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This article investigates the robust stabilization problem for nonlinear time-delay systems with dead-zone input and complex
dynamics. By flexibly using the inequality technique, the backstepping control method, and skillfully introducing a new Lya-
punov-Krasovskii functional, we obtain a stable controller without using unmeasurable signals in the dynamic subsystem. The
control system is guaranteed to be stable finally. Two simulation examples are given to verify the control strategy.

1. Introduction

Many practical models in engineering are nonlinear systems
such as the flexible-joint robot [1], the wheeled inverted
pendulum [2], and the autonomous underwater vehicle [3].
In the past few years, scholars have focused on studying
nonlinear systems, such as [4-11]. For numerous nonlinear
systems, the time-delay phenomenon which may lead to
system instability often exists and is inevitable [12]. Non-
linear systems sometimes involve complex dynamics, in
which the information of the states is not available. For more
results on nonlinear systems with complex dynamics, we
refer the reader to [13]. Besides the time delay, nonlinear
conditions, and complex dynamics, specific control inputs
such as the dead-zone input [14, 15] can also have a sig-
nificant impact on the system. Considering the above facts,
the nonlinear time-delay systems with dead-zone input and
complex dynamics are investigated in this paper.

In recent years, some complicated linear systems have
been studied. For example, Xu and Zhang [16] considered
the stochastic large population system and presented a novel
strategy for linear-quadratic games. However, different from
linear systems, control problems of nonlinear systems are
often difficult since they have more complicated dynamics.
Specially, Guo [17] studied nonlinear chaotic systems and
raised a physically implementable controller to solve the

projective synchronization problem. In engineering practice,
lots of nonlinear systems can be approximated by using
linear systems at the origin; thus, the theory of linear systems
can be applied. However, some systems may not be line-
arized at the origin or can be linearized but have uncon-
trollable Jacobian linearization [18, 19]. So, it is necessary to
study nonlinear control design methods for those systems.
Besides, time-delay problems cannot be ignored for the
system control design, since ignoring it may make the system
unstable. Many scholars have studied the associated control
design for systems with time delay (for example, see the
adaptive control problem [20], the stabilization problem
[21], and the tracking problem [22]).

In recent years, the control design for systems with
complex dynamics has been one of the interesting topics.
Particularly, with the choice of a state observer, the adaptive
control problem of systems containing complex dynamics
was solved in [23]. By utilizing a new Lyapunov function, the
adaptive tracking problem was studied in [24] for systems
with input saturation and complex dynamics. On the other
hand, time delay may bring negative effects to the stability of
systems. Therefore, scholars have studied control problems
for nonlinear systems with time delay. For systems involving
time delay and complex dynamics, in [25], by the neural
network method and the Lyapunov-Krasovskii functional,
the tracking control design was studied. In [26], a modified
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strategy of adding a power integrator was applied for sto-
chastic delayed nonlinear systems with complex dynamics.
Subsequently, this technique was further applied to systems
with uncertainty in [27].

In practice, dead zone may exist in the actuator or the
control input of the system. There have been some related
reports mainly discussing the neural method and the fuzzy
method. Specially, the neural control method [28] and the
adaptive fuzzy control method [29] were applied to solve
adaptive control problems of nonlinear systems. Recently,
the Lyapunov-Krasovskii functional control approach has
been used to study the nonlinear tracking control of systems
containing dead-zone input and implies that the approach is
important for systems with time delay, see [30]. However,
this method is not extended to solve the robust stabilization
problem for systems involving time delay, dead-zone input,
and complex dynamics. Also, few studies in the literature
considered the robust control problem for the system.

The difficulty and the contribution of this paper are as
follows:

(i) Considering that the system of this paper involves
complicated dynamics, time delay, external distur-
bances, and input dead zone, the robust stabilization
control problem of this paper is more challenging.

