International Journal of Robotics and Control Systems
IIRCS Vol. 2, No. 2, 2022, pp. 317-331 o ASEEE
ISSN: 2775-2658

http://pubs2.ascee.org/index.php/ijrcs

Improved Design of Nonlinear Control Systems with Time
Delay

Awatef K. Ali #!, Magdi S. Mahmoud ®2*

4 Electronics Department, National Telecommunications Institute, Nasr City, Cairo-Egypt

b Control and Instrumentation Engineering Department, KFUPM, PO Box 5067, Dhahran 3126, Saudi Arabia,
1 3watef@gmail.com; 2 msmahmoud @kfupm.edu.sa

* Corresponding Author

ARTICLE INFO ABSTRACT

Article History It is well known that time delay in nonlinear control systems may lead to

Received March 04, 2022 the deterioration or even destabilization of the closed-loop systems. There-
Revised April 07, 2022 fore, specific analysis techniques and design methods are needed to be de-
Accepted May 15, 2022 veloped for nonlinear control systems in the presence of time delay. This
chapter aims to give a broad overview of the stability and control of nonlinear
time-delay systems. Firstly, we present some motivations and a comprehen-
sive survey for the study of time-delay systems. Then, a brief overview of
some control approaches is provided, specifically, the Lyapunov-Krasoviskii
Keywords functional method for high-order polynomial uncertainties nonlinear time-
Time delay;

delay systems, and nonlinear time-delay systems with nonlinear input, the
Lyapunov-Razumikhin method for triangular structure nonlinear time-delay
systems, dynamic gain control for full state time-delay systems. Finally, an
application in chemical reactor systems is provided and some related open
problems are discussed.

Nonlinear systems;
Lyapunov-Krasoviskii functional;
Lyapunov-Razumikhin method

This is an open access article under the CC-BY-SA license.

1. Introduction

Time delay is an inherent characteristic of physical systems when materials or energy transmit
through a certain route [1]. The phenomenon of time delay exists in various engineering systems
such as chemical process, power systems, rolling systems, long transmission lines in pneumatic sys-
tems, systems controlled by communication networks, etc. The existence of time delay may lead
to deterioration of the closed-loop performance, and even destabilize the systems. Therefore, the
stability analysis and control design of time delay systems are significant for practical engineering
applications [2]-[6].

Linear systems with time delays have got widely studied and the results are relatively mature [2],
[7]-[8]. The early research for time delay systems was mainly based on the classical frequency domain
and the transfer function [2]. Through the characteristic analysis of the transfer function roots, at the
same time with the aid of Nyquist stability criterion and the small gain theorem, the system stability
condition and the basic principles of the controller design are given. In the time domain, based
on state space form, the Lyapunov-Krasoviskii method [9]-[12] and Lyapunov-Razumikhin method
[8], [13] are generally employed, then the results are often obtained in the form of linear matrix
inequalities(LMIs). In general, linear model is an approximation of a real nonlinear system and
modeling errors always exist. Early studies of control theory mainly focused on linear system models
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because the system is relatively simple and high accuracy performance is not required. However, most
of the systems encountered in engineering processes are nonlinear in essence [14], in addition, with
the rapid development of science and technology, the industrial application systems are becoming
much more complex and the accuracy requirement is also increasing. It is not easy to achieve expected
control objectives based on linearized models of industrial processes, for instance, the global stability
can not be achieved as the linearized model is only locally feasible. Therefore, direct research on
practical nonlinear system models should be launched to obtain effective nonlinear controllers. In the
survey on time delay systems [4], [15], the authors pointed out that delay systems are still inviting
further investigation and with full of challenge.

Compared with linear time delay systems, the analysis and synthesis for nonlinear time-delay
systems are more difficult and challenging for the reasons that: (i) It is not easy to select Lyapunov
functional for nonlinear time delay systems on account of the specific system structure. (ii) It is
difficult to compensate for the time delay effect while designing nonlinear controllers, because the
time delay is variable in practical systems and it is impossible to obtain the exact value of time delay.

