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ABSTRACT This paper addresses the problem of adaptive output feedback control for a class of
non-triangular time-varying delay system with input constraints and full-state constraints. A variable
separation approach is adopted to overcome the design difficulty from the non-triangular structure. A novel
Lyapunov function is introduced to compensate the time-delay terms. Unknown functions are approximated
by the radial basis function neural networks. Only one parameter needs to be adjusted online, and a dynamic
surface control technique is employed to reduce the computation burden. Combining the barrier Lyapunov
function with a backstepping technique in the controller design procedure, the proposed controller guarantees
that all the signals in the closed-loop system are uniformly ultimately bounded and the full-state constraints
are met. The simulation results demonstrate the effectiveness of the proposed approach.

INDEX TERMS Adaptive neural control, non-triangular form systems, full state constraints, input saturation.

I. INTRODUCTION

The adaptive neural or fuzzy control have attracted much
attention in past decades. Based on neural networks (NN5s)
or fuzzy logic systems (FLSs) inherent good approximation
ability for uncertain functions of the systems, many research
results have been made e.g., see [1]-[30]. For strict-feedback
systems, when states were measured, different adaptive meth-
ods were given in [2], [4]-[6], [10], and [16]. In [4], tracking
control for perturbed strict-feedback nonlinear delay sys-
tems has been studied. Reference [20] proposed a distributed
coordination control approach for multi-agent systems with
dead-zone input. For states were unmeasured, the researchers
did some study in [8], [12], [19], [20], and [24]. In [8] an
output feedback control method was presented for nonlinear
time-varying delay systems with unknown control direction.
For pure-feedback systems, [3] investigated the problem of
the tracking control design for pure-feedback systems with an
ISS-modular approach. Reference [18] addressed the prob-
lem of adaptive tracking control design for pure-feedback
systems with learning control. Compared to the above two
classes of systems, the non-triangular form system which
nonlinearities function of it include the whole states [25]—[32]
is more general. The strict-feedback and pure-feedback
systems can be seen as its special cases. Reference [31]

investigated the problem of adaptive tracking control for
stochastic nonstrict-feedback switch systems. In [26] an
output feedback adaptive control method was proposed
for a class of nonstrict-feedback stochastic nonlinear sys-
tems. However, the “explosion of complexity” were exist
in backstepping design process in [10], [11], [20], [29],
and [30]. To overcome this drawback, the DSC technique
were employed for strict-feedback systems [13], [17], [34],
for pure-feedback system [9] and for nonstrict-feedback
systems [32]. In [32], Niu er al. gave an output feed-
back control approach for stochastic interconnected nonlinear
nonstrict-feedback systems with dead zone input. The DSC
technique which has been applied in these literatures achieved
the good tracking performance and really reduces the compu-
tation burden.

Itis well known, in practice systems, the time-delay is often
appears or input saturation is required, if they are handed
inappropriately, they can degrade the system performance and
even lead to system instability, hence analysis and design
of the nonlinear systems with input saturation or time-delay
become an important topic, much interesting research results
on these issues have been obtained in recent years [33]-[41].
In [33] a control method for uncertain discrete-time nonlinear
systems with input saturation was proposed. An dynamic
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model was employed to describe the saturation nonlinearity
with DSC for strict-feedback system was studied in [34].
When the states were unmeasured, [37] proposed control
scheme for nonlinear systems with unknown control direc-
tions and input saturation In [41], Zhou et al. presented
adaptive output feedback fuzzy tracking control method for
time-delay and input saturation nonlinear systems with DSC.
However, the above methods are only feasible in the nonlinear
triangular form systems and the constraints for the states were
ignored.

Constraints have become an important issues in many con-
trol systems, the constraints may appear in the output, input or
states, such as physical stoppage, saturation, performance and
safety specifications [42]. Recently, partial-state constraints
and full state constraints have been explored in this area by
using Barrier Lyapuov Functions (BLF) [43]-[50], [53], [54].
In [44] partial state constraints was explored by using BLF
for strict-feedback systems. Reference [45] investigated the
adaptive output constraints issue for nonlinear strict-feedback
systems with states unmeasured. In real systems, the full
state constraints may be required, [48] dealt with the tracking
control problem for an uncertain n-link robot with full state
constraints. For states were unmeasured, [46] and [49] gave
the output feedback control methods for strict-feedback sys-
tems. For pure-feedback systems, in [47], Liu and Tong pro-
posed a method for pure-feedback systems by employing the
mean value theorem transformed it into the strict-feedback
form with full state constraints. Reference [50] studied the
adaptive tracking control issue for switch pure-feedback sys-
tems with full state constraints. From the above observations,
we can see that most of the research results on full state
constraints are limited in strict-feedback and pure-feedback
form without DSC, they may be invalidated on non-triangular
form systems. It is natural question how to design the
non-triangular form systems especially the nonlinear function
include the whole states with DSC, To the best of the authors’
knowledge, there is seldom published works for such out-
put feedback system with DSC, especially the time-varying
delay and input saturation can be considered simultaneously.
This problem motivates the research of this paper. In this
paper, we will employ the BLF to investigate the problem
of adaptive tracking control design for non-triangular form
time-varying delay system with input saturation and full state
constraints.

The main contributions of this paper are summarized as
follows:

1) By constructing a new Lyapunov function, a DSC-based
adaptive output feedback neural control method is presented
for uncertain non-triangular form time-varying delay systems
with input saturation and full state constraints. Compared
with [1]-[8], [10]-[12], [14]-[16], and [18]-[24], the system
in this paper is more general and the computation burden is
reduced.

2) Only one parameter needs to be adjusted in controller
design procedure, this reduce the online computation burden
greatly.
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3) It can guarantees that all the signals in the closed-loop
system are uniformly ultimately bounded and the full state
constraints are not violated.

The rest of paper is organized as follows: Section 2 present
problem formulation and preliminaries. In Section 3 the
state observer, adaptive neural control scheme and stabil-
ity analysis are given. Two examples are performed to
demonstrate the effectiveness of the proposed method in
Section 4, and Section 5 provides a summary of the work
performed.

Il. PROBLEM FORMULATION AND PRELIMINARIES

A. SYSTEMS REPRESENTATION

Consider the following non-triangular time-varying delay
system:

Xi = Xip1 +fi () +mi (x (t — 7. (1))) + di (x, 1),
I1<i<n-1

. (D
X =u W) +fo () +my (x (¢ — 7, (1)) +dn (x, 1),
y=x].
where x = [x1,x2, - -+, x,]7 € R* and y € R denote the sys-
tem state and control output, respectively. Fori = 1,--- ,n,

functions f;(-) and m; (-) are unknown smooth functions with
fi (0) = 0, m; (0) = Ot; (¢) are the time-varying delay of the
ith subsystems, d; (-) denote the external disturbance. The full
states are limited as |x; (#)] < M; with M; being a positive
constant. u (v ()) is the saturation nonlinearly input function,
which is defined as:

u(v (1)) = sat (v (1))

_ oo vorzw o

v(t), V()| < um,

where v (f) € R is the control input, uy; is an upper bound
of u (t), sign (-) and sat () are the standard unit sign function
and saturation function, respectively. From the definition of
the saturation function (2), u (t) has a sharp corner when
|v (t)| = upy, thus backstepping technique cannot be directly
applied for (1) [51], the saturation nonlinearity with smooth
form which can be instead of (2) was described by [35] as
follows

ev/uM — e_V/MM

3)

1%
h(v) =uy X tanh(—) = ypyy ——mmmm—.
0) =y x tanh(C) = uy e

To facilitate the control system design, the (2) can be
reformulated as

uW)y=h®+p®w, @)

lp W) = lu(v) —h )| <uy (1 —tanh (1)) £ Ky, (5)
where K is a positive constant.

