (/,L,‘Q — é,‘,c) z; in (33) and (/an — é,,,c) Zn
in (48).

Substituting (49)-(51) into (48) yields

Vn =< /Lnlznfn + n1&n v+ ¥ + F1) + knSpza
. 2 ~A 1
+ (2#51 + (H«nZ - En,c) )Zﬁ + 06 + ZDﬁ

1 1 .
+-— ~R? + =+ Vi + M(nfl)lgnflﬂnznsnfl (52)

4"y
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The uncertain term fn in (52) is defined as

o= o b (B (1 = B0 ) (53)
The RBF NN are used to approximate f, as
o= WiTSu(Za) + en (Zn) (54)

with Z, = [x1,....%0 % (t = T01) ..o X (1 — rn,m)]T.
S, (Zy) € R™ is a Gaussian basis function vector with ,, > 1
being the NN node number, W) € R denotes the opti-
mal weight vector, &, (Z,) € R is the approximation error.
||W*|| < W,, len (Zy)| < &, with the constants W, > 0,
&, > 0.

By substituting (54) into (52), one can get

Vi <tz (Wi S0 (Zo) + 80 (Z0)) + i v+ ¥+ F)

: 2
+knSnzn + <M31 + (/LnZ —&n, c) )Z,%
+66 + 11)2+ ey lyy
4 gon Tyl
+M(n—l)lgn—lﬂizzizszz—l (55)

Using Young’s inequality, we have
0 1
stz W, Su (Za) < z—azufnzﬁ ISy @17 + 5a7 (56)

1 1
niZnen (Zn) < Zunlz + =82 (57)

where a, in (56) is a positive design constant.
Design the actual controller as

1 1 6
V= — knen, — _kp,, 20-1 5 2 MnlZn IS, (Zn)||2
8n Mnl Mnl 2an

Hn—1)1 1 ©o\2
_ﬁgn—lﬂnen—l __<2/'L31+(Mn2_én,c) )Zn)
nl Mnl

-V —F (58)
where k,, is a positive design constant.
Remark 7: Compared with the infinite-time control design
approaches [39, 42, 46, 49], our designed finite-time con-
troller has the advantages of high tracking precision and fast

transient performances.
The adaptive law is chosen as

n ~

X 0 ~
i=3sagls @ -0 oo

=
where § is a positive design constant.
In step (n — 1), it can be obtained that

n—1 n—1

Vol < — ijzj2 - kajz]?p
j=1 j=1
HS'( Z)[” + mn-1180-1Buzn-12a

1 1 1
2 2
+§ (D+ R+2j+2a+4) (60)

n—1 z

0 2.2
_ZZ 2M11Z

=1°%
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By substituting (56)-(60) into (55), one deduces

n n
g 2 2p
Vi = Z kizj Z ko2;

1 1 1
2 2 =2
+§ (D+ R+§]+2aj+4> (61)

Using Young s inequality, one has

o 1—-p)F2 62 6% 1-—p
)< ——"" 4 - 4~ 62
< 5 + >+t (62)
Substituting (62) into (61) provides
n n2 n n2
) (1—,0)59 eﬂ
V”S_ij Z /’Jl -
j=1
1 1 1
2 2
+Z(D+ R~|—2]+2aj+4>
+1592+ 1—p)s
2 2P
< —MVy— VP4 C (63)
where Ay = min{2k;,8(1—p).j=1,....n}, 1 =
min {2 x k. 2°718,j=1,...,n} and
1 1 1
2 =2
C= Z( —R+§j+2a]+4>
-392 -1— 8.
+2 +2( p)

Theorem 1. Consider the closed-loop system consisting of
the nonlinear system (1), the virtual controllers (29), (43),
the actual controller (58), and the adaptation law (59).
Suppose that Assumptions 1-3 hold and the initial states
satisfy x; (0) € €, then all signals in the closed-loop
system are bounded, the tracking error converges to a
small bound around the origin in a finite time, and the
asymmetric time-varying full state constraints are never
violated.

Proof. According to (63), we can obtain

Vi <=MV +C (64)
Multiplying both sides by ¢*!” and integrating it over [0, 1],
one has
C C C
Vi< (Va0 = = )e ™™+ = <V, (0)e ™ 4+ =
n_(n() k])e +)Ll_n()e +K]

(65)

Therefore, V,, € Lo for any initial conditions satis-
fymg x; (0) € €, which indicates that z; € Ly and
0 € Ls,. From (59) and the boundedness of 6, we know
that 6 is bounded. Based on the singular perturbation theory
[53, 54] and (15), it can be proved that ¢;2,&it1.c,0 =
1,...,n — 1 are bounded. Based on the work in [55]
and (16), we know that s;,i = 1,...,n are bounded.