At present, the study of nonlinear time delay systems is mainly focused on two types: quasi-
nonlinear time delay systems and pure-nonlinear time delay systems. The quasi-nonlinear time delay
system is the one that the nonlinear time delay term in the system generally satisfies the Lipschitz
condition, or its boundary is a first-order linear function. For this kind of systems, the existing meth-
ods are mainly the direct translation of the linear time delay systems, namely, select the quadratic
Lyapunov-Krasoviskii functional to obtain delay-independent result, or select the quadratic Lyapunov
function and then use the Razumikhin lemma to obtain delay-dependent result [16]-[18].

On the other hand, the constraints on nonlinear time-delay terms for pure-nonlinear time delay
system are weak or unrestricted, thus this kind of system is a more general nonlinear system. Most
of the existing literature consider the pure-nonlinear time delay systems with certain structures and
assumptions. For instance, with the nonlinear uncertainties satisfy the high-order polynomial form,
Ref. [19]-[20] investigated the robust adaptive control problems based on Lyapunov-Krasoviskii
functional and Razumikhin lemma. Ref. [21]-[23] investigated the the adaptive control problem for
nonlinear time delay systems with uncertainties that are bounded by smooth nonlinear functions. With
dead-zone nonlinear input, Ref. [24] focused on the tracking control problem for a class of nonlinear
time delay systems. The systems with triangular structures are also popular, which have attracted
a lot of researchers’ attention. For nonlinear time delay systems in upper triangular form, based
on the forwarding and saturation design method, the adaptive state feedback problem was studied
in [25]-[26]. For nonlinear time delay systems in lower triangular form, based on the backstepping
design method, the robust control was investigated in [27]-[31]. Specially, the dynamic gain method
was proposed to stabilize full state time delay nonlinear systems in [30]-[31], in which there were
no growing conditions on smooth nonlinear functions. Ref. [19], [32], [24] are exactly targeted at
addressing the control of nonlinear time-delay systems.

2. Control of Nonlinear Time Delay Systems

2.1. Robust Stabilization Against Nonlinear Uncertainties

Consider a class of dynamic systems described by the following differential-difference equations

T
@ (t) = Az (t) + Bu(t) + Y Ej(x(t —h; (1)) ,1) (1a)
j=1
Jf(t):¢(t), tE[to—T,tQ] (1b)
where t € R is the time, x (t) € R" is the state, u (t) € R™ is the control input, A and B are the
known constant matrices of appropriate dimensions, F; (-) : R x R — R",j € {1,2,--- ,r},is
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nonlinear continuous vector function which represent delayed state perturbations for the system. In
addition, the time delay h; (t),j = 1,2,--- ,r, are assumed to be time-varying. The initial condition

is given by (2.1.b) where 1) (¢) is a continuous function on [ty — 7, to, and 7 := max {h; (t) ,j = 1,2, -

In this section we will propose a class of adaptive robust state feedback controller based on
Lyapunov-Krasoviskii method. The following standard assumption is needed.

Assumption 1: The pair { A, B} given in (1a) is completely controllable.

Assumption 2: There exists the continuous vector functionn; () : R"xR — R™,j € {1,2,--- ,r

such that for all (z,t) € R" x R

Ej(x(t = hy (t),t) = Bnj (z (t = h; (1)) 1) 2)

and the following inequalities are satisfied:

Inj ( (¢ = Ry (£),0)I1 < Y Big Nl (¢ = g ()1 3)
i=1

where ||-|| denotes the Euclidean norm, /3;; is an unknown positive constant.

Assumption 3: The derivative of each time varying delay is less than 1, that is hj (1) < aj <1,
where «; is a positive constant.

From assumption 1, there exists any scalar p and any positive symmetric matrix ) € R™*", that
the following Riccati equation
ATP+ PA— uPBBTP=—-Q 4)

has a solution P € R™*"™ which is also a symmetric positive definite matrix.

