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ABSTRACT

The problem of adaptive output tracking is researched for a class of nonlinear network control systems with parameter
uncertainties and time-delay. In this paper, a new program is proposed to design a state-feedback controller for this sys-
tem. For time-delay and parameter uncertainties problems in network control systems, applying the backstepping recur-
sive method, and using Young inequality to process the time-delay term of the systems, a robust adaptive output track-
ing controller is designed to achieve robust control over a class of nonlinear time-delay network control systems. Ac-
cording to Lyapunov stability theory, Barbalat lemma and Gronwall inequality, it is proved that the designed state
feedback controller not only guarantees the state of systems is uniformly bounded, but also ensures the tracking error of
the systems converges to a small neighborhood of the origin. Finally, a simulation example for nonlinear network con-
trol systems with parameter uncertainties and time-delay is given to illustrate the robust effectiveness of the designed

state-feedback controller.
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1. Introduction

Network control system is a real-time closed-loop feed-
back control system composed of sensors, controllers,
actuators, etc. The advantages of network control sys-
tems are its easy installation and maintenance, and its
high reliability and flexibility [1,2]. In recent decades,
there are lots of progresses in the study of stability of the
network control systems [3-6].

However, in the closed-loop control of the network
control system, the data transmission process is often
produce time-delay. The time-delay of network control
system often affects the stability and performance of the
system, and may even cause the instability of the entire
system [7]. Therefore, the impact of the time-delay on
network control system needs to be considered when
studying network control systems and designing control-
lers. In [8], the authors analyzed the source of the
time-delay of network control system. For the time-delay
problem of network control system, a maximum allow-
able delay bound satisfying the requirement of stability
was proposed in [9], and the maximum delay caused by
the network was estimated in [10]. For designing con-
trollers of network control systems, in [11], the authors
discussed a class of uncertain systems’ adaptive control
scheme, and in [12] authors analysis robust stability of
networked control systems with uncertainty. Although
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some progresses are made in linear network control sys-
tems, nonlinear network control systems with parameter
uncertainties and time-delay needs to be studied. For
example, in [13-17], the authors study the problems of
adaptive robust control for uncertain systems and high-
order uncertain nonlinear systems, and analyze the stabil-
ity of the systems by Lyapunov stability theory. But
these papers did not consider the situation of the systems
with time-delay.

Therefore, in this paper, the system is modeled as a
class of nonlinear network control system with parameter
uncertainties and time-delay. A new program is proposed
to design controller for this system, and a robust control-
ler is designed by using the backstepping method. Ac-
cording to Lyapunov stability theory, Barbalat lemma
and Gronwall inequality, it is proved that the designed
controller not only guarantees the state of nonlinear net-
work control systems with parameter uncertainties and
time-delay is uniformly bounded, but also ensures the
tracking error of the systems converges to a small
neighborhood of the origin. The rest parts of the paper
are organized as follows: in Section 2, a class of nonlin-
ear network control system is introduced, and the as-
sumption and lemmas are proposed. In Section 3, the
controller is designed by using the backstepping method.
In Section 4, a simulation example is presented. Finally,
a conclusion is given in Section 5.
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2. Problem Description

In this paper, we consider a class of nonlinear network
control systems with parameter uncertainties and time-
delay, this system is described as

X =d (t,x,u)x,,
+g; (fi’t) +h (xl (t_T))
1<i<n-1

0y, (7.1)

1
X, =d, (t,xu)u+0"y, (X,.1) M

+g, ()_cn,t)—i- h, (x, (t —T))
y=X

where X, :[xl,---,xi]T eR (i=1n), ueR,and
y€R are respectively the states, the control input and
system output, Hz[ﬁl,m, Hq} € R? is a vector of un-
known constant parameters, d{-) # 0, w,(-) and gi(~)
are unknown smooth functions, #,(0) =0 (1 <i < n) is
also an unknown smooth functions, 7 is time-delay, and
72>0.

The objective of this paper is to design an adaptive
feedback controller. The designed controller ensures the
state of the closed-loop systems is bounded and the tra-
jectory of output y(¢) can asymptotic track reference sig-
nal y,(?).

Assumption 1 For smooth function di(¢, x, u), i =1, -+,
n there exist functions ¢,:R'—~R and ¢ :R™ -R
satisfies 0 < ci(xy, -+, x;) < di(t, x, u) < cdxy, ", Xi+ 1),

Xp+1 = U.

