Systems & Control Letters 65 (2014) 89-95

journal homepage: www.elsevier.com/locate/sysconle

Contents lists available at ScienceDirect

Systems & Control Letters

Global stabilization of high-order nonlinear time-delay systems by

state feedback”
Xu Zhang, Yan Lin *

A
@ CrossMark

School of Automation, Beijing University of Aeronautics and Astronautics, Beijing, 100191, China

ARTICLE INFO ABSTRACT

Article history:

Received 20 June 2012

Received in revised form

1]July 2013

Accepted 27 December 2013
Available online 2 February 2014

We consider the problem of global stabilization by state feedback for a class of high-order nonlinear
systems with time-delay. By developing a novel dynamic gain-based backstepping approach, a state
feedback controller independent of the time-delay is explicitly constructed with the help of appropriate
Lyapunov-Krasovskii functionals. The precise knowledge (even the upper bound) of the time-delay is not
required. It is proved that the states of the nonlinear time-delay systems can be regulated to the origin

while all the closed loop signals are globally bounded. Finally, both physical and academic examples are
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given to illustrate the applications of the proposed scheme.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

In this paper, we consider the state feedback control for a class
of high-order nonlinear time-delay systems via the Lyapunov-
Krasovskii method:

X (1) =x1, (O + & & () +fi & (t — d)),
i=1,...,n—1,
Xn () = u () + g (X () +fo (x (t — ),
X('L') - C(t)a T E [_ds 0]7 (1)

where x = [xq,...,%;]7 € R" is the state vector, X; = [xq, ...,

xi]",u € R is the system input, p; are odd integers, g; and f;
are locally Lipschitz functions and not necessary to be completely
known, the nonnegative constant d denotes the unknown time-
delay, and ¢(tr) € R" is a continuous function vector defined on
[—d, 0].

High-order nonlinear system (1) in the absence of time-delay
has been widely studied in [1-3]. It is pointed out in [ 1] that global
stabilization of the system (1) without time-delay can be achieved
by state feedback under a high-order version of feedback lineariz-
able condition.
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When p; = 1,1 < i < n — 1, the system (1) reduces to
the well-known strict feedback system with time-delay. In [4], the
author extended the backstepping method [5,6] to such a nonlin-
ear time-delay system and designed a memoryless state feedback
controller using the Lyapunov-Krasovskii method which, however,
was proved incorrect later by [7,8]. The problem existing in [4] is
that the Lyapunov functions in the traditional backstepping design
are no longer effective for the nonlinear time-delay systems and
the virtual control signals are too hard to design. By employing the
idea of changing supply functions [9], this problem was solved for a
class of lower-triangular systems in [ 10] with the knowledge of the
upper bound of the time-delay. A more general class of nonlinear
time-delay systems was investigated in [11], but the delay ampli-
tude knowledge was still required. When some restrictive growth
conditions [12,13] are imposed on the system nonlinearities, global
output feedback stabilization can be achieved. Note that the prob-
lem in [4] can be avoided for these output feedback schemes be-
cause the construction of the Lyapunov-Krasovskii functional is
necessary in one step.

When p; > 1, the system (1) is in the high-order strict-feedback
form [1] with time-delay. While the Jacobian linearization is un-
controllable, the mentioned system is not feedback linearizable.
If we apply adding a power integrator technique [1] to the con-
troller design by using the Lyapunov-Krasovskii method, the same
problem in [4] will occur and become more complicated for such
high-order systems. Under restrictive growth conditions, output
feedback control was considered in [14,15] for high-order time-
delay systems which, by the same reason as those for p; = 1
[12,13], can also avoid the problem in [4]. Indeed, compared with
output feedback control, state feedback control for the nonlinear
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time-delay systems is a more challenging issue. It remains unclear
and open how a memoryless state feedback controller can be con-
structed for the system (1) to achieve global asymptotic stabiliza-
tion in the sense that, for any initial conditions x (tg) , —d < to < 0,
the state x converges to the origin and all the closed loop signals are
bounded. Hence, a new tool is required for the global stabilization
problem.

The main objective of this paper is to give a solution to global
state feedback stabilization of the high-order nonlinear time-delay
system (1) and in particular, to circumvent the long-standing
problem in [4]. For this purpose, we develop a novel dynamic
gain-based backstepping approach which, in addition, introduces a
dynamic gain in each step of the recursive design. A key feature of
the proposed dynamic gain-based backstepping technique is that
the Lyapunov function is chosen in a new recursive manner with
appropriately designed gain-based Krasovskii functionals. Owing
to the introduction of the dynamic gains, additional negative
terms appear in the derivative of the Lyapunov function, which
can be used to counteract stronger system nonlinearities. As a
result, a memoryless state feedback controller can be constructed.
Moreover, the upper bound of the time-delay is not required to be
known a priori. It is shown that the system states can be regulated
to the origin while all the closed loop signals are globally bounded.
Finally, numerical examples are given to show the effectiveness of
the proposed scheme.