Define the Lyapunov-Krasovskii functional candidate for system (1a),(1b) as follows:
S

W(x,é)zz (=" Pz)’ +ZZ/ FU |z (2 )||2ldz+ﬁ92 5)

=1 =1 j=1

where matrix P is the solution of algebraic Riccati differential equation (4), f ;; is positive scalar,

529—5,915 defined as
r s ,812]

Propose the following memoryless robust state feedback controller

OV
u(t)=-LBTpr BT %
2 T
and 0 is the adaptive parameter with adaptive law
do (t -
— =k — klo 8
dt H ®

Consequently, the time derivative of W (-) along the trajectories of closed-loop system satisfies

Zfz |2 (¢ 16 ©)

dWﬂ;Q
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As we know that 6 is a constant and [ is an adjustable parameter, it is easy to obtain that the closed
loop system is robust uniformly ultimately bounded stable in light of Lyapunov stability theory.

Theorem 1 [19]: Consider the system (1a),(1b) satisfying Assumption 3, then the state feedback
controller (7) with adaptive law (8) will render the closed-loop system uniformly ultimately bounded
(UUB) stable.

2.2. Robust Control of Triangular Structure Nonlinear Time Delay Systems

Consider the following time delay system

i (1) = @i (1) + F (@ (¢) + Hi (73 (1) , 7 (8 — di (1)), 6i (1)),
t=1,---,n—1 (10)
Tn (t) =u (t) + By (En (t)) + Hy, (En (t) » Tn (t —dy (t) , On, (t)))
where z; € R and u € R are the state and the control input of the system, respectively. d; (t) is
the time-varying time delay in x;-subsystem, which satisfies d; (t) < 7, where 7 is a positive scalar,
8; (t) is the uncertain time varying parameter. ; (t) = [z (), @2 (£),--- ,x; (t)]7 . F; (-) are known
smooth nonlinear functions and H; () are unknown uncertain nonlinear functions.

In this part, we will construct a state feedback controller based on Razumikin lemma. For system
(10), we impose the following assumption:

Assumption 4: The uncertain nonlinear functions H; (Z; (t) ,Z; (t — d; (1)), 9; (t)) yield
[ H; (i (£) , T (t — di (), 6i ()] (1D)

< 0;75 (@ (1) + >_ 03B (|75 (t — di ())])) + &5,

j=1

where ¢; are known positive scala£s, 6; and 1J;; are unknown positive scalars, @ (+) are known positive
and smooth nonlinear functions, f3;; (-) are class-ko, functions and 7; (0) = /3;; (0) = 0.

For the system (10) we choose the following state transformation

{ 21 (t) = x1 (1) - . (12)
zi(t) =x; (t) —ai—1 (Tiz1 () ,1=2,3---n

where «;_1 (-) are the smooth virtual control inputs with o;_; (0) = 0.

Now we revisit the useful Razumikhin lemma [8].

Lemma 1: Suppose f : R x C' — R takes R x (bounded sets of C') into bounded sets of R and
consider the retarded functional differential equation (RFDE)

z(t)=f(t, ).

Suppose that u (s) , v (s) and w (s) are continuous nondecreasing functions, u (s) — oo as s — oo. If
there are a continuous function V : R x R — R, a continuous nondecreasing function p : ®T — R+,
p(s) > sfor s > 0 and a constant o > 0 such that

M u(a]) <V (t2) < v (|l=])
@V (tz (1) < —w (|l ({)]) + o0, if V (t + 0,2 (t+0)) < p(V (t,2 (1)) V6 € [-7,0]

then the solutions of the RFDE( f) are uniformly ultimately bounded. In this case, it is said that
the system is UUB stable. If o = 0, the system is said to be asymptotically stable.

Choose the following quadratic Lyapunov function

V=) (). (13)
j=1
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Obviously, condition (1) of lemma 1 is satisfied. Further we choose p (V'
0

) = q2V here ¢ is a
positive scalar satisfying ¢ > 1. So if the following condition holds for t

(t) <
175 (¢ = dj ) < = (¢ = dj @) < gz @I (14)

( (¢
<d;

and if we can design a controller such that condition (2) of lemma 1 is satisfied, the closed-loop
system will be UUB stable.