VOLUME 9, 2021

From z; = e; — s and the boundedness of z1, s1, we can
infer that e; is bounded. Based on Assumption 2 and the
definition of &4, we can obtain &; is bounded. Combined with
e1 = & — &4, we have £ € Lo. Then, it can be obtained
that the state x; never violates the predefined constrained state
space Q) = {x] € R: —kg (t) < x1 < kp, () }. From (29),
we can further have «; is bounded. Similarly, we can
obtain & € Lo, the state x; remains in the space ; =
(xi e R: — kg (1) < x; < ky, (t)}, «; and v are bounded for
i =2,...,n— 1. Furthermore, we can obtain « is bounded
from (2). Thus, all closed-loop signals are bounded, and
the asymmetric time-varying full state constraints are not
violated.

According to Corollary 1 in [51], Lemma 3, and (63),
we have V,, < (C/x (1 — X))l/p ,0 < x < 1 in a finite
time. Based on the above discussion, one has

1
1, ( c >»
V< (—— 66
2 A=) (06)

Then, we have

1

c %
= (50 =) “

in the settling time

1 I MVIZP (x0) 4+ x 2

< T, — .
1 —p e
M (?»2(1 x)) +x*2

Define the Lyapunov function as

= %s? (68)

Based on (16), the time derivative of Vj is

n n—1
o
= kst + Y si(uangiBirn) <§i+1,c - —l)
i=1 i=1 Bis
(69)

From Assumption 3, we can obtain that g; is bounded.
From (9) and the boundedness of x;, it can be obtained
that u;; and Bj+; are bounded. In [55], we know that
(&i+1,c — @i/Bit1) is bounded. Then, it can be inferred
that (ui1iBi+1) (§i+1.c — @i/ Bit1) is bounded. It is assumed

that |(14i18iBit1) (§i41.c — @i/Biv1)| < i, where ¥; is a
positive constant. Together with (69), one obtains

n n—1
Vo< =Y kist+ Y sivi (70)
i=1 i=1

By employing Young’s inequality, we get

n—1 n—1

n—1
Yoswi s 3 5+ v )
i=1

i=1 i=1
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Substituting (71) into (70) leads to
n n—1 1 n—1
2 2 2
—Zkis,- + Z 5+ Zwi
i=1 i=1 i=1
n 1 P n n 1
— Z (Eklstz) — Zkisiz + Z ZSlz
i=1 i=1 i=1
n—1 n 1 0
2 2
+ 21: v+ 21: <§kisl-> (72)
i= i=

By means of Lemma 3 in [56], we can obtain

v

A

1 2 L Llnp 1 2
Ekisi <(—p)el-—>+ + Ekisi (73)

Substituting (73) into (72), we have

n 1 P n 1 n—1
s =30 (k) -3 gt ¢ o wf
i=1 i=1 i=1
= np
+n(l —p)el-»
=< _lesp - )_\'2‘/S + Cs (74)

where )_Ll = min{klfo,i = 1,...,n},)12 = min{%,i =
n—1

ln} and C; = Y y? +n(l — p)eT7 ™" Like (66)

i=1
and (67), we can obtain that |s;| < (Cy/(A2 (1 — 19)))1/(2p) ,
i=1,...,nin afinite time. The convergence time T can be
estimated as
1—p T
1 MV A
S 17 (Sol)jv 2
1d—=p0 - C, e -
A (iza—u>> Uk

,0<v <.

Thus, it can be inferred that the tracking error converges to
a small bound around the origin in a finite time by choosing
appropriate parameters.

The proof is completed.

Remark 8: Compared with the command-filter-based adap-
tive fuzzy finite-time control method in [57], the advantages
and merits of the proposed method are twofold. First, our
proposed method can handle the full state constraints and
time-varying delays. However, the control method in [57]
cannot be applied to the systems with full state constraints and
time-varying delays. Second, unlike multiple adaptive laws
in [57], fewer adaptive laws are introduced in this paper. Thus,
the computational burden is greatly reduced, which makes
our proposed method more suitable and effective for practical
systems.