Remark 1: From (1), we can see that the unknown functions

fi (-) and m; (-) include all state variables, so it is more general
than systems in [1]-[24] and [33]-[50].
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Assumption 1 [28]: For nonlinear functions f; (-) and m; (-),
there exist positive constants p;, g; such that

Vi@ =i @) = piflx -2

Imi (x) —m; ()] < qi||x —%].

k]

for all x, x € R".

Assumption 2: It is assumed that desired signal y, (1),
its 1th derivative yﬁl) () and 2th derivative ygz) (t) satisfy
v (O] < ko < My, |y (t)‘ < K1, ‘yﬁz) (t)‘ < k2 where
KQ, K1, k7 are positive constants.

Assumption 3: d; (x,t),i =1, 2, --- , nare bounded exter-
nal disturbance, there exists known positive constant d;, such
that |d; (x, 1)| < d;.

Assumption 4: The discrete and distributed time-varying
delays t; (t),i = 1,---,n — 1 satisfy 0 < 1;(#r) < d
and the time derivations of t; (¢) satisfies 7; (f) < df < 1,
respectively, where dy, d} are constants.

Assumption 5: There exists a constant m > 0, such that
|p| < m, p is an auxiliary design signal, which dynamic will
be described in the later.

Lemmal [Young’s Inequality] [1]: For (x,y) € R? the
following inequality holds:

s’ 1
xy < =[xl + —yl?, (6)
p q

where ¢ > 0,p>1,g>land(p—1)(g—1)=1.
Lemma 2 [45]: For any positive constant kj,, if z; satisfy
|zi| < kp,, the following inequality holds.

k2 z

log 5 )

5 <
kbf % kb% %
The control objective of this paper is to design an adaptive
neural output feedback controller such that:
1) the system output x| tracks the reference trajectory y, (¢)
and guarantees that all the signals in the closed-loop system
are uniformly ultimately bounded; 2) the full state constraints

are not violated.

B. NEURAL NETWORK APPROXIMATION

The radial basis function neural network (RBFNN) belongs
to a class of linearly parameterized network. An unknown
and continuous nonlinear function f; (Z) : 2, — R can be
approximated by RBFNN over a compact set 2 as follows:

[@Z)=TE@2)+68(Z), YZeQzCR  (8)

where Z € Qz C RY is the input vector, & (Z) =
[&n (Z2),&n (Z),-- &1 (2)] € R is basis function vector
with the NN node number / > 1, §; (2) is the approximation
error satisfying [6; (Z)| < g, &; are positive constants. &;; (Z)
are chosen as Gaussian function in the following form

—Z-wp) (2 - w,»jk)] ©

2
Tij

§ij (Z) = exp |:
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where @y € Q7 are the centers and n;; are the width of the
receptive field, respectively. @} = [¢i1, 2, -+, ditl € Rl is
the optimal weight vector, which are defined as follows:

®F = arg min { sup |fi (2) — @7 (Z)”. (10)
DR | zeQy

Remark 2: &; (x) are radial basis function vector and satisfy
SiT & X < 1. @;“ is ideal weights vector, which are
2 . A

=12, ,n},e
is the estimation of the 8*, and the estimation error 0=0-—
6*. Compared with multiple parameters need to be estimated
in [25], [29], and [49], in this paper, only unknown parame-
ter 0* needs to be estimated, the computational burden can
be reduced. However, when different unknown parameters

need to be estimated, it should be use the multiple adaptive
laws [22].

unknown, we define 6* = max { |®F]

Ill. OUTPUT FEEDBACK ADAPTIVE CONTROLLER

DESIGN AND STABILITY ANALYSIS

A. STATE OBSERVER DESIGN

In this paper, only state x; is measured and the other states are
unavailable, let us consider the linear observer for system (1):

.?;ei:.)?j+1+kj(y—.£1), i=1,---,n—1, (11
Sn=u® +ko(y—%1),
where k;,i = 1,2,---,n are positive design parame-
ters, X;,i = 1,2,---,n are the observer states. x =

~ ~ T N
[£1,%, - %] and e = x — % are the observer state vector
and observer error vector, then the observer error dynamic can
be described as follows:

e=Ae+FxX)+Mx@—t(@)+Dx,1) (12)

where
—ki J1 ()

A= I ’

i @)
M=)
T

| mn (X (1 = 7, (1))

[di (x,1)
D(x,t) = :
_dn (x, 1)
Choose positive constants k;, i = 1,2, --- ,nsuch that Ais a

strict Hurwitz matrix, hence there exists a matrix P = PT > 0
such that

ATP4+PA=—0. (13)

VOLUME 7, 2019
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B. ADAPTIVE NEURAL CONTTOLLER DESIGN AND
STABILITY ANALYSIS
In this section, adaptive neural controller will be proposed by
using the backstepping technique.

The change of coordinates are given as follow:

721 =X —Yr (14)
zi=X—a, i=2,---,n—1, (15)
Zn = Xn — Opf —-p (16)
Xi=Qif —aji—1, i=2,---,n (17)

where z; is the virtual error, o;r is the first-order filter output,

xi 1s the filter error, ;1 is the virtual control input need to

be designed later. Let «; pass through a first-order filter with

time constant 7;1 the o4 1¢ can be obtained:

{Ti+1di+1f + oy = o, i=1.--n—1 (8)
ai+1f (0) = «; (0) ,

The virtual control input signals «;, actual control input v and
parameter adaptive law for 6 are developed as:

Zj
o = —CiZi — —
2 (k,fl, - zf)
6z€T (Z) & (Z;
_ lel (l)sl(l)’ l<i<n—1, (19)
2'71'2 (kgi - le)
V= —cz Zn éannT (Zy) &n (Zy) ~ (20)
= —CnZn — - -
2(k -2) 23 (k- 22)
X " 26T (7)) & (Z; "
QZZPZI"E, (Z) & ( l)—O'Q @1)

2
i=1 2n;

where c¢;, 0, ¢p, Nn, P, 0 are positive design parame-
ters, 6 is the estirr;ation of parameter 6%, Z; =
#1080, 6.3303, | € R

Lemma 3: For change of coordinates z; = X] — y, ; =
Xi—xi—ai1,i=2,---n—landz, = Xy — yn — a1 — P,
the following inequality holds:

||X||<Z|z,|,3, (z,, ) Zx,+u 22)

where

~

1 %
+
2 (klgi - le) 2’71'2 (klgi - 212)