Based on the backstepping method, design the controller as

w(t) = —%kzn () — %hnzn () = 201 () —

S0 132 Dy 1 2
- ;8% (@41 + 15 (T () — 5 2 ;zn () (a%nﬂ (Z (t)))
_,Zzn nnz zZi( ;ZZ”QZn (nq’zl()’)—Fn(fn(t))

Jj=11=1

(t) 15)

where o, is the corresponding virtual controller, and finally get

n 152

V< kV Y (e —a) 2 —bizd) £ D0 (16)

i=1 i=1j=1""

If parameter a; > c;, we have

Vg—kVJrZZ%, A7)

i=1j=1""
and if parameter a; < c;, one has
| (- a) Sy
V§—kv+; T +;;hj (18)

From (17) and (18), the resulting closed-loop system is UUB stable based on Lemma 1.

With the above analysis, we have the following main result:

Theorem 2 [32]: For system (10) satisfying Assumption 4, the state feedback controller (15)
renders the resulting closed-loop system UUB stable.

2.3. Adaptive tracking controller design

Consider the following time delay systems with unknown dead-zone input

{ @i (t) = @iq1 (1) 4
T (t) = f(t, 21

=1,2,---,n—1

(= () ras (=2 (6) - sam (b= dn () + T(a() 19

z(t)=¢ (), te[-d0].

where x; (t) € R and u(t) € R are the state variable and control input of system respectively,
z(t) = [o1 (), 2 (t), - ,2n (®)]7, f () is the uncertain smooth nonlinear function, d; (¢) are the
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T(u (1))

_bl

/

Fig. 1. Dead-zone nonlinearity

delay parameters satisfying d; (t) < df and d; (t) < d; < 1, T (u(t)) is a single non-symmetric
dead-zone input nonlinearity defined as:
my (u(t) —b,) ifu(t)> b,
F'(u(t)=1< 0 if —by<u(t)<b . (20)
my (’LL (t) + bl) if u (t) < =

The non-symmetric dead-zone input is shown in Fig. 1. The parameters m, and m; stand for
the right and the left slope of the dead-zone characteristic. The parameters b, and b; represent the
breakpoints of the input nonlinearity.

The following assumptions are imposed on system (19):
Assumption 5: Parameters m,., m;, b; and b, are positive and unknown.

Assumption 6: The uncertain function f (-) satisfies the following inequality
1 @ (8 —dy (8) 2 (8= da (£)) ;- s (E— dn (1))l 2D
n
<D i (Ja (¢ — di (D)) + 7,
i=1
where 6; and  are unknown positive scalars and functions «; (-) are known smooth class- function.
Similarly to [33], the dead-zone input can be expressed in the following form
C(u(t)=m(t)u(t)+d(t) (22)
where

my ifu(t) <0
m(t) = {mi ifu(t)>0 "

—myb, ifu(t) > b,
dit) = { —m@®u®) if —b<u(t)<b,
mlbl ifu(t) S —bl

Then, one knows that there exists a positive scalar ) such that n < m; and n < m,..

Problem: For system (19) with Assumption 5 and 6, given signal

v (0) = (@ ()20 (1) 2an (0) = (300500 0 0)
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where 4 (t) is sufficiently smooth and x4 (t) € Lo, design a smooth and memoryless state feedback
controller such that the system state z (¢) exponentially tracks the signal 4 (¢) and the resulting
tracking error can be rendered arbitrary small by adjusting design parameters.

We choose the following Lyapunov functional
V=V+, (23)

with

w
" =/0 p (€) de,

— o O =00 + 3 (07 = ()

. - (6" — 0 (1)) + 7 (v = (t))
. i (5ewd2‘ /t e—w(t—f)a2 (2 ‘6' (£)|) dg
o1 —d; t—d;(t) Z Z |

where W = e (t) Pe(t), e; (t) = x; (t) — xg; (t), 0* and v* are positive scalars, [, 5 are design
parameters, p (-) is a positive non-decreasing function which yields

n ewd!
’ (21 —7 0% @les (DI + ce <t>Te<t>> <vp (e Pe(t)) e ) Pe(t),

in which § is a positive parameter, ¢, w and v are positive scalars satisfying w < l101, w < ly09 and
v <.