Remark 9: Although there are some meaningful stud-
ies on nonlinear full state-constrained [28], [37]-[40]
and time-varying delay systems [12]-[14], there are still
some problems that need to be improved. For exam-
ple, the feasibility conditions [28], [37]-[40], the restric-
tion on time delays [12]-[14], and the ignorance of input
saturation [12]-[14], [28], [38]-[40] remain to be solved.
In this paper, the above-mentioned problems have been

127890

solved by the proposed adaptive finite-time controller for
the nonlinear time-varying delay systems with full state con-
straints and input saturation.

Remark 10: The tracking performance depends on the
design parameters k;, k., a;, 8. From (9) and (14), we know
that the tracking error (y — yg) is small if e; is small. From
71 = e] —s1, small z; and small s results in small e;. To make
z1 small, we need to choose small C and large A, from (67).
From (63), we select small g;, § and large k,,, to obtain small C
and large A;. Similarly, we need to choose large k; to make s
small from (74).

The algorithm of the proposed adaptive finite-time tracking
control method is given as follows:

Step 1. Calculate g;, y4,yd, ka;» kp;, Bi in (9), and i
in(1)fori=1,...,n.

Step 2. Choose appropriate design parameters p, 8, ¢, @y,
ki,kpi,aifori: 1,...,71.

Step 3. Choose Gaussian basis function vectors S; (Z;) for
i=1,...,n

Step 4. Solve adaptive law to find 6 in (59).

Step 5. Solve adaptive laws to find ¥ in (13), &i4+1, and
Eit1.cin(15), s5in (16) fori=1,...,n—1,j=1,...,n.

Step 6. Calculate virtual controllers oy in (29), «; in (43)
fori=2,...,n— 1, and actual control law v in (58).

Step 7. Calculate saturated control input p (v) using (3).

IV. SIMULATION EXAMPLES
In this section, two simulation examples are given to demon-
strate the effectiveness of our proposed method

Example 1: Consider the nonlinear time-varying delay sys-
tem in strict-feedback form as follows:

X =fit+tgix+h G ¢ —-10))+d @)
=hH+gu®)+h@E-—10)+d@) (75
y =X

where fi = x1e 0%, = xlxzz, g1 = 1+ xlz, g =
3 + cos (x1x2), hy (X1 (t — 71 (1)) = cos (x1 (r — 71 (1)),
hy (2 (t — 72 (1)) = sin (x1 (t — 72 (1)) x2 (t — 71 (1)). The
external disturbances are d; (r) = 0.1sin (2¢') and d> (1) =
0.2¢~"*. The time delays are given as 71 (f) = 1 +
sin (1), 7p (t) = 1.2 (1+ cos (¢)). The states are constrained
by —kg, (t) < x; < kp; (t),i = 1,2 with kg, (1) = 0.8 —
0.1cos(t),kp, (t) = 1.4 + 05cos(t), ks, (1) = 1.5 —
0.5cos () and kp, (1) = 0.5 — 0.5 sin (¢). In this simulation,
the desired signal is chosen as y; = 0.5 (cos (¢) + cos (0.5¢)).
The saturation bounds are chosen as: tmax = 8, Umin = —3.
Choose the initial value x; (0) = 1.6,x(0) = -—-04,
o (0) = 0.6, s1 (0) = 52 (0) = 0. The design parameters are
chosen as: k1 = 50,k = 210,k,, = k,, = 1,p = 0.5,
ar=7,ap=2,6§=1,¢ =0.8,and wp = 100.

To further demonstrate the validity of our proposed
method, the infinite-time control method proposed by
Li et al. [42], in which both time delays and full state
constraints were taken into account, is also applied to (75)
for comparison. The same initial conditions are chosen
for the system states. The simulation results are shown
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FIGURE 1. Trajectories of the desired signal y4 and the system output y
(Example 1).

| e o (proposed) | 4

F, (t)

N \ ,.
/ \\ //\ J/ —ka, (t)

| o (Lietal.)
Lo\

0 5 10 15 20 25 30 35 40 45
t(s)

FIGURE 2. Trajectory of the state variable x, (Example 1).

in Figure 1- Figure 5. The trajectories of the desired signal y;
and system output y are presented in Figure 1. It is obvious
that good tracking performance is achieved by using our
proposed controller. Figure 2 shows the trajectory of the
state xp. As observed from Figure 1 and Figure 2, all states
satisfy the predefined constraints by using both our proposed
method and the infinite-time control approach proposed by
Li et al. Figure 3 depicts the tracking error (y — yg). From
Figure 1 and Figure 3, it can be seen that our proposed method
not only has a faster convergence rate but also achieves better
tracking performance than the infinite-time tracking control
method in [42]. Figure 4 draws the trajectory of the system
input u, from which we can see that the system input under
our proposed method never transgresses the saturation bound,

while the system input using method in [42] violates the

saturation bound. The boundedness of the adaptive parameter

can be obtained from Figure 5. Based on the above analysis,
itis clearly seen that the proposed control strategy for the non-
linear time-varying delay systems with full state constraints
and input saturation is rational and feasible.
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FIGURE 4. Trajectory of the system input u (Example 1).
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FIGURE 5. The adaptive parameters (Example 1).