Assumption 2 Because we have 4,(0) = 0, then the
hix1(f)) can be expressed as /hi{x(z)) = yd{x1(¢)), and
yi(x1(?)) satisfies the following assumption

i (5 ()] <] (x (1)

where p;(x,(?)) is a known and smooth enough function.
Lemma 1 If the real number a >0, b >0, m > 1, then
there exist the following inequality

(ajm(m_ljml
a<b+|—| | —| .
m b

Proof for any real number x > 0, y > 0, n > 0, by
Young inequality, we have

1+n

y

1
xyn < x1+n +
1+n 1+n

Let a=x, b:Ly,m:n-l-l
1+n

then we can release to Lemma 1.
Barbalat lemma [18] If x(¢) is a uniformly continuous
function, and

limj;x(r)dr

t—>®©
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exists and is bounded, then limx(z)=0.

t—w

3. Adaptive Controller Design

In this section, by using the backstepping recursive
method, we design a robust adaptive output tracking
controller. The designed ideas of this method are de-
scribed as follows: for the i-th equation of the system,
constructed a suitable Lyapunov function, and designed
virtual control law a;, the designed «; makes the subsys-
tem consist of previous i equations is stable, therefore, in
step n, the designed controller # which makes the system
consist of n equations stability is the true controller that
makes the closed-loop control systems globally stable.

Step 1 Reference signal y, is a smooth function and
bounded, and its derivative y, is also bounded, the out-
put tracking error is defined by & = x; — y,.

Constructed Lyapunov function as

1 1 ~r~ 1
Vl =5812 +59T9+5L;q(x(s))ds ,

where A are positive, 0= H—é, 0 is estimates of the
unknown constant parameter §. Calculating the deriva-
tive of V7 along with system (1), we have

Vo= =06+ [a(x(1)) = (x(t=r))]
=gdx, +¢ (éTWI +g —)’/,,)+ ah(x(t-7))
2 [alx(0)-a(xli-2)]- 2 (6- 260 )

Because p, is bounded, presence non-negative smooth
function w,(¢&,,6], satisfies

‘éT‘//l +8 =V, =W (Sl’é)'

By Lemma 1, for any real number o that greater than
zero, let a= |g1|wl (51 ,9) , b = 0, so that exists a smooth
function g |¢,,60)=0, satisfies

|£1|w1(£1,é)ﬁo-+£12/31(£1,é). 3)
By using Young inequality, let constant &; > 0 we have

gh (x1 (1- z’)) < %512 +L2hl2 (x1 (r- z’)) , @

26,
q(x(t—r)) = éhf ()c1 (t—r)) ,

select

then we have

o(+(0) =z (5 (0) < 224 [ (s ()] -

where p;(x(¢)) is a smooth function.
Let z; = Aeyy,, Substituting (3), (4), (5) into (2), we
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have

2

V. <gdx, +&’ B ([;‘l,é)-i- 2 g ”,01 X, ))"

. 2
o-Lgr (t@—z1 )+i512
A 2
Designed virtual controller as
2n+-2 51 +5 (gl, )

[

a, =—&

where ¢ (+) is smooth function that is greater than zero.
So that we can release to

. 1~ (4
Vi <—ng’ +edx, —cea, +o-—z¢9T (0—21

{r-lats o Jo

And because —¢;a, > 0, by assumption 1, we have
. 1 ~ Ty
V. <-ng’ —(z€+771j (0—21)
1 _
—(n —E”p1 (x1 (t))"2 ngz +o+q|g|-|x, - o

where 7, = 0.
Step 2 Let &, = x, — ay, constructed Lyapunov function
as

1 1 et
v, =V, +5822 +5 Hq(x(s))ds

Calculating the derivative of V, along with system (1),
we have

V, =V, +&,, +%[q(x(t))—fl(x(t_7))]
S—n&‘lz +O'—(%9~+771]T(é_zl)+51|gl|'|x2_a2|
—[n _?”Pl (x (t))HQJ‘glzJ“?z [d2x3 +0'y, +g2]
T

{ . 6052

#3[ax(0))-a(x(1-7)]

0} +e,h, (x1 (1- z’))
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Let

Then we have

V, <—ne’+¢ e |x, —a, |+ o+ £,d,x,

(il s )

oa oa, ) oa, .
+eé, {_ 6x2 (d1x2+gl _[ 65] Z = 6)}2 er] (6)
1 r

1~ T oa
_[Ee—Hbj (9—22)—526—;h,(x1(t—r))

+&h, (x1 (t - z’))+%[q(x(t)) - q(x(t - T))]

There exists a non-negative smooth function
W, (81,82,6), satisfies

A oa oo oa,
+0"p, ——2(dx,tg ) -—2y, —| —=| z
g ?, o, ( 1*2 gl) oy Y, (89) 2

r

A

£w2(£1,£2,t9)