Construct the state feedback controller as

T e
w(t) = —%e (t) BT Pe (t) p (W) — %’y (#) tanh (B P (? P (W)> , (24)
in which
0(t) =1 (B"Pe(t) p(W))* = Lionf (£),0(0) > 0, (25)

BT Pe (1) p (W)
g

v (t) = IaBT Pe (t) p (W) tanh ( ) — Iy (t),v(0) > 0,

where ¢, 01 and o are positive scalars.

Theorem 3 [24]: For system (19) with Assumption 5 and 6, with the state feedback controller
(24) and the adaptive law (25), the solution of the closed-loop error system exponentially converges
to an adjustable region.

2.4. Output feedback control for stochastic delay systems
Consider the following stochastic nonlinear system
daj(t) = (xj11 + fj (z, 2, 1)) dt + g} (2,24,1) dw (26)
Y = T1; ] = 17"'7”
where © = (21, 22, ..., :Jcn)T and x,, 1 := w are state vector and the input of the system, respectively.
The unknown positive constant d represents time delay and w € R" is an independent standard wiener

process defined on a complete probability space. The drift term f; (z,24,1) : R?>"*1 5 R, and the
diffusion term gJT (7,74,t) : R?"1 — R* are Borel measurable and satisfy the Assumption 7.
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The control objective of this paper is to design a delay-independent output feedback controller
for system (26) such that the output y can track a given reference signal y,, and all the signals are
bounded in probability. Specially, if the y, = 0, the state variables converge to equilibrium almost
surely.

Assumption 7: The nonlinear functions f; (z,zq4,t), gj (z, z4,t) are locally Lipschitz in (z, z4)
and f; (0,0,t), gj (0,0,t) are uniformly bounded in ¢, satisfying

J

£ (@24, 1)) < @5 (|21al) D wnal 27)
k=1
J

195 (24, 8)| < 65 (|21a]) Y |wkal (28)
k=1

where the functions ¢; (s) > 0 and qgj (s) > 0 are known smooth non-decreasing functions for
Vs > 0. Further, there exists a constant m > 0 and positive real numbers py, p, satisfying

$j(s) <pp+s"0;(s) < pg+ 5™ Vs > 0. (29)

Assumption 8: Both the reference signal y, (¢) and its derivative ¢, (¢) are bounded.

Lemma 2: For any strictly positive real number o4, there exist real numbers o and oy, symmetric
matrices P; and P,, and column vectors a = (a1, ag, ..., an)T and k = (k1, ko, ..., kn)T satisfying
the following set of inequalities:

o1 >0,090>0,P >0,P >0,

P (A — acT) + (A - acT)T P

IN

_UII7

—o4Py < P\D+ DP, < o2Py
—04Py < PoD + DP, < 03P
vl =(0,...,0,1),,.,., D = diag {0,1,...,n — 1} and

Py (A—bkT) + (A= bk")' Py < —o1,

where ¢ = (1,0, ...,0)

1xn> 1xn>

in which 7,,_; is the (n — 1)-dimensional identity matrix.

In this section, the dynamic gain observer is constructed first. Further, the controller is designed
by the non-recursive method. Design the observer as

where &, 1 := u, a; satisfies Lemma 2 and the dynamic gain [ is constructed as

l

l(t) = max {O 0_40_3)\6 (Pl) (—al + p1 (51,1'1)) ; (31)
l
o (P) (—al + p2 (51,:1:1))}; 1(0)=1
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where « and o3 are positive constants. € > 1 is a constant. o4 satisfies 1 — 2emoy > 0. p1 (§1,21),
p2 (&1, z1) are appropriately positive smooth functions.

Select the Lyapunov functional as
V=V.+V;+V (32)
where V, = 103 (e7'P6)", Ve = L (¢TPx()°,

t—s—d

V= [ Il 6 6 (901 0)
6(60(5), 1 (5)) + (&1 () + 61 ()
P (5 (61 (5), 1 () + 661 (), (51) } s,

e=x—&, L1 =diag {1,l,...1" '}, é=Ly'e, Ly = 1901, & =y — yp, &§§ = &, ( = Ly '€

Construct the controller as
w=—1"k1& — 1" Lhobo — ... — lkpép (33)

where k; satisfies Lemma 2.