7= An+¢o(x1, %, (t - 1)),

X, =d; ()x;, +¢; (’7’ n(t—1),%;,%;(t - T))>
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The existing methods are difficult to solve the
problem of this paper. Particularly, the homoge-
neous domination approach [5] has not proposed a
strategy to solve the input dead-zone problem, and
the tuning functions-based robust control method
[7] has not give a solution to the complicated dy-
namics. The neural control method [28] and the
fuzzy method [29] are difficult to give appropriate
bounds for the nonlinear time-delay terms. The
continuous control methods in [31, 32] did not
provide a strategy to deal with the external distur-
bances. This article will consider more complicated
nonlinear systems and present a control strategy to
solve the control problem.

(ii) A new robust stabilization strategy is raised. By
recursively selecting a Lyapunov-Krasovskii func-
tional and by presenting a modified backstepping
control technique, a stable controller without uti-
lizing the unmeasurable states is successfully
constructed.

2. Problem Formulation and Preliminaries

Consider the nonlinear system as follows:

i=1,...

X, =d,Ou(v)+¢,(n,n(t —71),x,x(t - 1)),

s 17,,,]T € R™ is the unmeasurable dy-
namics and x = [x,,...,x,]" € %" is the state vector which
is measurable. X; = [x},....,x;]". n(t—1) = [, (t - 1),...
Mu(t=D] T and x;(t - 7) = [x,(t = 7),...,x;(t —1)] . Tis
the constant time delay. A € R™ is the Hurwitz matrix that
satisfies ATP + PA< — Q, where P and Q are positive def-
inite symmetric matrices. The control coefficients
di(t) e R, j=1,...,n satisty d<d;(t)<d with d>0 and
d>0.¢, € R, k=0,1,...,n, are continuous functions. The
dead-zone input u(v) is

where #=[x,,...

m,()(v—b, (1)), v=b, (1),
u =10, b () <v<b (B, (2
m(t)(v+b (), v<-b(t),

|¢o (21 %, (£~ T))| §C0(|x1| + |x1 (t-1) | ),

i
|¢i (ot -1),%,%;(t - T))| SC<||I1||£"+1 +n(t =) + z |xj
=

where m, () >0,m;(t) >0,b, () >0, and b;(t) >0 the are
time-varying functions.

To facilitate the problem simply, let ® = (g/p) >0, where
q and p are the even integer and the odd integer, respec-

tively. 'Therefore, define the constants & =1 and
€=¢_,+®j=2,...,n. Next, we need the following
assumptions.

Assumption 1. The nonlinear terms satisty the following:

(3)

€in/e;

+ Zl:'xj(t -7)

j=1

i+/' .
) 18]>+Mo(t‘), i=1,...,n
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where C, > 0 and C > 0 are constants and M, (¢) is a bounded
disturbance.

Assumption 2. There are constants m, >0,m, > 0,b, >0, and
b; > 0 satisfying
m,<m,(t), m<m(t), b,(H)< E,, and b (t)< l;l.
(4)

Next, Lemma 1 is provided for control design.

Lemma 1 (see [30]). For given m >0 andn> 0 and functions
a(x,y)>0andc(x,y)>0, there holds

|a (x, y)x™ y"| < (e, p)|x|™" + e

min
) |a (x’ y)|m+n/n| |m+n'

(5)

. m
' (m+n)c(x, y)

3. Main Results

Theorem 1. For system (1), suppose that Assumptions 1-2
hold. Then, under the following transformation

{1 =X
i=x;— &y, (6)
—glC’“/s, i=2,...,n,
there exists a robust controller:

(4 —_
—+b,, a,>0,

y=40, *Q, = 0, (7)
b, a,<0.
| ml 1 n
where «, = —g,{/*. The controller ensures that the con-

sidered system is globally stable.

Proof. We divide the proof into several parts.

3.1. Part I Robust Control Design. We construct the con-
troller by using the modified backstepping technique.

Step 1: defining o = ¢, and choosing U, = 1/5 (4" Py)°,
we have

Uy =(n"Pn)""(n"P(An + ¢y) + (An + ) Pn)

_ (8)
=(n"Py)” " (1" (PA+ATP)y+ 24" Pgy).