Bi (Zi’é) =l+c+
n = Ko +m
n n
Proof: ] < X [&i] = %1 + X |&]
i=1 i=2
n—1

<z + el + ) Alzitaioi+xil} + lzn + @1 + xa + A
i=2

n n—1 n
<D lal+ Y el + Y xi+ Iyl + 151
i=1 i=1 i=2
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iz éZiSiTéi
iZi
kb 2)

< |zi| +
> Z s R
n
+ZXH‘MSZIZilﬂi(Zi,é)+ZXi+M-
=2 i=1 =2

no s
Remark 3: According to (18), because ) W is
i=1 i

nonnegative, so we know that if initial condition @ (tg) = 0,
then the solution 6 (¢) > 0 for all # > 1.
Combining with (9), (10) and (12), one obtains
e=Ae+FxX)+Mx(t—1t()+D(x,1),
21 =X +kiey — yr,
X =Xit1 +kiey, i=2,---
X =u) + kyey.

23
o, (23)

A block diagram of control system is shown in Figure.1.

Non —triangular form system
X; =X +f,'-(x)+m,-(x(t—ri(t)))+di(x,t) 1<i<n-1
X, :u(v)+f” (x)+m,, (x(t—r,, (t)))er” (x,t)
y=x

A

[

4% Saturation: u(v(t)):sat(v(t)) ‘ g

State observer
{},. =x+h(y-%),1<i<n-1
);(n =u(v)+k, (y-%)

A

Virtual control input
z; 7«9Az,§,T(Zt)§(Z,) <i<
2kp-22) ok -=)

al = 7('[2’ -

Actual control input
02,50 (2,) &, (2,
v=—c,z,— 72" > —HZ";"( ")§"£ ")—ﬁ‘fn(zn)
2(kp -21) (ks -21) <
0

Parameter adaptive law

=S )

FIGURE 1. Block diagram of controlled system.

We consider the following Lyapunov function:

‘7=Ve+vz+VH (24)
with
1 7
V. = —e" Pe
2
n
V.=> Vi
i=1
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=
I
I
—
o
02

e Yi—di) pt 1 '
=S Y [ iR ergd e as
= Jiun 4

e~ v—di) t _, )
g L / €72z} (5)B} () ds
-9 i=1 t—7;(t)

eV (—d) /t
+—_ eV ex? (s) ds,
I —df ; —n

The matrix P satisfies (13) and y is a positive constant.
Next, we consider the time derivative of the Lyapunov
function V.
First, we take the time derivative of V,, from (12) Ve is
follow:

Ve

1 1
EéTPe + EeTPé
1
Se (ATP + PA) e+ T PF (x)
+ePM (x (t — Tt (1)) + €' PD(x,1). (25)

By applying the Young’s inequality, Assumptions 1, 3 and
Lemma 3, one can obtain the following inequalities:

e'P(F (x) — F (%))

IA

1 n
lel® + 3 IPI2 3 7 llel?
i=1

g1 llell?, (26)

where

1 . .
=1+ PP Y p} e PF ()
i=1

A

lell? + i 1PI2 |F (%))

1 n
< el + 5 1PI2 Y2 67 3]
i=1

2
1 n n n
< llelP+ 5 IPIZ Y p? [Z Bi (zir 0) lzil+ Y xﬁu}

i=1 i=1 =2

1 n n
< llel®+ 5nlIPI2 Y _pi D B i 0) 5

i=1 i=1

1 2 . 2 . 2 1 2 . 2 2
+5n11P ;piZ;xi + 5 117 Z;p,-/w
= 1= =

n n
<llel+c) ZB +c) x'+e (27)

i=1 i=2
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where
n 1 n
¢ =ZIPIP Y pleo =3 IPIP Y piu
i=1 i=1
PMa—T@)—ME (1 —1@1)))
1 n
< lell* + 2 ||P||2§q?ei2 t -7 (), (28)
e"PM (% (t — 7 (1))
< lel*+2) 7 (t — @) (¢t — 7 (1)
i=1
+eY Xt —Ti0)+& (29)
=2
1 1 L
e'PD (1) < 5 llell* + 5 ||P||2§d?, (30)

n n
where ¢ = 4 ||P|? 2 q. %0 = 3 |IP|? gq%MZ.
= =
Substitute (13) and (26)-(30) into (25) produces that

; . 2 z 2 2 =
Ve < ~hnin (@) lel> + 2 llel* + g1 llel* + 0 + o
n n
+e) FUu—nO) B t—u®) +e) 1
=1 =2
n 1 n
- 2 2 22
+chi (=5 @)+ 5 IP| _Zq,-e,- (t — (1)
=2 i=1
n

n
te) B+ 2e PPy dr 31
i=1 i=1

Second, we take the time derivative. of V,, from (24) the
definition of V_, first of all it need get V;, respectively.
Step 1: Take the time derivative of V1, Vj is given by

. 2121 .
Vi=5—=+txx
kbl -4
21 . . .
= 2 _2 (%2 + kier — 1) + x2x2
by 1
21 . .
= —5—— (@+ai+x2+kier —yr) + x2x2,
by _Zl
(32)
< @1 2 1 4 2
———kier < BN lerll” + 2——2/( ; (33)
kb] -4 @1 (kgl —Z%)
2 2
21 b4 X
Py =+ 77 (34)
e )
From (17), we can get
2 252
. X2 X K5 )
<-22,7%70 2 35
x2x2 = 1’2+282+2 (35)

where w1, 12, 62 are design positive parameters. K> is the
bound of &,

VOLUME 7, 2019



R. Zhang, J. Li: Observer-Based Adaptive Neural Control for Non-Triangular Form Systems

IEEE Access

Substituting (33)-(35) into (32) yields

- 21 1
Vi = WZZ + 21 <kz—2a1 + ®1>

by 2 by 2

2 2 202
] 2 XX KK
= 2 %, 0272 36
+ 7 llerll” + > o + 2%, (36)
21 2 21

where ®1 = ki + — L.
2e (12, —z%)z ! 2k, —zf)z kpy—z1""
Step 2: Take the time derivative of V5, V; is given by

22

Vi = 5=+ x3%3
kb2 — 4
2 . .
= 5 (B+xX3+a2tker —doy)+x3%3,
ki —z
b %2
(37)
2
22 (o)) 1 Z
ke < el + o ———2—=k. (%)
e (k-3
2 2
2 z X
g oA T 2 % > (39)
R 2(k - 3)
From (18) we can get
2 252
. X3 X3K3 33
<5883 43 40
X3X3 < t3+253+2 (40)

where @», 13, 83 are design positive parameters. K3 is the
bound of 5.
Substituting (38)-(40) into (37) yields

. 1
Vo < 5——=un+2 <—a2 + ®2>
2 2 2 2
by 2 kbz — 4
2 2 202
) X3 X3 x5 K3
e+ 2 -2 4830 @
2 llexl > 13 25, 41
where ©; = = 2 = — dof.