By Lemma 1, let a :|52|w2 gl,gz,é), b = o so that
there exists a smooth function f, |¢,¢,,0 )20, satisfies

|£2|w2(51,52,9)So-+£22ﬁ2(£1,52,é). 7

, combined with

And because |51| |x2 a2| = |5,
Lemma 1, there exists a smooth functlon
B, (81,82,(9) >0 satisfies

G (x.x)|a]|xn —a| <&’ +&°p, (gl,gz,é). (8)

By using Young inequality, let constant & > 0, 1, > 0,
we have

&h (x,(1-7)) < %52 +2§L2h22(x1 (t-7))

2

oa ’
—Zeh (x(t-7))< ,ungzz *5

L)

X1 H

Select
(x(-0)=

then we have

o (e e) = (3 (1)

2 H
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1

q(x(t)) = f_zzhzz ()c1 (t))

e (O
Then we have

&hy (x (t-7))-¢

|
_Iu_thl (xl (t))

1

]

Substituting (7), (8), (9) into (6), we have

T, .
V,<—(n-1)&’ +2o-—(%9~+772j (é—zz)

(=5l (s O -l s O Jo

2

&' +e,’ |::b72 (')+ﬁ2 ()]

Designed virtual controller as

+&,d,x; +

n—1+/32(-)+[i’2(~)+%22 o)

% =75 & (x.1,)

where ¢(-) is a smooth function that is greater than zero.
By assumption 1, we have

T, .
v, S—(n—l)(£12+£22)—(%0~+772j (é—zz)+20'

2]
{+E5ln e

))”2 }912 +5]&, | {x,—a|

Step i After the recursive design step i-1, we can get a
group of smooth virtual controller as

a =Yy, & =X —q,
a, =—&¢ (): & =X, —Q,,
ai & i l(')’ 6‘[ :xi _az
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where smooth function ¢(-) >0, k=
Constructed Lyapunov function as

1 1
Vi, =V_,+ 55,-2,1 +5 :ﬁrq(x(s))ds

The derivative of V;_; as following

. i1
l/[ls—(n—i+2)[zgj ] 1|5 l| |x a|
=

) Jsﬁ (10)

1o ie 1.

S et
_[%é‘Fﬂmj (é_zi—l)

Similar to step 2, we can prove (10) is also established
in the step i.
Constructed Lyapunov function as

1 1 ¢t
V.=V_, +Egi2 +§ tirq(x(s))ds

Its derivative is given by

V'Z.S—(n—i+2)[§gj2J+El1(~)|g,1|-|xl.—al.|
=1
i 2 )
| 1125 ”'D/ N ))” &

1~ T
_(ze""hlj (H_Zi—l)

oa, oa, \ A
eldx, +g +0"y,——Ly — ( ] 0
|: 178 14 o, Y 20

+e, [—j}?[%}( X+ 0"y, g hy (x (- T)))}

+(i-1)o+&h (x (t-7))
1

S La(x(0)=alx(=9))].
Let
@ =Yy, _i%lyj >

z; =z, + /Igi¢i s

n =+ e, 2%
i i-1 iaé’

Then we have
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i-1 a
+(i-1)o+e¢ [aﬂxH1 Z[@x j(d]xj+1+gj)}
J

A oa, oa. )
+elg +0Tp ——Ly —An. T .—[ l] z,
l{gt wl Gy’_ y) 7711¢1 ae

+¢ [h, (x1 (t - T)) - 2(%} “h, (x1 (t - r))}

J

an
There exists a non-negative smooth function wy(-), sat-
isfies

) i1 5o
&; +0T¢i_z{8x J(djxj-H +gj)_ﬂ’77i—lT¢i
j

Jj=1

oa; . (60{1. jT B
- y)‘ - A i
oy, 00
By the Lemma 1, there exists a smooth function

Bi(+) > 0 satisfies
le.|w, (V<o +&’B.() (12)

<w ()

Similar to step 2, there exists a smooth function
L. (+) > 0 satisfies

i-1 5
cfl(-)|gi71|-|xi—ai|£zgj2+gi2,3i(-). (13)
Jj=1

By using Young inequality, let constant & > 0, x; > 0,
we have

J=1 OX; 2 l
vl (x(-0)
~ 2:”;'2 i
select
i-1
q(x(t—r)) :(:—lzhl.2 (x1 (t—z’))—z%hjz (x1 (t—z'))
i j=1 M

then we have
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Then we have

i-1

(3 1=7)) 6 5 2 (3 1-7)

=1 0X

+%[q(x(t)) —q(x(t - T)):|

< (ﬁ_M] e?
2 2 !