N0t1ng that A ||11||2 < Pr<Aplyl? and
n (PA+ATP)p< -2 ||17|| where /\P is the minimal
eigenvalue of P and A, 1s the maximal eigenvalues of P.
A, is the minimal eigenvalue of Q. Then, introduce {; =
x, and define A = min{llp,llq}. From Assumption 1 and
Lemma 1, we get

o-1 T

Up< Ayl +2 (5" Pr)” 5 Py =-2°InI*" +4, (9)

A=2(q"Py)” "0 P <225 Il - Il IP- |
<2257 IPHIAIP ™ Co([¢4| +]¢, (2= )])

1 oy 120 . ey
: +2)L 17177 +yo1 (CorAp)S + 02 (CorAp)e "¢y (¢ =),
(10)

where yy,(Cy,Ap) and yy, (Cy,Ap) are the positive
constants depended on C, and A,. Substituting (10)
into (9), it yields

. n+1l., -
Uy =N Inl™ + yor (Cor )07
(11)
+ Y02 (Cos Ap)e B 20/81 (t-1).

By Lemma 1 and Assumption 1, there are constants
y11 >0 and M, >0 such that
|17 g, | < Clae, [ (llnllsz (= DI+

+|x1 (t _ T)|82/81) +|MO||x1|20—£2/81

1
20/ 2
<ynd o n+2)‘0"’1" 7

—UTy O _ 20
+2(n+2)e Myt =l

201/,

+e O (1) ¢
1
(12)

Introduce the transformation {, = x2 a,, and choose
th Uy+U, +W,+T,, where U;=n/2(n+2)A°
[i e s f>||;7(s)|12"ds, Wy = (e/20 - @), and
T, = (n+7yy) J et is=t) (10/81 (s)ds. y>01is a constant.
Then it follows from (11) and (12) that
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5 q 0—¢,/€, ole, - o/e, n
Vi= Uy G750 (diy + 90) + (- y)07 = (n+ y)e 07 (¢ = 2) 5ol
ey (¢ = DI - (U, +T))
2(n+2) 1 HET
13
AU"I’]HZU +d (2 20-¢,/¢, +d aICZJ &)/ + (I’l + o1 + Yoo + Yu) 20/¢, ( )
2( +2)
20/, , n-1
— Ut ¥20/€; - —Uty 0 20
+ M, —(n-1)e "¢ (t—‘r)—z(n+ e “ANlnt -l —u(U, +T)).
Vk = Vk—l + Wk + Tk’
Selecting the virtual control a; = —1/d (21 + y¢; + Y, +
(&r/e;) def e /e W &k 20-®/ g
Y110¢; © —g,("", and substituting it into (13), it k= s ok > (16)
yields that .
T, =(n-i+ I)J e”(s_t)(imk (s)ds.
t—7
20/e,
V< - 5 n Al - n(fﬂ/‘sl +d, 0,0 208, /¢, +MM0— introducing {},; = X, — & and taking the derivative
(n+2) 1 of V, it can be deduced that
—ut p20/¢
(U +T)) = (n=1e G (t - 1) . n-k+2 20/t
Vis =S ia g Il (- k+z)Zc
n-1
_ e_‘uTAa"r](t _ T)”ZU‘ k-1 MZG/S
2(n+2) +di1 Gk 2””5“+Z S U1+ZT
~ M;
(14) j=1 j j=1
Step k (k=2,...,n—1): for step k-1, suppose that ——k+1)e ™ Z (2"/5 ~7)
there exist transformations (6) and a Lyapunov-Kra-
sovskii functional V,_, such that there exist the fol-
lowing inequality: n—k+ le—yrAallﬂ =D +(n—k+ 1)(20/8,(
2(n+2)
k-1
_ o«
20—¢&,,/€ k-1
. n—k+20 20 20/¢; 20—-¢ /8, +(k ke ¢k_ dix; 1+¢'
Vi € =3V Il = (- k+z)Zc T+ di Gl Jz; 81( 1+ 9))

j=1

20/5 1
+z —H<U1+ZT>—(H k+1)e-w2(2m},

j=1 j=1

n—-k+1
Sy

e Ay (£ = DI

(15)

Next, we prove it still holds for i = k. Choosing

20—,/ 20—¢x, /8
+di G G T + dyog G

(17)