Theorem 4: For the stochastic time delay system (26) satisfying Assumption7-8, we design the
observer (30), the dynamic gain (31) and the output feedback controller (33). For the closed-loop
system (26), we have following main results: (I) there exists a unique solution on [—d, co) for any
initial data; (IT) the expectation of £2¢ and the state variables are bounded in probability on [—d, 00);
(III) If the reference signal y,, = 0, the state variables converge to equilibrium almost surely.

Remark 1: In this section, we mainly study the full state time delay problem for (26), so we
only consider the case that there exist time delay terms in the right-hand of (27)-(28). Of course,
Assumption 7 can be easily extended to following form

j j
1f5 (@2, )] < 5 (J21a) Y lokal + @5 (l21]) Y |l
k=1 k=1

i j
195 (,20,)| < &5 (|21a]) Y |l + &5 (J21]) D ]
k=1 k=1

where for Vs > 0, ¢; (s) > 0, g; (s) > 0, ¢; (s) > 0 and ¢; (s) > 0 are known smooth non-

decreasing functions and have the same properties with ¢; (s) and ¢; (s) in (29).

3. Application to Chemical Reactor Systems

In chemical industry, the chemical reactor recycle system is very popular. It is well known that
a reactor recycle not only increases the overall conversion but also reduces the reaction cost. For the
recycling, the input to be recycled must be separated from the yields, then do the separation operation
and finally travel through pipes. This set of operations introduce delays in the recycle system. The
controller design problem for chemical system has received considerable attentions [29]-[30], [34].

Let us consider a cascade chemical system with two reactors A and B shown in Fig. 2. The
compositions C'4, Cp of produce streams from the reactors are the system state, which are to be
controlled. A and B are time delay systems themselves, and there exists the time delay on recycling
some compositions of A to B. The input of system A comes from the system B and the external
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Delayed Recycle

Disturbances

Reactor B

Disturbances
Reactor A

Fig. 2. A cascade chemical reactor system

disturbances, while the input of system B is the delayed system state of A, control input and external
disturbances. The whole plant is described by the following model

Ca=—kaCa — g=Ha (Ca,Ca(t —da))

+1;/ch3 + 64 (t,CA (t— dA))

CB——kBCB—iHB (CB,CB(t—dB)) (34)
CA(t—dA)-i- CB(t—dB)

*W@U()+5B@Jﬂﬂt—dBD

where R; are the recycle flow rates, ; are the reactor residence times, k; are the reaction constants,
F' is the feed rate, V; are reactor volumes, H; are nonlinear functions representing the complex be-
havior of the systems, §; are nonlinear functions for describing the system uncertainties and external
disturbances .

With 64 = 0 and dp = 0, we can compute the equilibrium point of the system. Assuming
Hjy=Ca+Cy(t—dy)and Hg = C% (t), one knows the equilibrium point C% and C3, satisfy

2 — Rp
ka | C% =
<0A + A> CA VA CB
* R R
knCh + o Lo V20A+ ijB

Further letting 21 = C4 (t) — C) and 23 = Cp (t) — CF gives
jjl = —k:Axl 0Al‘1 91 T (t - dA)
+1_R3x2 +d4 (t Ca(t— dA))
332 —kpws — 5= 23 (t) + HAay (¢ —dA)—%xz(t)
+ xg(t—d3)+v u(t )+5B(t,CB(t—dA))

Obviously, we can see that (35) is a typical nonlinear time delay system.

) (33)

For system (35), we choose the following parameters
0; =2,ki=0.5,R; =0.5,V; =0.5,F = 0.5.
The equilibrium point is C% = 14/9, C}; = 7/3. Further one has
Tr1 = *9.5331 — 051‘1 - 051‘1 (t - dA)
+29+ 04 (t, 1 (t — da))
iy = —0.5z9 — 0.523 (t) + 1 (t —da) — %xg (t)
+2o(t —dp) +u(t)+dp (t,xa (t —dp))

(36)
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x 102

0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time

Fig. 3. Response of system state without control

where 64 (t, 21 (t —da)) = 64 (t,Ca(t —da))and 0 (t, 22 (t — dp)) = dp (t,Cp (t —dp)).
The uncertainties are as the following functions: d4 (t,x1 (t — da)) = 0.591 (t) x1 (t — d4) and
6 (t, 29 (t — dp)) = 0.509 (t) 23 (t — dp) 91%2(=9) 'where |0; (t)] < 1.