(1 !
o sl O S5l O |

&,
2

&, ? I (= ()

Then we have

i-1 2
14 £—(n—i+1)[2£/ J+gtd,x,+] +%5,.2

J=1
i 1 )
_(n _;E"pj (x1 (t))||2 ngz +ic
1 ~ T ) ~
—(19*'771'] (6’—2,.)+gl. [ﬂl ()+,Bl()J
Designed virtual controller as

4 p &’
n—i+1+p.(:)+ B ()+2
i1 = & 2 =-&4,(")

Ci(xl’.“’xi)

where ¢(-) is a smooth function that is greater than zero.
By assumption 1, we have

atssngs (Lot o) Je

T,
+10'+c|8||x,+1 ai+1|—(%é+f7,-] (é_zi)'

Step n After repeated recurrence and proof, in the step
n, constructed Lyapunov function as

1 1 ¢t
Vo=Vt et o[ a(x(s)hs

Its derivative is given by
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V,<—>e} +na—(%6+77nj (H—zn)
=)

_{”_Zn:%"pj (xl(t))uz)glz (14)

Jj=1 2§j

+C, 18, 1%~

n+l

From (14), we can obtain adaptive control law u and

parameter 0 following as

u=an+]
. 2 (. gnz
R AR (15)
] Ry s wal ALY
0=z (16)

where ¢,(-) is a smooth function that is greater than zero.
Then, we have

. n n 1 2
V,<-2 ¢  +no=|n _Z_znpj (x (’))" &’
Jj=1 Jj=1 25/
When 7 is large enough, then we have

. n 2
V,<=> ¢’ +nc
Jj=1
Select

n

then we have 4 (t)—VO(t)S—j(:(pn)dt+nO't.

Therefore, we get 0 < I; (p,)dt <V, (t)+not <.
By Barbalat lemma, we get limp, =0, and then we
t—>w

have lime, =0,/=1, -, n. So that we get

t—w
lim|y (1), (1) =0.
So that the entire design procedure is reasonable.

Theorem 1 Considering closed-loop systems (1), un-
der assumption and Lemma, there exist a state feedback

control law u and control law parameteré. The closed-
loop system is bounded for all allowable uncertainties
and the output tracking error converges to a relatively
small area, which satisfies

()=, (0] =[e| < JZATB + 27, (0) ™

Proof

n

7 2

V,<=> & +no<-BV +4
J=l

where
B= min{2,/10'} >0
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A= na+§j;dq(x(s))ds.
By Gronwall inequality, we have
V,(t)<4/B+[V,(0)-4/Be™
< A/B+V,(0)e ™.
And because
%g‘? <V, (1)< A/B+V,(0)e”",

So that we have

(6) =3, ()] =lel < ATB + 27, (0) e

In summary, for any real number g > 0, in limited
time 7 > 0, the closed-loop system satisfies

()=, (1)< &.vt>T>0.

4. Simulation Example

In order to show the effectiveness of the design scheme,
we choose the nonlinear network control system with
parameter uncertainties and time-delay as following:

X =240 x +x(1-7)
X, =u+x (1-7) a7)
Y=%
In the simulation, for the closed-loop system (17), we
choose the reference signal y,(f) = sint, time-delay 7 =
0.01s,0=0.2,¢ =1,&4=2,0=0.02, 1 = 1, the initial

conditions x;(0) = 1, x,(0) = 0.5, é(O) = 0.1, According
to (15) and (16), the control law u and the parameter of

control law 6 following as

2 2
u :—(x2 —a2)~[l+w—2+l+iJ

40 4 2
A N2
g (0x-5)
=(y,—x)| 4+2+ py -x,
5 8 oa, Y 2
% (erl+x2) +] %2y, ( a?) 0
'xl ay) 69
1+
4o
2
+—+§L ,
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A 0
Hzi[xl (x, —yr)—gz( 6?:2}61}
1

= ﬂ[xl (xl —y,,)

12 o' =) ’ Oa,
_(xz -(», —xl)(4+%+%ﬂ.[ ajl jxl

The simulation results are shown as in Figures 1 and 2.

It can be observed that the output of closed-loop system
can track the reference signal well, and the tracking error
converges to a small neighborhood of the origin. There-
fore the robust adaptive controller is effective.

y(t) tracking the reference signal y,(t)
1.5 . . . .

Y ¥r

-1.0 W LY. " L% v
-15 .
0 5 10 15 20 25 30

t/s
Figure 1. Output y(t) and reference signal y,(t).
Tracking error y(t) — y.(t)
SW - -
457

351
5 3F
|
> 2.5F

1.5¢

05k

Figure 2. Output tracking error y(t) — y.(t).

5. Conclusion

By using the backstepping method, we design a control-
ler for nonlinear network system with parameter uncer-
tainties and time-delay. Through theoretical analysis, it is
shown that the designed robust adaptive output tracking
controller is feasible. The simulation results further ex-

Copyright © 2012 SciRes.

pressed the effectiveness of the scheme.
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