On the basis of d;_,<d and Lemma 1, there is a
constant y;; >0 such that

dk ICkCiO' é‘k/Sk 1 < (20’/8,( 1 + il ia/sk (18)

Similarly to the proof of (12), one obtains
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o 20— o e . . where y;, >0 and M,, >0 are constants. From As-
+1 + k+1 k+1 .
e g < il Il +lp ¢ = )1 sumption 1, we have

k+1/5,'

+ Z ‘( 9j- 1C£J/£) I

+Z|<”(t IRl (B

Sk+l/£j>

: IMOHCklZa—ekﬂ/ek

20/ sk

<Yl

1 o 20
rernall

—UTyO _ 20
+4(n+2)e My (-1l

20/er4y

,#TZ(ZO'/E] (t— )+M

1 o/e
20

(19)

kl

'deJH + ¢]| <d<'cj+1' + 91|( o >+ C<"ﬂ" (=Dl Zk 9i- lée/el (N Zk (t-1)-g; 1(16/16’ Lt -

j J+1/€'>
+| M.

(20)
Utilizing (20) and Lemma 1 and noting that
|(a“k—1/ax£)| =99+ k- 1(ek/sj)|(j|®/£j|cj'+1|®/£j+l
|G, |®%, it follows that
a“k 1 )H & +1 +1 €/e; JH/S
Slria ol <{ d[6a] + a1k I+l ¢ = )1 +Z|¢ 916
/e, 1/ € @/e; /)y /€y
+Z|c (t-1)-gi G - ) M, |>g,gﬁ1 G G G G
j
J J
SCjIZl(i €j1/g +Cj22|{i(t_T) €j1/& +Cj3";7"£k+1 +Cj4”,7(t_.[)"€k+1
i=1 i=1
& @/e; @/, @l
+|Mo|gjgj+1"'9k—1f|(j ! (,41 ! "|(k—1| -
j

(21)



where C; >0,k =1,...,4 are constants. It can be
deduced from (21) and Lemma 1 that
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k-1
ou
20—€, /€ k-1 d. I < 20/¢, /\J 20 —pT)La £ - 20
‘ ]Z g, (4 4 97)| Sl + gV e el
(22)
1_ k 20]/¢; MZU/S}”l 1 = 0'/8
ur _ e
+Ee Z(j t-1)+ M, 3Z
j=1 =
where y;; >0 and M,, > 0 are constants. Choosing M
such that 1/M; = (1/My,) + (1/M,,) and using (19)
and (22), it yields that
k-1
CZo—skH/Ek ¢k _ %(dx L+ ¢ ) (Ykz + yks)CZ /sk AU"”IHZU e—/ﬂAalrl (t _ T)|20
k & ox; NV 2( +2) 2(n+2)
(23)
k 2(r/sk+1 k—
—ur 20/e; E 20/¢;
+e Z (j T(t 3 Z .
j=1
Now, we construct the virtual control a; = —1/d (2n -
(&x41/€;) def
2k + 24 Yt Yo + )l — Gl With the
help of (17), (18), and (23), it is deduced that
; n-—k+1 o 20 & 20/ 20—€,1 /¢ £
Vkﬁ—m/\ I7l™ = (n - k+1];(] T di G G T U1+];Tj
(24)
k k 20/¢j,,
o —ur 200g .\ n-k —utyo _ 20 M,
(n=le " ) {7 (E = 1) = 5 N n (= DI + ) = —
j=1 j=1 ]
This completes the control design for step T,= I;T et t)(fl”/ “ (s)ds, and using (24), some simple
k=2,...,n-1. computations lead to

Step n: in this step, we choose V, =V,  +W +
T, W, = (g,/20 - CD)CZJ /e, and

V,< -

20 20]¢;
e +2)A Il —ch

n
_-uT 2‘(7/51- foT) - 1
€ ];Q Oy )

+ Cia/sn + (fla—eﬁl/sn( i

n]( (Zus/sn]

e Al (¢ - DI

20/8

y(Ul +ZTj>
j=1

(25)