Example 2: A practical example of a two-stage chemical
reactor system with delayed recycle streams and external

perturbations [58] is considered. Tacking time-varying delays
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FIGURE 6. Trajectories of the desired signal y4 and the system output 'y
(Example 2).

into account, the balance equation for the above system is
given as:

. 1—Ry 1
X = m x2 — gyx1 — Kixp +di (1)
b= L Kot Dm0
Xo=—u——x—Kxxo+—x1(t—7
2 V2 @22 2X2 Vzl 1 (76)
Ry
+—x(—n@) +d @)
Vs
y =X

where x; and xp are the compositions, R; and Ry are the
recycle flow rates, ®; and ®, are the reactor residence rate,
K and K are the reaction constants, F' is the feed rate, V| and
V), are the reactor volumes, d; () and d; (¢) are the external
perturbations, 71 (¢) and 17 (¢) are the time- varying delays,
u and y are the input and output of the system.

In this paper, the system parameters are chosen as

Ri = R, = 0506, = 0, = 2,Kj = K, = 05,
F = 05,Vi = V, = 0.5. The time-varying delays
are 71 (1) = 12In(1+¢%) and (1) = 1 + cos (7).

The external perturbations are dj (rf) = 0.01sin(¢#) and
dr(t) = 0.0lcos(¢). The desired signal is y; =
0.5sin (¢). The state constraint conditions are taken as
kg @) = 0.7 — 04sin(t),kp, (t) = 0.6+ 0.3sin(z),
kay (1) = 0.7 — 0.2sin (¢) , kp, (t) = 0.8 4 0.2sin (t). The
input saturation boundaries are umax = 2 and upyip = —10.

In the simulation, the initial conditions are set as
x1(0) = 0,x2(0) = 05,6 (0) = 0.8,51 (0) = 55 (0) = 0.
The design parameters are given as k; = 210, k» = 300,
kpy = kp, = 1,p = 05,41 = 6,a2 = 3,6 = 0.5,
¢ = 0.9, wy = 1000.

The simulation results are shown from Figure 6 to
Figure 10. The trajectories of the desired signal y; and
the system output y are displayed in Figure 6. It is seen
from Figure 6 that the output y can track the desired sig-
nal y; satisfactorily. The trajectory of the state x is given
in Figure 7. As observed from Figure 6 and Figure 7, all
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FIGURE 7. Trajectory of the state variable x, (Example 2).
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FIGURE 8. Trajectory of the tracking error (y — y4) (Example 2).
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FIGURE 9. Trajectory of the system input u (Example 2).

states never violate the asymmetric time-varying constraints.
Figure 8 plots the trajectory of the tracking error (y — yg).
The trajectories of the system input u and the adaptive
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FIGURE 10. The adaptive parameters (Example 2).

parameter 6 are plotted in Figure 9 and Figure 10, respec-
tively. Based on the simulation results, it is shown that our
proposed method is effective and practicable.

V. CONCLUSION

In this paper, an adaptive finite-time tracking control
approach has been proposed for a class of nonlinear
time-varying delay systems in strict-feedback form with
asymmetric time-varying full state constraints and input sat-
uration. By combining finite covering lemma with RBF NN,
the effect of unknown time-varying delays is eliminated and
the assumption that derivative of time delays is less than
one is relaxed. The NSDFs and backstepping technique are
used to guarantee that all states never violate the asym-
metric time-varying constraints, and the feasibility condi-
tions on virtual controllers are not required. The explosion
of complexity problem in backstepping is handled by the
command filter method. Moreover, the augmented function
with an auxiliary control signal is introduced to solve the
input saturation. The proposed scheme can guarantee that
all signals in the closed-loop system are bounded and the
tracking error converges to a small neighborhood around
the origin in a finite time. Finally, not only a numerical
example but also a practical example is given to verify the
effectiveness of the proposed scheme. In the future research,
we will employ the Nussbaum gain technique to deal with
the unknown control directions and extend this result to the
nonlinear pure-feedback systems with completely unknown
control gains.
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