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a b s t r a c t

This paper investigates the problem of global stabilization by output feedback for a class of
nonlinear systems with time-varying delays. The uncertain nonlinearities are assumed to
satisfy a polynomial growth condition. We first design an output feedback stabilizer to
globally stabilize the nominal system without the perturbing nonlinearities. Then based
on the homogeneous domination approach and the appropriate Lyapunov–Krasovskii
functional, a scaling gain is introduced into the proposed output feedback stabilizer to
render the closed-loop system globally asymptotically stable. Two simulation examples
are given to illustrate the effectiveness of the proposed design scheme.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

The problem of output feedback stabilization of nonlinear systems has attracted a great deal of attention from the
nonlinear control community and a series of research results have been achieved [1–9] and the references therein. However,
as shown in [1], usually the separation principle does not hold for general nonlinear systems. Hence, certain conditions are
required for the existing global results. Among the different kinds of assumptions, one common condition is that the
unmeasurable states cannot be associated with the uncertainties. To deal with this case, a feedback domination design
method has been proposed in [10] under a linear growth condition. Later [2] (recently extended in [11,12]) has solved
the problem of global output feedback stabilization under a higher-order growth condition by employing the homogeneous
domination approach. In [3] the problem of global output feedback stabilization was considered for nonlinear systems with
unknown output functions.

Time-delay often appears in many practical control systems, such as communication systems, engineering systems,
process control systems, high-speed networks, etc. The delay is a source of the instability and oscillatory response, and thus
the stability analysis and control design of the time-delay systems are of great importance for both theoretical and practical
reasons [13–17]. In the past two decades, many nice results have been obtained for the analysis and synthesis of both linear
time-delay systems and nonlinear time-delay systems. The stability criteria for time-delay systems can be divided into two
cases: the delay-independent and delay-dependent ones. Since the delay-independent criterion can lead to more conserva-
tism for small-size delay systems, considerable attention has been devoted to the delay-dependent one. In addition, many
adaptive control schemes have been proposed for nonlinear time-delay systems, see, e.g. [18–23] and the references therein.
A tracking control problem has been considered for a class of nonlinear time-delay systems with nonsymmetric dead-zone
input in [18]. The time-delay uncertainties are bounded by nonlinear function with unknown coefficients. A smooth adaptive
controller is constructed such that the solution of the resulting closed-loop system exponentially converges to an adjustable
region. An adaptive stabilizer has been proposed for feedforward nonlinear systems with time delays in [19]. The stabilizer
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takes a nested saturation feedback, and a set of switching logics are designed to tune online the saturation levels in a switch-
ing manner. Adaptive controllers based on the backstepping technique without modification are shown to be robust with
respect to time delay in system input and unmodeled dynamics in [20]. The adaptive stabilization problem for nonlinear
time-delay systems has been investigated in [21]. A universal-type adaptive output feedback controller has been proposed
for a class of uncertain nonlinear systems with unknown time delays in [22]. Based on the Lyapunov–Razumikhin theorem
and Lyapunov–Krasovskii theorem, the delay-independent feedback controllers have been explicitly constructed such that
the closed-loop systems are globally asymptotically stable in [23].

In spite of these developments, to the authors’ knowledge, the theory of stability analysis for uncertain nonlinear systems
with time-varying delays has not yet been fully developed. In this paper, we will consider the problem of global output
feedback stabilization for a class of uncertain nonlinear time-varying delay systems described by

_ziðtÞ ¼ ziþ1ðtÞ þ /i t; zðtÞ; zðt � diðtÞÞ; mðtÞð Þ; i ¼ 1; . . . ;n� 1;
_znðtÞ ¼ mðtÞ þ /n t; zðtÞ; zðt � dnðtÞÞ; mðtÞð Þ;
yðtÞ ¼ hz1ðtÞ; ð1Þ

where zðtÞ ¼ ðz1ðtÞ; . . . ; znðtÞÞT 2 Rn, mðtÞ 2 R; yðtÞ 2 R are the system states, control input and output, respectively.
/i : R� Rn � Rn � R! R; i ¼ 1; . . . ;n, are continuous nonlinear functions. h is an unknown constant satisfying
0 < h 6 h 6 h. The time-varying delays diðtÞ; i ¼ 1; . . . ;n, satisfy 0 6 diðtÞ 6 hi and _diðtÞ 6 ci < 1 for constants hi and ci, which
are Borel measurable functions and h is a known constant, which denotes the upper bound of all time-delays, namely,
0 < diðtÞ 6 h for i ¼ 1; . . . ;n. For simplicity, the time variable t in the delay-free states will be omitted in the rest of this paper.

Notation. Rþ denotes the set of all nonnegative real numbers and Rn denotes the n-dimensional Euclidean space. jXj denotes
the Euclidean norm of a vector X. Cð½�h;0�; RnÞ denotes the space of continuous Rn-value functions on ½�h;0� endowed with
the norm k � k defined by kfk ¼ supx2½�h;0�jf ðxÞj for f 2 Cð½�h;0�; RnÞ; Cb

F 0
ð½�h;0�; RnÞ denotes the family of all F 0-measurable

bounded Cð½�h;0�; RnÞ-valued random variables n ¼ fnðHÞ : �h 6 H 6 0g. K denotes the set of all functions: Rþ ! Rþ, that
are continuous, strictly increasing and vanishing at zero; K1 denotes the set of all functions that are of class K and
unbounded; KL denotes the set of all functions bðs; tÞ : Rþ � Rþ ! Rþ, that are of K for each fixed t and that decrease to zero
as t !1 for each fixed s.

2. Preliminaries

This section contains a definition and several useful lemmas which play important roles in this paper.

Definition 2.1 [24]. For real numbers ri > 0; i ¼ 1; . . . ;n and fixed coordinates ðx1; . . . ; xnÞ 2 Rn:

� the dilation DeðxÞ is defined by DeðxÞ ¼ ðer1 x1; . . . ; ern xnÞ, for all e > 0, with ri being called as the weights of the coordinates.
For simplicity, we define dilation weight D ¼ ðr1; . . . ; rnÞ.
� a function V 2 CðRn;RÞ is said to be homogeneous of degree s if there is a real number s P 0 such that

8x 2 Rn n f0g; VðDeðxÞÞ ¼ esVðx1; . . . ; xnÞ:

� a vector field f 2 CðRn;RnÞ is said to be homogeneous of degree s if there is a real number s P �minfr1; . . . ; rng such that
for i ¼ 1; . . . ;n

8x 2 Rn n f0g; f iðDeðxÞÞ ¼ esþri fiðx1; . . . ; xnÞ:

� a homogeneous p-norm is defined as kxkD;p ¼
Pn

i¼1jxijp=ri

� �1=p
;8x 2 Rn, for a constant p � 1. For simplicity, we choose

p ¼ 2 and write kxkD for kxkD;2.

Lemma 2.1 [25]. Suppose V : Rn ! R is a homogeneous function of degree s with respect to the dilation weight D. Then the fol-
lowing hold:

(i) @V=@xi is homogeneous of degree s� ri with ri being the homogeneous weight of xi;
(ii) There is a constant �c such that

VðxÞ 6 �ckxksD:

Moreover, if VðxÞ is positive definite, then there exists a constant c > 0, such that

VðxÞP ckxksD:
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