(d x]+1 + ¢])> + dnu(v)(ig_sm/fn.
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Similar to (18) and (23), by Lemma 1, we obtain that
n 1( (217 €,/€, 1 < 4«20/5 Vn1(i0/€n> (26)
ng_sm/en ¢ ~ n—1a(xn,1(d X+ ¢) < ( + )(20'/8 AO'" "20
n n = axj Jjrj+l j Y2 t+ Vu3 2( + 2)
20/e. 2‘7/5n+1 20/
+ R IO e W (R RS G
2(n+2) JZ; Z
(27)
where the constants y,;>0,y,,2>0,7,;=0, and M, >0. 1 that W; = (¢;/20 - (D){za i (1/6)) + A, (20/8 , which
Now, we choose the virtual control renders that
“n = _l/d(z + Ynl + YnZ + Yna)(,(f"”/s") dff _gnC‘Znﬂ/Sn’ WhiCh’ a 20/8 - c 1
and (25)-(27), give that - T j '<-Am Z Wi+ Z S.A (32)
j=1 j=1 j=17177
: 1 200 -
V,< - e 2)AUIIHIIZG - Z C? e /,1<U1 + Z Tj> Substituting (31) and (32) into (28), it yields that
=1 =1
V, < —7/1”U -A W;
20/5 " ( 2))LU ’ m; i ]zl 8JAJ
+ Z +d, (u(v) - ) Enlen,
n n M;alﬂjﬂ
(28) —U U1+ZTj +Z M. < -pViutpy
j=1 =1 j
Finally, we choose the control input v as (7), Then, by (33)
using (2), it follows that
where p, = m1n{(o/2(n+2)/1 A%, Am,u}  and  p, =

14 —
m|\—+b,-b.|-a, «a>0,
m,

u(v)-—a,=4 0, a, =0, (29)

n

14 —
my _n+bl—bl -, (Xn<0,
m

which further renders that d,, (u (v) — a,,){2" 1" < 0. Then,

using (28), we get

. 1
vV, < -
" 2(n+2)

n n MZU/SjH
_#<U1+ZT]>+Z ]OVI

j=1 = M

n

2 20/¢;

Xl =y ¢
j=1

(30)

3.2. Part II: Stability Analysis. Since U, = 1/o (5" Pn)’ and
)Lp||11||2 < Pp<Apliyl®, we have |5]*” > (0/A%)U,, which

leads to
1 o -
22 S g Yo G
Defining  A; = (20 - @/20) (§; ®/20)®?0® (¢j120-

@)*7%® and Am = min, ., (1/A; ) it follows from Lemma

S (10,0, + T, (M, /J”/M]). By the definition of
Uy Uy, W and T;,i =1,...,n, it follows that

1 o n t -
Uy +Uy = (7P + 5l [ O o ds

a

nt
uk 20
———— sup e k+t)
2mr2) S Il I

s(AP +ﬂ> sup Ik + )%,

o 2(n+2)/) iz

2
|| I +

n

n n
&; 20-0/¢; &y 20-0/¢;
W, = Jo-le o _Sn k+t
Z ! ZZ(T—CDCI 20 — (Dz sup G R )

i=1 —T<k<0

n t n
ST, = yos J 00 (ds + Y (n—i+ 1)
i=1 -

i=1

t n
. J’FT e”(s_t)(:iz”/e" (s)ds< (n+yy,)T z sup (iza/‘g‘ (k+1t).

i=1 —T<k<0

(34)
which lead to

V., U0+U1+ZW +ZT,S(p1( sup u(k+t)>

i=1 i=1 -1<k<0
(35)
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FIGURE 1: : The trajectory of #.
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FIGURE 2: : The trajectory of x,.
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FIGURE 3: : The trajectory of x,.
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FIGURE 4: : The trajectory of v.
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FIGURE 5: : The trajectory of #.
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FIGURE 6: : The trajectory of x,.
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FIGURE 7: The trajectory of x,.
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FIGURE 8: The trajectory of x;.
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FIGURE 9: The trajectory of v.

where the function ¢, € K, and E(¢t) = [(t)",{(t)"]". On
the other hand, there exists a function ¢, € K, such that

n n AU
V,=Ug+U + Y W+ ) T, 271’";1"2"
i=1 i=1
(36)
si 20—,
20 — (D(i

29, (E(D).

n
i=1

In view of (28), (35), and (36), and using Lemma 3.2.4 in
[33], we obtain

V,< (Vn(o) - &>e‘

P1

Pty 2, (37)
1

which indicates that # and { are bounded. From {; = x,,(; =
Y &.1/8 .