k
2w2(k,’;’2—z§)2 2 2(k§2—z§)2
Step i (3 < i < n — 1): Take the time derivative of V;, Vi is
given by

. ZiZi .
Vi= ——— + Xit1 Xit1
Zi :
= kz—lz (zit1 + xiv1 + @i + kiey — dir)
b; Zi
+ Xit1 Xit1 (42)
2
Zi @ 1 Z;
ke = el -k, @3)
by G (k-2
2 2
Z z Xi
kz—linH = l 3 EH, (44)
b G 2(k3 - 2)
2 2 g2
. Xi X1 Ki 8iv1
Xiti i € =0 4 SEEE 4 2 (45)

Tit1 2541 2

where @j, Tit+1, 6;+1 are design positive parameters. Kj; is
the bound of «;.
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Substituting (43)-(45) into (42) yields

. i 1
Vi< 5—=z+1+za (—Oti + ®i>
2 _ 2 2 _ 2
kbi - Zi kb,' - Zi
2 2 2 22
@, X Xi Xin K
+ el ||€1||2 + i+1 _ i+1 +1"i+1 i (46)
2 2 Tit1 28i+1
where ©; = = k* + = — dr.
' 2w,-(kb2i —zl-z 2 Z(kbzi —zl-z)z v
Step n: Take the time derivative of V,, is
. ZnZn
V, =
t k-G
Zn L .
= (w0 ke = p =), @)
kbn -5

o can be obtained from the following dynamic systems:

p=—p+ 0w —v), (48)
2
Zn Dn 2 Zn 2
kner < =2 lleg]? + — —"—— k2, (49)
kbzn—Z,%n 2 an<k2_22n
by, n
2 2
Z Z K
TP = ——t—— o (50)
by " % 2 (kgn - z,%)

Substituting (48)-(50) into (47) yields

2

. Z - w, K
Vi< 5= 0+ D) + 20, + ol + 5-, D

kbn ~n 2 2
where ©,, = Zn 2 Zn — Gy wy, > Odsa

20, (i3, 72%)2 i 2(i3, 71,%)2
design parameter.

Remark 4: In this paper, we employ the DSC technique to
avoid the “explosion of complexity” arisen in the controller
design procedure, compared with [25]-[31], it reduces the
computation burden. There is few published works on this
issue in the non-triangular form systems.

Finally, we take the time derivative of Vpy, it can be
obtained

. A1 o 2
Vi < 1—de IPI* gmax llell
"L e d=n0) (1 — (1) 1

— 7 I1PI7 gief (¢ = 7i (1)
1

i=1

evdi

n
+ - Zézl-zﬁiz
1-dj i=1

oy di—T) (1 — ¢ (¢
-3¢ (* {2 (- 21y
i=1 =4

2 E‘eyd

1 n
2
x B; (t—fi(t))+1_di,<l;xi

n . .
e’ @ —Ti0) (1 — 1, (1)) _
- X (=T (1)
4 1 —d
i=2

—VYVu,. (52)
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. . . . . n ~yd; K2
From Assumption 4 we can obtain the following inequality _ l e ce _ l _ Ry L2 (59)
1= ~=\ 1 1—ar 2 2 )%
ydi—n@) o -4 53 -
e ; —a - (53)

n
where k = Amin (Q) — % - S 45? (]1*) 1PI G — ; z

) P
According to (31), (36), (41), (46), (51), (52) and (53), choosing the proper design parameters k;, dy, d}, v, wj, such

the time derivation of the Lyapunov function V is

that £ > 0.
- 7 The unknown smooth function f; (Z;) is approximated by
V=- <)‘mi“ (O 5 St the NNs ®*7&; (Z)), so there exists an NNs on a compact set
o ), L ) Qz;, such that
(a1 e = 2.5 ) el Ji @) = o7 2 + 5 2 (60)

where @7 is the ideal weight vector, §; (Z;) is a neural approx-
51+ 0 imation error, and |8; (Z;)| < &;

1
—i—cZz,B + 2Z1Z2+Zl|:
kb] kb] 'l

- 058 (Z) & (Z) i &
1 1 i (Zi <4+t 4+L (61
+ﬁ2223+12 ﬁdz-i-@z aifi (Zi) = 2,7,2 +2+2+2 (61)
ky, =2 ki, =23 '
n—1 where n; > 0, &; > 0 are design constants.
+ Z {%Zﬂﬁl +z (%al +0 ) } According to (15), (16), (51) and (53), we have
, ki —z; ki — _
i=3 L"bi i bi i n 26T
L 077" (Z) & (Z;
! et I V< —kllel® - ch oy Jas @E )
+Z —(V+p)+® *ZEZI',BI' —Z i=1 277,
kjy — 22 I=di 3
n = B K2
~ -, Kk} Vg +2e PP P 5o+ oL
2 2 K - yVh +2¢|1P| di +¢e0+ & +
—va+5||P|| D7+ = et Eo £ 2
i=1
ne
n =,vd 2 2
-y LI S e (54) = DT X (62)
y T; 2 1 - dik 2&‘ ! i=1
here
To facilitate the adaptive controller design, denote v 5
) 1 cevd K,+1 1 |
2 5 rvar 5 77,',+1-T c —a 5 % i=1,---,n ,
fi =01 +cupi + T cz1Bys (55) i+l 1 i
v, ! select proper parameter such that ;i > 0.
- 622/32 e B, ’322 % (56) Select the Lyapunov function V as follows:
—df k2 -2 .
by 1 2
-0
_ 2 ele Zi—1 V=V+—, (63)
ﬁ- = 0; +CZiﬂi + 11— CZlﬂ + ]{2—2, 2p
1 T .
3<i<n—1 bivt =l (57) Combining with (62), one can get the V as follows:
evdi Zn—1 .
fo = Ou+cubr+ l_d*cznﬂ,%+ ﬁ (58) V< —kllel? Zc, —yVu +2¢|P| Zcﬂ
buo1 ~ “n—1 ( . Zi) i=1
The (54) can be rewritten as 2 n—l

z I 2
Teoteo+ o ;ni+lxl'+1
1=

V —k||€||2+ZZ, —ai+ﬁ'(Zi) Y g ' B
(5, -%) i @ea i

(64)
2
| i1 2n;
+2n (2—2 (v+p) +];n (Zn) Substitute (21) into (64) yields
by % )
n 2
- V< —kle Ci T

—yVy +2¢||P)? Zdlz el Z lbz Z ZHXHFI

i=1 N 2

2

o006
K ) —yVy — — +2¢||IP d? —L (65
MLIPS YV = ==+ 2| I? Z +80~|—80+2 (65)

i=1
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Theorem 1: Assume that the Assumptions 1-4 held,
the closed-loop system consisting of the system (1) and
observer (11) with input saturation (4), the virtual con-
troller (19), actual controller (20) and the parameter adaptive
law (21), if the initial conditions are bounded, then we can
obtain that all the signals in the closed-looped system are
uniformly ultimately bounded and the full state constraints
are not violated.