First, we employ the linear method [34] to design the linear controller. By linearizing the system
(2.36) on the zero equilibrium point, The system is expressed as

. o 0.5 (Al —1) 0 I (t—dA)
(1) = [ 1 1| | 2ot —dp) 37)
-1 1 0
* [ 0 —1.3571 ]“"“H [ u () }
where A; and Ay represent the uncertainties with |A;| < 1 and |A| < 1.
Based on the linear method, we design u (¢) = Kz (t) and choose the Lyapunov functional

V =2TPx + Lt_dA T (&) Qux (€) dE + ftt_dB 27 (€) Qax (&) d€ where P, Q1 and Qo are positive
matrices, then by solving the LMI, we have K = [ —0.8886 —1.3740 ] .

Now we illustrate the proposed nonlinear control design procedure [29]. The virtual control input
aq (1) is designed as
aq (21 (t)) = 1.91652 (t) (38)

and the controller is designed as
w(t) = —0.5594x9 + 1.9165z1 + 0.533 (t) — 88.524 (t) (39)
— 0.081723 () e20223(1) _ 1187223007325 (1)

We choose the initial values are chosen as x; (§) = 1 and z2 () = —1 for £ € [-0.25,0] at
first. The state response is shown in Fig. 3 without control, from which we can see that the system
is emanative. With the controller, the simulation results are shown in Fig. 4 (linear controller) and
Fig. 5 (nonlinear controller). We can see that the both controllers can render the resulting closed-
loop system asymptotically stable. Then we choose the initial values z1 (§) = 8 and x5 (§) = —8
for ¢ € [—0.25,0]. The responses are shown in Fig. 6 (linear controller) and Fig. 7 (nonlinear
controller), from which we can see that the nonlinear controller is efficient for the large initial values,
while the linear controller is not feasible because of its local stability. The above simulation results
further show the effectiveness of the proposed controller design methods.

4. Conclusions

As is well known that nonlinear systems exist in a wide range of real world applications, time
delays are also inherent and unavoidable in practice, thus it is important to investigate the stability
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Fig. 4. Response of system state under linear control with small initial vaules
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Fig. 5. Response of system state under nonlinear control with small initial values

-asl ]

1 2 3 4 5
Time

Fig. 7. Response of system state under nonlinear control with large initial values
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analysis and control of uncertain nonlinear systems with time delay. This paper has presented a brief
overview on the control of nonlinear time delay systems, including especially our initiative work
and its application in chemical reactor systems. The problem of robust adaptive feedback control
for a class of dynamic systems with multiple delayed state perturbations and high-order polynomial
nonlinear uncertainties has been considered by Lyapunov-Krasoviskii functional method. Then, the
state feedback control problem for triangular structure nonlinear time delay systems with Razumikhin
lemma has been presented. With dead-zone nonlinear input, the tracking control problem for a class of
nonlinear time delay systems has been also provided. Finally, combine with dynamic gain technique,
output feedback control for full state time delay stochastic nonlinear systems has been investigated
without growing conditions.

Although there are many literatures and methods on the control for nonlinear time delay systems
at present, there are still some open problems need to be studied. For instance, in the study of nonlin-
ear time delay systems, the time delay is often as a “bad” term to be process, however sometimes it
plays the role of a “good” effect. So it is necessary to treatment them separately and give the less con-
servative results. In addition, with the development of computer technology, the research of discrete
systems has attracted more and more attention. Also research should be focus on discrete nonlinear
time delay system and this is a meaningful subject. Besides, considering the actual controlled object,
such as network control systems, it needs to be further analyzed the specific system mathematical
model and applied the theory research results of nonlinear time delay systems to real systems.
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