X —a_, 0 =—g,(¢" anda; = —g, (i =2,...,n, the

states of #,x,...,x, are bounded, which indicates the

system composed of (1) and (7) is globally stable.
4. Simulation Example

Example 1. Consider the following nonlinear time-delay
system:

f=-1n+0.5x,,
X =x, + %33 (- 0.2), (38)

X, = u(v) +x5° + 0.3sin (t),

where # is the unmeasurable state, x; and x, are the mea-
surable states, u (v) is the dead-zone input given in (2) with
b, =0.4+0.1sin(¢),b; = 0.4 — 0.1sin(¢), and v is the input
of the system. We see that Assumptions 1-2 are satisfied for
system (32) with @ =2/3,¢ = 1,6, =5/3,65=7/3, and
b,=b,=05,andm, =m; =m, =m; =1. Applying the
above control method, we choose a, = —15(x, + 9x3%)"".
Then, the actual controller is constructed as

a,+b,, a,>0,

v=10, a, =0, (39)
a, —b, a,<0.
In the simulation, choose

7(0) = 2,x,(0) = 0.5, and x, (0) = —2. Figures 1-4 give the
trajectories of #,x,, andx, and the control input v. All
signals in systems (38) and (39) are bounded. Hence, the
validity of the presented control method is verified.

9
Example 2. Consider the following system:
( 1
7= -2+ ——nx,,
n n 1+ ’72 nx;
X = x, + x13x%3 (t - 0.5),
=X txT (40)

X, = x5 — 5sin(x;) — x, + sin(x; (£ — 0.5)),

X3 =u(v) +10x, — 5x5,

where # is the unmeasurable state, x,, x,, x5 are the system
states, v is the control input, and u (v) is the dead-zone input
defined in (2) with b, = 0.5 + sin(t) and b; = 0.5 — sin (¢). It
can be deduced that [(x, /1 + 72 < x|,
1333 (t — 0.5) < | x| + 2/3]x, (£ — 0.5)], | - 5sin (x;)—

x, +sin(x;  (t=0.5)<5|x; | + |x,] + |x, (£ - 0.5)], and
[10x, — 5x5| <10]x,| + 5|x;]. In this example,
=06 =6 =¢,=¢=1, and b, =b =15, and m,
=m; == 1. Thus, all conditions of Assumptions 1-2 are

satisfied. Using the control design method in Section 3, we
can design the actual controller as follows:

as+b, a;>0,
0(3 = 0) (41)

a3 <0.

v=10,
(X3—bl,

where a3 = —15 (x5 + 10 (x, + 6x,)).

In the simulation, the initial conditions are selected as
7(0) = 1,x,(0) = 0.5, x,(0) = —0.5, and x5 (0) = 0.
Figures 5-9 show the trajectories of #,x;,x,,x;, and the
control input v. It can be seen that all signals in systems (34)
and (35) are bounded. Hence, the presented control method
is effective.

5. Conclusions

The robust stabilization for nonlinear systems with dead-
zone input and time delay has been studied. Because the
system involves the dead-zone input, time-delay, distur-
bance, and unmeasurable states, the stabilization control in
this work is more challenging. A robust stable controller has
been designed via the Lyapunov-Krasovskii functional and
the backstepping technique. Another interesting problem is
as follows: When the considered system includes uncertainty
parameters, and only the system output is measurable, how
can we design the adaptive controller via the output feedback
control method?

Data Availability

The data used to support the findings are included within
this article.

Conflicts of Interest

The authors declare no conflicts of interest in preparing this
article.