Proof: Using the following inequality
099 06 06*
—-— +

; (66)

p 2p 2p
(65) can be rewritten as

V < —kllell? Zc,<

n—1

— Y ik + 26 IPIP Zd2+C (67)
i=1 i=1

v o6?
—yVe — ——
_Z> 2p

According to Lemma 2, we have

2 k2
z - ; < log k,fl_cz—kl:lZ (68)
then (68) can be expressed as
V<-—pV+C, (69)
where
p1 = min
(L,%i (i=1,---n),2m41 (=2,---n—1),y, o>
Amax (P)
c- K +2e ||P||22n:a2+ - + &0 + £
2 i=1 l

Resorting to (69), it can be conclude that

0<V(@ < |:V(0)—£i|e_‘”t+£
Pl Pl
<voy+ <, (70)
£1

x)ll <

, n. According to defini-

From the definition of V (¢), we get |x;| < ||[(x2, -
2(V(0)+£) = pii =2

2

tion of V and (68), we know that e, 4, log P are bounded

and

1 C
—eTPe <V (0) 4+ —,
2 P

SO

leil < llell < q-

Since x; = z1 + y, (¢) and |y, (¢)] < ko, then we have }fcl ‘ <
lzt] + lyr )] < kp, + ko,from the definition of e;, we get

VOLUME 7, 2019

il < |R1|+leil < kp,+xo+Ag. LetMy = ko+Aq-+kp, then
|x1] < M. 6 is bounded and 6* is constant, so 6 is bounded.
Since x1, 0, y;, y» are bounded, so o is bounded, suppose &
is the bound of a1, so || < @y, from zp = X — x» — a1 and
|z2| < kp, we can get |xz| < kp, + a1+ py from the definition
of ep, we have |xp| < |xz| + lea| < kp, + a1 + p2 + Ay Let
My = ay + p2 + Ay + kp, then |xz| < M. Similarly, 1t can
be in turn to prove that [Xit1] < Mijy1,i =2,3,---,n—2
after verifying |o;| < &;. Since |fc,| < kp, +a;+ pi, |zil < kp,,
we know |o;| < @; from (15) and (16), change of coordinates
Zi41 = Xip1 — & — Xit1, then |%i1| < kp,, + @ + pit1 and
[xit1] < Kby + Qi+ piv1 + Ag. Which implies that |x1+1| <

My if Miy = &+ piy1 + Ay +kp,,, . Since X, and 0 are
bounded, so |a,,—1]| < oy 1,fromz,, =Xy — P — Xn — On_1,
we have |xn| < kp, +m 4+ ay—1 + pn, 50 |xu| < kp, +m +
Qn—1+ pn+Agaslongas M, =, 1+ pn+ Ay +m+kp,
from (20) we can see that v is bounded. Therefore we can
conclude that all the signal u, x and 6 are bounded and the
system states are not violated.

From (24) and (70), one can obtain log kgl / (k2 - Zl) <
Cl ,—piynrC . 2 2
2 [V 0) — E] e~ Pl +2E,then1tpr0duces kbl/(kb. - zl) <

_C [p—p1t4n C
ez[v(o) pl]c " +2"1, further we have |zi] < k,%
_ _C |pmpit_n C
\/l—e vo-glem-2g _ Ayif V(0) = £ then
_ Q
il < kgV1—e 2 = Ay holds. If V(0) #

_ _C |,—p1t C
Q, from kb \/1 2 V(O) ]e U2
Pl

1

L we can get
it is a decreasmg functlon about ¢, so given any

2 2L . X
AIZ = kb] I—e "# s there exist Tl = —or X
2
[(2& +1In (1 - (ﬂ) )) /(_2 (V 0)— Q))] such
kg, o1
that t > Ty, |z1| < Ajz holds, which implies that

llim sup |z1] < Ajqy, then t > Ty, it holds |z1| < Aqj. This
—> 00

implies that z; can be arbitrarily small by selecting proper
design parameter.

IV. SIMULATION EXAMPLES
In this section, two simulation examples are presented
to verify the effectiveness of our proposed scheme for
non-triangular form time-varying delay systems.

Example 1: Consider the following nonlinear system:

X1 =x2 4 0.1x1x3 +x7 (t — 71 (1))

sin(xz (t — 71 (1)) +di (x, 1),
Xy =u)+x? (t—2 (1) sin (x2 (¢ —12(1)) + da (x, 1),
y =Xi.

(71)
where the state constraints are |x;| < 0.2, x| < 0.5,
uncertainties terms are d; (tf) = 0.05sin (2¢) sin (x1x2),

d (t) = 0.1sin (0.5¢) sin (x1x3), time-varying delay term are
71 (1) = 12 (t) = 0.3sin¢, the reference trajectory y, =
0.1sin (¢) + 0.1sin (0.5¢). Control objective is to guarantee
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that all the signals in the closed-loop systems are bounded and
the full state constraints are not violated. The input u (v (¢))is
described by

uv (1) = sat (v (1))

 [sign v @) uu,
I IGE

V()| = um

72
v < upm, 72)

with puy = 0.2.
Choose observer gains ki = kp = 3, from (11) the state
observer is designed as:

A _% 3 2 ,

)fl 2+3(y xl)A (73)
X =u(v)+3(y—x1).

The virtual control input signal a1, actual control input v

and the adaptive law 6 are given as follows:

o iz 21 02167 (Z1) &1 (Z1) o
| = —ci1z1 — _ ’
2 (kgl - Z%) 277% (k,fl - Z%)
v 220 — 2 _ézﬁzT D)6 (D) . 735)
2(i2 -2) 28 (k-3)
2
6= Z ZL;zZz‘zfiT (Z) & (Z) — o0, (76)

i=1 !

A A~ ~ A . T
wherez; =X —y,, 22 =R —or — 5, Z1 = %1, yr. 30, 0],

Z) = [fcl,fcz, Vs Vrs Vrs Q]T, two NNs are employed in this
simulation. Neural networks <I>1T§1 (Z)) contains 324 nodes

(i.e Iy = 324) with centers @w; (I = 1, - - - , [1) evenly spaced
in[-0.2,0.2] x[-0.5,0.5] x [-0.2, 0.2] x [0, 1] and widths
n; = 0.2. The other neural networks CD% & (Z>)contain

1944 nodes (i.e. [ = 1944)with centers w; (I =1, ---1p)
evenly spaced in [—0.2,0.2] x [-0.5, 0.5] x [—-0.2,0.2] x
[—0.2,0.2] x x [—0.15,0.15] x [0, 1] and widths , = 0.2
The design parameters applied in the simulation are set as
c1=6,c0=6,0 =2k =3, kr=3,p=2,n =1,
n2, = 1, mp = 0.02. The initial conditions are chosen as
x (0) = [0.1,0.117, % (0) = [0, 0.1]7 and 6 (0) = 0.5.

The simulation results are shown in the Figs.2-9.
Fig.2 shows the good tracking performance of the system

15
time(s)

FIGURE 2. Trajectories of x; and y, in Example 1.
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FIGURE 3. Trajectory of control v in Example 1.