2. Preliminary lemmas

In this section, we shall introduce two technical lemmas which
are useful for the controller design and stability analysis.

Lemma 1. For any positive integers m, n and any positive function
f (x,9) : R? — R, the following inequality holds
m
m+n

noo_
X" y" < fx,y) IX™" mf ") ™ (2)

Proof. The reader may refer to [1] for the proof of this lemma.

Lemma 2. For any nonnegative smooth function f (x4, ..., x,) and
positive integer k, there exist nonnegative smooth functions f; (x,
..., X),1<i<n,such that

Foax) Y Il <Y fiGan %) Il (3)
i=1 i=1

Proof. Define a nonnegative continuous function!

) =maxif (ol B ={x:xI* <1, r =0}, (4)

wherex = [xq, ..., x,]". It is known that any continuous function
f(r) : [0, +00) — R can be dominated by a smooth nondecreas-
ing function f* (r), i.e., f (r) < f* (r). Note that f (x) < f (lIx[?).
Then, we can obtain that

@ < f(Ixl1%)

< F* (Ix1?)
=f G+ +x)
< f*(nxg) + -+ f* (nx). (5)

1 Throughout the paper, we use ||-|| to denote the Euclidean norm of a vector or
the corresponding induced norm of a matrix.

For 1 <1i,j < n, we have
£ () Il = [ () =57 @] |+ ()
< f ) Il x|+ £% 0 ||
< Ji o) 1%l [T £ 0) [ (6)

where to obtain the last inequality, Lemma 1 has been used by con-
sidering f; (x;) |x;| as one part, and fj; (x;) and f;; (x;) are some non-
negative smooth functions. With (5) and (6), it is not difficult to
prove that Lemma 2 holds.

3. Main results

To achieve global stabilization of the nonlinear time-delay
systems, the following assumptions have been made for (1).

Al:pr = 2pr1=pn=1
A.2: The nonlinearities g; (x;) and f; (Xiq) , 1 < i < n, satisfy?

lgi Rl < v R) (Ix1 P+ -+« + [x:fP)
i Ria)| < 01 Ria) (%10l + - - - + [xial”) , (7)

for known nonnegative smooth functions y; and ;.

Remark 1. Without considering the time-delay, the above hy-
potheses can be viewed as a high-order version of feedback lin-
earizable condition, whose global stabilization problem has been
solved in [1] by means of adding a power integrator. However, the
presence of time-delay makes it impossible to implement the con-
ventional recursive design. Specifically, the virtual controllers can-
not be well defined to counteract the time-delay nonlinearities,
which may result from the utilization of inappropriate Lyapunov
functions. Therefore, it is necessary to find appropriate Lyapunov
functions for global stabilization of the nonlinear time-delay sys-
tems. In this paper, a new recursive design method is developed by
introducing one dynamic gain and the corresponding gain-based
Lyapunov function at each step. Together with Krasovskii function-
als, the designed controller guarantees global stability of the closed
loop system.

Remark 2. It should be pointed out that when the functions
gi (i) + fi (Xiq) are replaced by f; (x, x4) in the right-hand side of
(1), the condition

Ifi (% x)| < 01 R %) Y (%] + [xia| ™) (8)
j=1

is equivalent to (7). In fact, according to the inequalities (5) and (6)
in the proof of Lemma 2, we have [f; (x, x3)| < o1 (x;) Z}:l |xj|”"
+ o2 Ria) iy |Xid "' for some nonnegative smooth functions
o1 (%) and oy, (Xiq). Here, the expressions g; (X;) + fi (Xijq) are used
only for the sake of a better understanding of our proposed method.

Now, we are ready to present the main results of the paper.

Theorem 1. Consider the nonlinear time-delay system (1) satisfying
the hypotheses A.1 and A.2. Then, a (n — 1)th-order memoryless
state feedback controller can be constructed to globally asymptotically
stabilize the mentioned system in the sense that, for any continuous
initial conditions x (ty) , —d < to < 0, the state x converges to the
origin while all the signals of the closed loop system are bounded.

2 In this paper, for simplicity, we let ¢; denote the corresponding delay term
¢ (t — d). For instance, x14 = x1 (t — d) and f; (Xig) = fi(xi(t — d)).
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