10

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (Grant no. 61903239), Youth Science
and Technology Research Foundation of the ShanXi Science
and Technology Department of China (Grant no.
201801D221167), and Scientific and Technological Innova-
tion Programs of Higher Education Institutions in Shanxi
(STTIP) (Grant no. 2019L0492).

References

[1] W. Sun, S. F. Su, J. Xia, and V. T. Nguyen, “Adaptive fuzzy
tracking control of flexible-joint robots with full-state con-
straints,” IEEE Transactions on Systems, Man, and Cyber-
netics: Systems, vol. 49, no. 11, pp. 2201-2209, 2018.

[2] W.Sun, S. Su, J. Xia, and Y. Wu, “Adaptive tracking control of
wheeled inverted pendulums with periodic disturbances,”
IEEE Transactions on Cybernetics, vol. 50, no. 5, pp. 1867-
1876, 2018.

[3] Z. Zhang and Y. Wu, “Adaptive fuzzy tracking control of
autonomous underwater vehicles with output constraints,”
IEEE Transactions on Fuzzy Systems, 2020.

[4] C. Qian, “A homogeneous domination approach for global
output feedback stabilization of a class of nonlinear systems,”
in Proceedings of the American Control Conference,
pp.- 4708-4715, IEEE, Portland, OR, USA, June 2005.

[5] J. Polendo and C. Qian, “A generalized homogeneous
domination approach for global stabilization of inherently
nonlinear systems via output feedback,” International Journal
of Robust and Nonlinear Control, vol. 17, no. 7, pp. 605-629,
2007.

[6] C.C. Chen, “A unified approach to finite-time stabilization of
high-order nonlinear systems with and without an output
constraint,” International Journal of Robust and Nonlinear
Control, vol. 29, no. 2, pp. 393-407, 2019.

[7] Z. Zhang, J. Lu, and S. Xu, “Tuning functions-based robust
adaptive tracking control of a class of nonlinear systems with
time delays,” International Journal of Robust and Nonlinear
Control, vol. 22, no. 14, pp. 1631-1646, 2012.

[8] Z.-Y. Sun, C.-H. Zhang, and Z. Wang, “Adaptive disturbance
attenuation for generalized high-order uncertain nonlinear
systems,” Automatica, vol. 80, pp. 102-109, 2017.

[9] N. Duan, H. Min, and X. Qin, “Adaptive stabilization of
stochastic nonlinear systems disturbed by unknown time
delay and covariance noise,” Mathematical Problems in En-
gineering, vol. 2017, Article ID 8084529, 9 pages, 2017.

[10] Q. Meng, T. Zhao, C. Qian, Z.-y. Sun, and P. Ge, “Integrated
stability control of AFS and DYC for electric vehicle based on
non-smooth control,” International Journal of Systems Sci-
ence, vol. 49, no. 7, pp. 1518-1528, 2018.

[11] Q. Meng, C. Qian, and R. Liu, “Dual-rate sampled-data
stabilization for active suspension system of electric vehicle,”
International Journal of Robust and Nonlinear Control, vol. 28,
no. 5, pp. 1610-1623, 2018.

[12] J. K. Hale and S. M. V. Lunel, Introduction to Functional
Differential Equations, Springer Science & Business Media,
Berlin, Germany, 2013.

[13] M. Kirstié, P. V. Kokotovic, and I. Kanellakopoulos, Nonlinear
and Adaptive Control Design, John Wiley & Sons, Inc.,
Hoboken, NJ, USA, 1995.

[14] X. Zhao, P. Shi, X. Zheng, and L. Zhang, “Adaptive tracking
control for switched stochastic nonlinear systems with

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

Mathematical Problems in Engineering

unknown actuator dead-zone,” Automatica, vol. 60,
pp. 193-200, 2015.

F. Gao, Y. Wu, and Y. Liu, “Finite-time stabilization for a class
of switched stochastic nonlinear systems with dead-zone
input nonlinearities,” International Journal of Robust and
Nonlinear Control, vol. 28, no. 9, pp. 3239-3257, 2018.

R. Xu and F. Zhang, “e-Nash mean-field games for general
linear-quadratic systems with applications,” Automatica,
vol. 114, p. 108835, 2020.