(=4

0.5

u
o

ﬂ va/\/\/\/

-0.5

0 5 10 15 20 25 30
time(s)

FIGURE 4. Trajectory of control u in Example 1.
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FIGURE 5. Trajectories of x; and x; in Example 1.

output and the tracking signal. Fig.3 and Fig.4 show the
control input signal v and u. Fig.5 and Fig.6 show the system
state and observer state, it can be seen that the observer have
good achieved performance. Fig.7 show the system states.
The trajectories of z1, 22, and 0 are demonstrated in Fig.8 and
Fig.9. From the simulation results, it is clearly that the pro-
posed controller guarantees all the signals in the closed-loop
systems are bounded and achieve good control performance.

Example 2: Consider the following Brusselator model
in [52]: which can be described by

. 2
x1=A— B+ 1)x —i—xlzxz + x4+ §x1

+q1 (x (1 — 11 (1)) + di (x, 1) (77)
X =Bxi —xlvtu+q Gt —1®) +d(x, 1)

y=x1
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FIGURE 6. Trajectories of x, and x, in Example 1.
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FIGURE 7. States trajectories x; and x, in Example 1.
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FIGURE 8. Trajectories z; and z, in Example 1.

where

2
@) =A—B+Dx +xixn+ 24

f (x) = Bxp —xlzxz
g1 x (=t () =2x1 (¢ — 71 (1))
71 (1) = 14 0.25sin (¢)
@ —12(1)) = 0.2x (1 — 12 (1))
75 (1) = 0.5 + sin (¢)
di (x, 1) = 0.1x1x3 cos (1.5¢)
dr (x,t) =0.1 (x12 —l—x%) sin (tz)
We assume the states are constrained in |xi| <
ke = 3lx2| < k, = 6, the reference signal

yr = 2sin (0.5¢) + 0.05sin (1.57). Two NNs are employed
in this simulation. Neural networks @{51 (Z1) contains

VOLUME 7, 2019
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FIGURE 9. Trajectory of § in Example 1.

15 20 25 30 35
time(s)

FIGURE 10. Trajectories of x; and y; in Example 2.
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FIGURE 11. Trajectory of control v in Example 2.
144 nodes (i.e [; = 144) with centers w; (I =1, ---,[})

evenly spaced in [—3,3] x [—3,3] x [—2,2] x [0, 4] and
widths ; = 2. The other neural networks &Dg & (Z>)contain
360nodes (i.e. I, = 360) with centers w; (I =1,---1p)
evenly spaced in [—3, 3] x [—6,6] x [-3,3] x [-2,2] x
x [=2,2] x [0,4] and widths , = 3. The design The
initial condition and the design parameters are chosen as
A=1,B=3,c1=6,c0=8,0=2,k1 =3,kpb=3,p=4,
n1 = 2, np = 2, mp = 0.02. The initial conditions are chosen
as x (0) = [0.02, 017, £ (0) = [0, 0.1]7, 6 (0) = 0.3up; = 6.
The simulation results are shown in the Figs.10-14.

Fig.10 shows the good tracking performance of the sys-
tem output and the tracking signal. Fig.11 and Fig.12 show
the control input signal v and u. Fig.13 show the system
states. The trajectories of zj, 2, and O are demonstrated
in Fig.14 and Fig.15.
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FIGURE 12. Trajectory of control u in Example 2.
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FIGURE 13. States trajectories x; and x, in Example 2.
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FIGURE 14. Trajectories z; and z, in Example 2.
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FIGURE 15. Trajectory of § in Example 2.

V. CONCLUSIONS

In this paper an output feedback adaptive neural control
approach for a class of non-triangular time-delay systems
with input saturation and full state constraints has been
proposed. A variable separation approach is introduced to
overcome the non-triangular structure. The state observer and

6082

BLF have been used to deal with the immeasurable states
and full state constraints. The DSC technique was employed
to overcome the ‘“‘explosion of complexity””. The proposed
controller guarantees that all the signals in the closed-loop
system are uniformly ultimate bounded and the full state
constraints are not violated. Two simulation results show that
the presented control method can perform successful control
and achieve desired performance.

REFERENCES

[1] M. M. Polycarpou, “Stable adaptive neural control scheme for nonlin-
ear systems,” [EEE Trans. Autom. Control, vol. 41, no. 3, pp. 447451,
Mar. 1996.

[2] T.Zhang, S.S. Ge, and C. C. Hang, “Adaptive neural network control for
strict-feedback nonlinear systems using backstepping design,” Automat-
ica, vol. 36, no. 12, pp. 1835-1846, Dec. 1996.

[3] C.Wang,D.J. Hill, S. S. Ge, and G. Chen, “An ISS-modular approach for
adaptive neural control of pure-feedback systems,” Automatica, vol. 42,
no. 5, pp. 723-731, 2006.

[4] M. Wang, B. Chen, X. Liu, and P. Shi, “Adaptive fuzzy tracking control for
a class of perturbed strict-feedback nonlinear time-delay systems,” Fuzzy
Sets Syst., vol. 159, no. 8, pp. 949-967, Apr. 2008.

[5] B. Chen, X. Liu, K. Liu, and C. Lin, “Direct adaptive fuzzy con-
trol of nonlinear strict-feedback systems,” Automatica, vol. 45, no. 6,
pp. 1530-1535, 2009.

[6] Y.-J. Liu, G.-X. Wen, and S.-C. Tong, “Direct adaptive NN control for a
class of discrete-time nonlinear strict-feedback systems,” Neurocomput-
ing, vol. 73, nos. 13-15, pp. 2498-2505, Aug. 2010.

[7]1 C. Wang, M. Wang, T. Liu, and D. J. Hill, “Learning from ISS-modular
adaptive NN control of nonlinear strict-feedback systems,” IEEE Trans.
Neural Netw. Learn. Syst., vol. 23, no. 10, pp. 1539-1550, Oct. 2012.

[8] H. Yue and J. Li, “Output-feedback adaptive fuzzy control for a class of
non-linear time-varying delay systems with unknown control directions,”
IET Control Theory Appl., vol. 6, no. 9, pp. 1266-1280, Jun. 2012.

[9] G. Sun, D. Wang, X. Li, and Z. Peng, “A DSC approach to adaptive
neural network tracking control for pure-feedback nonlinear systems,”
Appl. Math. Comput., vol. 219, no. 11, pp. 6224-6235, Feb. 2013.

[10] G. Sun, D. Wang, T. Li, Z. Peng, and H. Wang, “Single neural net-
work approximation based adaptive control for a class of uncertain
strict-feedback nonlinear systems,” Nonlinear Dyn., vol. 72, nos. 1-2,
pp. 175-184, Apr. 2013.

[11] J. Wu, W. Chen, D. Zhao, and J. Li, “Globally stable direct adaptive
backstepping NN control for uncertain nonlinear strict-feedback systems,”
Neurocomputing, vol. 122, pp. 134-147, Dec. 2013.