R. Guo, “Projective synchronization of a class of chaotic
systems by dynamic feedback control method,” Nonlinear
Dynamics, vol. 90, no. 1, pp. 53-64, 2017.

C. Qian and W. Lin, “A continuous feedback approach to
global strong stabilization of nonlinear systems,” IEEE
Transactions on Automatic Control, vol. 46, no. 7, pp. 1061~
1079, 2001.

W. Zha, C. Qian, and S. Yan, “Controller design for a class of
nontriangular nonlinear systems with input dependent
growth rate,” International Journal of Robust and Nonlinear
Control, vol. 29, no. 5, pp. 1325-1338, 2019.

Z.-G. Liu and Y.-Q. Wu, “Universal strategies to explicit
adaptive control of nonlinear time-delay systems with dif-
ferent structures,” Automatica, vol. 89, pp. 151-159, 2018.
F. Gao, Y. Wu, and F. Yuan, “Global output feedback sta-
bilisation of high-order nonlinear systems with multiple time-
varying delays,” International Journal of Systems Science,
vol. 47, no. 10, pp. 2382-2392, 2016.

L. Xue, Z. Liu, Z. Sun, and W. Sun, “New results on robust
tracking control for a class of high-order nonlinear time-delay
systems,” International Journal of Systems Science, vol. 50,
no. 10, pp. 2002-2014, 2019.

M. Cui, “Adaptive output feedback stabilization of random
nonlinear systems with unmodeled dynamics driven by col-
ored noise,” Mathematical Problems in Engineering, vol. 2019,
Article ID 8581374, 10 pages, 2019.

Z. Song, P. Li, Z. Wang, X. Huang, and W. Liu, “Adaptive
tracking control for switched uncertain nonlinear systems
with input saturation and unmodeled dynamics,” IEEE
Transactions on Circuits and Systems II: Express Briefs, 2020.
H. Wang, Y. Zou, P. X. Liu, X. Zhao, J. Bao, and Y. Zhou,
“Neural-network-based tracking control for a class of time-
delay nonlinear systems with unmodeled dynamics,” Neu-
rocomputing, 2019.

L. Xue, W. Zhang, and Y. Lin, “Global output tracking control
for high-order stochastic nonlinear systems with SISS inverse
dynamics and time-varying delays,” Journal of the Franklin
Institute, vol. 353, no. 13, pp. 3249-3270, 2016.

L. Xue, W. Zhang, and X. Xie, “Global practical tracking for
stochastic time-delay nonlinear systems with SISS-like inverse
dynamics,” Science China Information Sciences, vol. 60, no. 12,
Article ID 122201, 2017.

Z. Wang, J. Yuan, Y. Pan, and D. Che, “Adaptive neural
control for high order Markovian jump nonlinear systems
with unmodeled dynamics and dead zone inputs,” Neuro-
computing, vol. 247, pp. 62-72, 2017.

S. Yin, P. Shi, and H. Yang, “Adaptive fuzzy control of strict-
feedback nonlinear time-delay systems with unmodeled dy-
namics,” IEEE Transactions on Cybernetics, vol. 46, no. 8,
pp. 1926-1938, 2015.

Z. Liu, L. Xue, W. Sun, and Z. Sun, “Robust output feedback
tracking control for a class of high-order time-delay nonlinear
systems with input dead-zone and disturbances,” Nonlinear
Dynamics, vol. 97, no. 2, pp. 921-935, 2019.



Mathematical Problems in Engineering

[31] Z. Sun, Y. Shao, C. Chen, and Q. Meng, “Global output-
feedback stabilization for stochastic nonlinear systems: a
double-domination approach,” International Journal of Ro-
bust and Nonlinear Control, vol. 28, no. 15, pp. 4635-4646,
2018.

[32] Z.-Y. Sun, Y. Shao, and C.-C. Chen, “Fast finite-time stability
and its application in adaptive control of high-order nonlinear
system,” Automatica, vol. 106, pp. 339-348, 2019.

[33] P. A. Ioannou and J. Sun, Robust Adaptive Control, Courier
Corporation, Chelmsford, MA, USA, 1996.

11