[12] H. Yue and J. Li, “Output-feedback adaptive fuzzy control for a class
of nonlinear systems with input delay and unknown control directions,”
J. Franklin Inst., vol. 350, no. 1, pp. 129-154, Feb. 2013.

[13] D. Wang and J. Huang, “Neural network-based adaptive dynamic surface
control for a class of uncertain nonlinear systems in strict-feedback form,”
IEEE Trans. Neural Netw., vol. 16, no. 1, pp. 195-202, Jan. 2005.

[14] S.-L.Dai, C. Wang, and M. Wang, “Dynamic learning from adaptive neural
network control of a class of nonaffine nonlinear systems,” IEEE Trans.
Neural Netw. Learn. Syst., vol. 25, no. 1, pp. 111-123, Jan. 2014.

[15] W. X. Shi, “Adaptive fuzzy control for MIMO nonlinear systems with
nonsymmetric control gain matrix and unknown control direction,” /IEEE
Trans. Fuzzy Syst., vol. 22, no. 5, pp. 1288-1300, Oct. 2014.

[16] J.Liand H. Yue, “Adaptive fuzzy tracking control for stochastic nonlin-
ear systems with unknown time-varying delays,” Appl. Math. Comput.,
vol. 256, pp. 514-528, Apr. 2015.

[17] B. Xu, Z. Shi, C. Yang, and F. Sun, “Composite neural dynamic surface
control of a class of uncertain nonlinear systems in strict-feedback form,”
IEEE Trans. Cybern., vol. 44, no. 12, pp. 2626-2634, Dec. 2014.

[18] M. Wang and C. Wang, “Neural learning control of pure-feedback non-
linear systems,” Nonlinear Dyn., vol. 79, no. 4, pp. 2589-2608, 2015,
doi: 10.1007/s11071-014-1834-y.

[19] T.Li,Z.Li, D. Wang, and C. L. P. Chen, “Output-feedback adaptive neural
control for stochastic nonlinear time-varying delay systems with unknown
control directions,” IEEE Trans. Neural Netw. Learn. Syst., vol. 26, no. 6,
pp. 1188-1201, Jun. 2015.

[20] F. Wang, Z. Liu, and G. Lai, ““Fuzzy adaptive control of nonlinear uncer-
tain plants with unknown dead zone output,” Fuzzy sets Syst., vol. 263,
pp. 27-48, Mar. 2015.

VOLUME 7, 2019


http://dx.doi.org/10.1007/s11071-014-1834-y

R. Zhang, J. Li: Observer-Based Adaptive Neural Control for Non-Triangular Form Systems

IEEE Access

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Y. Li, S. Sui, and S. Tong, “Adaptive fuzzy control design for stochas-
tic nonlinear switched systems with arbitrary switchings and unmodeled
dynamics,” IEEE Trans. Cybern., vol. 47, no. 2, pp. 403-414, Feb. 2017.
B. Niu, D. Wang, H. Li, X. Xie, N. D. Alotaibi, and F. E. Alsaadi, ‘A novel
neural-network-based adaptive control scheme for output-constrained
stochastic switched nonlinear systems,” [EEE Trans. Syst, Man,
Cybern., Syst., to be published. [Online]. Available: http://www.ieee.org/
publications_standards/publications/rights/index.html

F. Wang, Z. Liu, Y. Zhang, and C. L. P. Chen, “Adaptive quantized
controller design via backstepping and stochastic small-gain approach,”
IEEE Trans. Fuzzy Syst., vol. 24, no. 2, pp. 330-343, Apr. 2016.

S. Tong, L. Zhang, and Y. Li, “Observed-based adaptive fuzzy decentral-
ized tracking control for switched uncertain nonlinear large-scale systems
with dead zones,” IEEE Trans. Syst., Man, Cybern., Syst., vol. 46, no. 1,
pp. 37-47, Jan. 2016.

B. Chen, X. Liu, K. Liu, and C. Lin, “‘Fuzzy approximation-based adaptive
control of nonlinear delayed systems with unknown dead zone,” IEEE
Trans. Fuzzy Syst., vol. 22, no. 2, pp. 237-248, Apr. 2014.

H. Wang, K. Liu, X. Liu, B. Chen, and C. Lin, “Neural-based adap-
tive output-feedback control for a class of nonstrict-feedback stochastic
nonlinear systems,” IEEE Trans. Cybern., vol. 45, no. 9, pp. 1977-1987,
Sep. 2015.

H. Yang, P. Shi, X. Zhao, and Y. Shi, “Adaptive output-feedback neural
tracking control for a class of nonstrict-feedback nonlinear systems,” Inf.
Sci., vols. 334-335, pp. 205-218, Mar. 2016.

B. Chen, C. Lin, X. Liu, and K. Liu, “Observer-based adaptive fuzzy
control for a class of nonlinear delayed systems,” IEEE Trans. Syst., Man,
Cybern., Syst., vol. 46, no. 1, pp. 27-36, Jan. 2016.

Y. Li and S. Tong, “Adaptive fuzzy output-feedback stabilization control
for a class of switched nonstrict-feedback nonlinear systems,” IEEE Trans.
Cybern., vol. 47, no. 4, pp. 1007-1016, Apr. 2017.

Z. Yu, S. Li, Z. Yu, and F. Li, “Adaptive neural output feedback con-
trol for nonstrict-feedback stochastic nonlinear systems with unknown
backlash-Like hysteresis and unknown control directions,” IEEE Trans.
Neural Netw. Learn. Syst., vol. 29, no. 4, pp. 1147-1160, Apr. 2018.
[Online]. Available: http://www.ieee.org/publications_standards /publica-
tions/rights/index.html

B. Niu, D. Wang, N. D. Alotaibi, and F. E. Alsaadi, ““Adaptive neural
state-feedback tracking control of stochastic nonlinear switched systems:
An average dwell-time method,” IEEE Trans. Neural Netw. Learn. Syst.,
vol. 26, no. 10, pp. 2311-2322, Oct. 2018. [Online]. Available: http://www.
ieee.org/publications_standards/publications/rights/index.html

B. Niu, H. Li, Z. Q. Zhang, J. Q. Li, T. Hayat, and F. E. Alsaadi,
“Adaptive neural-network-based dynamic surface control for stochastic
interconnected nonlinear nonstrict-feedback systems with dead zone,”
IEEE Trans. Syst, Man, Cybern. Syst., vol. 46, no. 1, pp.27-36,
Jan. 2018. [Online]. Available: http://www.ieee.org/publications_
standards/publications/rights/index.html

X. Wang, Z. Liu, and Y. Cai, “Adaptive single neural network control
for a class of uncertain discrete-time nonlinear strict-feedback systems
with input saturation,” Nonlinear Dyn., vol. 82, no. 4, pp. 2021-2030,
Aug. 2015.

J. Ma, Z. Zheng, and P. Li, “Adaptive dynamic surface control of a class
of nonlinear systems with unknown direction control gains and input
saturation,” IEEE Trans. Cybern., vol. 45, no. 4, pp. 728-741, Apr. 2015.
S. Sui, Y. Li, and S. Tong, ‘“‘Adaptive fuzzy control design and applications
of uncertain stochastic nonlinear systems with input saturation,” Neuro-
computing, vol. 156, pp. 42-51, May 2015.

Y.-F. Gao, X.-M. Sun, C. Wen, and W. Wang, “Adaptive tracking control
for a class of stochastic uncertain nonlinear systems with input saturation,”
IEEE Trans. Autom. Control, vol. 62, no. 5, pp. 2498-2504, May 2017.
M. R. Askari, M. Shahrokhi, and M. K. Talkhoncheh, ‘“Observer-based
adaptive fuzzy controller for nonlinear systems with unknown control
directions and input saturation,” Fuzzy Sets Syst., vol. 314, pp. 24-45,
May 2017.

C.-S. Ting, ““A robust fuzzy control approach to stabilization of nonlinear
time-delay systems with saturating inputs,” Int. J. fuzzy Syst., vol. 10, no. 1,
pp- 50-60, Mar. 2008.

Y. Li, S. Tong, and T. Li, “Hybrid fuzzy adaptive output feedback con-
trol design for uncertain MIMO nonlinear systems with time-varying
delays and input saturation,” IEEE Trans. Fuzzy Syst., vol. 24, no. 4,
pp. 841-853, Aug. 2016.

VOLUME 7, 2019

(40]

[41]

(42]

[43]

(44]

(45]

[46]

[47]

(48]

(49]

[50]

[51]

[52]

(53]

(54]

T. Li, R. Li, and J. Li, “Decentralized adaptive neural control
of nonlinear interconnected large-scale systems with unknown time
delays and input saturation,” Neurocomputing, vol. 74, nos. 14-15,
pp. 2277-2283, 2011.

Q. Zhou, C. Wu, and P. Shi, “Observer-based adaptive fuzzy tracking
control of nonlinear systems with time delay and input saturation,” Fuzzy
Sets Syst., vol. 316, pp. 49-68, Jun. 2017.

S. I. Han and J. M. Lee, “Fuzzy echo state neural networks and
funnel dynamic surface control for prescribed performance of a non-
linear dynamic system,” IEEE Trans. Ind. Electron., vol. 61, no. 2,
pp. 1099-1112, Feb. 2014.

K. B. Ngo, R. Mahony, and Z.-P. Jiang, “Integrator backstepping using
barrier functions for systems with multiple state constraints,” in Proc. 44th
IEEE Conf. Decis. Control, Seville, Spain, Dec. 2005, pp. 8306-8312.

K. P. Tee and S. S. Ge, “Control of nonlinear systems with partial state
constraints using a barrier Lyapunov function,” Int. J. Control, vol. 84,
no. 12, pp. 2008-2023, Dec. 2011.

B. Ren, S. S. Ge, K. P. Tee, and T. H. Lee, “Adaptive neural control for
output feedback nonlinear systems using a barrier Lyapunov function,”
IEEE Trans. Neural Netw., vol. 21, no. 8, pp. 1339-1345, Aug. 2010.
Y.-J. Liu, D.-J. Li, and S. Tong, ““Adaptive output feedback control for
a class of nonlinear systems with full-state constraints,” Int. J. Control,
vol. 87, no. 2, pp. 281-290, Jan. 2014.

Y.-J. Liu and S. Tong, “Barrier Lyapunov functions-based adaptive control
for a class of nonlinear pure-feedback systems with full state constraints,”
Automatica, vol. 64, pp. 70-75, Feb. 2016.

W. He, Y. Chen, and Z. Yin, “Adaptive neural network control of an
uncertain robot with full-state constraints,” IEEE Trans. Cybern., vol. 46,
no. 3, pp. 620-629, 2016.

Y.-J. Liu, M. Z. Gong, S. Tong, C. L. P. Chen, and D.-J. Li, “Adaptive
fuzzy output feedback control for a class of nonlinear systems with full
state constraints,” IEEE Trans. Fuzzy Syst., vol. 26, no. 5, pp. 2607-2617,
Oct. 2018, doi: 10.1109/TFUZZ.2018.2798577..

Y. Bian, Y. Chen, and L. Long, “‘Full state constraints-based adaptive con-
trol for switched nonlinear pure-feedback systems,” Int. J. Control, vol. 49,
no. 15, pp. 3094-3107, 2018, doi: 10.1080/00207721.2018.1533050.

J. Zhou and C. Wen, Adaptive Backstepping Control of Uncertain Systems.
Berlin, Germany: Springer-Verlag, 2008.

S. S. Ge and C. Wang, “Uncertain chaotic system control via adaptive
neural design,” Int. J. Bifurcation Chaos, vol. 12, no. 5, pp. 1097-1109,
2002.

C. Hua, S. Liu, Y. Li, and X. Guan, “Output feedback control based on
event triggered for nonlinear systems with full state constraints,” in Proc.
36th Chin. Control Conf., Dalian, China, Jul. 2017, pp. 1091-1096.
Z.Zhang, Y. Song, and K. Zhao, ‘‘Neuroadaptive cooperative control with-
out velocity measurement for multiple humanoid robots under full-state
constraints,” IEEE Trans. Ind. Electron., vol. 66, no. 4, pp. 2956-2964,
Apr. 2019, doi: 10.1109/TIE.2018.2844791.

RUI ZHANG was born in Xi’an, Shaanxi, China,
in 1979. She received the B.S. degree in basic
mathematics from Northwest University, China,
in 2002, and the M.S. degree in applied mathe-
matics from the North China University of Water
Resources and Hydropower, China, in 2008. She is
currently pursuing the Ph.D. degree with the Col-
lege of Mathematics and Statistics, Xidian Univer-
sity, Xi’an. Her research interests include adaptive
control and constraints control.

JUNMIN LI graduated from Xidian University,
China, in 1987. He received the M.Sc. degree from
Xidian University, in 1990, and the Ph.D. degree
from Xi’an Jiaotong University, China, in 1997.
He is currently a Professor with the Department
of Applied Mathematics, Xidian University. His
research interests include adaptive control, learn-
ing control of multi-agent systems, hybrid system,
control theory, and networked control systems.

6083


http://dx.doi.org/10.1109/TFUZZ.2018.2798577
http://dx.doi.org/10.1080/00207721.2018.1533050
http://dx.doi.org/10.1109/TIE.2018.2844791

	INTRODUCTION
	PROBLEM FORMULATION AND PRELIMINARIES
	SYSTEMS REPRESENTATION
	NEURAL NETWORK APPROXIMATION

	OUTPUT FEEDBACK ADAPTIVE CONTROLLER DESIGN AND STABILITY ANALYSIS
	STATE OBSERVER DESIGN
	ADAPTIVE NEURAL CONTTOLLER DESIGN AND STABILITY ANALYSIS

	SIMULATION EXAMPLES
	CONCLUSIONS
	REFERENCES
	Biographies
	RUI ZHANG
	JUNMIN LI


